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A B S T R A C T

In the present work, the novel Al0.15CoCrFeNiW0.15 High-Entropy Alloy (HEA) has been designed by CALPHAD 
(CALculation of PHAse Diagrams) computations with the in-house built Genova High-Entropy Alloys (GHEA) 
database, aiming to a mostly monophasic face-centered cubic (FCC) alloy strengthened by the precipitation of 
secondary μ phase. To explore different preparation routes, alloy samples have been synthesized by both arc 
melting (AM) and spark plasma sintering (SPS). Samples were characterized by low optical microscopy (LOM), 
scanning and transmission electron microscopy (SEM and TEM), X-ray diffraction (XRD), and microhardness 
measurements. Long-term annealing at 1100 ◦C has been performed, followed by quenching or furnace cooling. 
AM as-cast sample showed a monophasic FCC microstructure, characterized by large grains. Precipitation of μ 
phase was observed in the equilibrated and quenched sample, in good agreement with the thermodynamic 
calculations. On the other hand, SPS samples resulted in a finer microstructure, characterized by the presence of 
small particles of Al2O3 and μ phase, already present before annealing. Contrary to the thermodynamic pre
dictions, after equilibration and quenching, the dissolution of the μ phase was observed due to the Gibbs- 
Thomson effect, which enhanced W solubility in the FCC solid solution. Annealing of the SPSed alloy fol
lowed by furnace cooling, however, allowed the precipitation of μ, thanks to the slower cooling rate. Overall, this 
study highlighted CALPHAD’s utility for composition selection in complex multicomponent systems and 
demonstrated how AM and SPS lead to significantly different microstructures and properties, with grain size 
playing a key role in determining the alloy performances.

1. Introduction

High-Entropy alloys (HEAs) are a relatively new class of alloys 
developed over the past two decades, following pioneering research by 
Cantor and Yeh, which led to the discovery of the single-phase FCC 
CoCrFeMnNi composition, known as “Cantor alloy” [1,2]. This opened 
the way to the development of new multicomponent compositions 
exhibiting simple crystal structures, generally single-phase or biphasic 
[3,4]. One of the most studied HEA systems is the AlCoCrFeNi family, 
particularly thanks to the presence of Al that allows the transition from 
face-centered cubic (FCC) to body-centered cubic (BCC) single phase 
structures [5]. In order to improve mechanical properties, the solid so
lution strengthening effect by addition of alloying elements to the 

equimolar composition has been investigated, demonstrating that 
various elements, such as Ti, Nb, Zr or V have a strengthening effect by 
increasing the initial yield strength [6–9].

As for their preparation, HEAs are typically synthesized by arc 
melting (AM), which consists in a fast and reliable method to minimize 
sample manipulations and contaminations. However, powder metal
lurgy techniques offer interesting benefits, representing a valid alter
native [10,11]. Spark plasma sintering (SPS) is one of the most used 
powder metallurgy processing routes, known for achieving significant 
densification rates by heating the powder via Joule effect. This process 
also allows to control the grain growth, thereby facilitating the 
achievement of fine microstructures. Two routes exist for the powder 
elaboration: gas atomization, which allows the direct production of HEA 
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powders, and mechanical alloying, which consists in milling a mixture of 
elemental powders. In W-reinforced TiAl alloys, gas atomization was 
found to result in chemical heterogeneities (i.e., W segregation), 
reducing the mechanical properties [12]. In addition, it has been 
demonstrated that powder milling + SPS is effective for HEAs containing 
elements with very different melting points, such as Al and W [13].

Within this framework, thermodynamic calculations are an essential 
tool for screening wide compositional ranges to determine new com
positions of interest. Investigations conducted in the last years by the 
Computational Thermodynamics of Materials (COMAT) research group 
at the University of Genova led to the development of the Genova High- 
Entropy Alloys (GHEA) thermodynamic database, which has been suc
cessfully applied to the study of phase relations [14,15] and graphite 
wettability [16] by Al–Co–Cr–Fe–Ni-R (R––Mo, Ta, W) HEAs. These 
works highlighted the robustness of the database by combining ther
modynamic predictions with experimental validation. However, the 
investigated equiatomic compositions resulted in brittle alloys charac
terized by a biphasic BCC-B2 + intermetallic microstructure.

In the present study, a new HEA belonging to the Al–Co–Cr–Fe–Ni–W 
system was selected through thermodynamic calculations and experi
mentally investigated. Low Al content compositions, such as 
Al0.3CoCrFeNi, have garnered significant interest due to their FCC 
structure that can be strengthened by various precipitates such as 
intragranular L12 or intergranular BCC-B2 phases [17–19]. The effect of 
W addition to the quinary system has not been widely investigated, 
especially at low Al-content. Available literature shows that, in the case 
of the near-eutectic composition AlCoCrFeNi2, W addition results in 
increased mechanical resistance accompanied by decreased ductility 
[20]. On the other hand, according to our calculations, the FCC solid 
solution in the quinary system is widened by a decreasing Al content. 
Accordingly, a low-Al quinary HEA of Al0.15CoCrFeNi composition was 
selected as starting alloy to simulate the effect of W addition by ther
modynamic calculations. The target consisted in a W-containing FCC 
alloy, possibly solidifying as monophasic in the as-cast state, where the 
precipitation of a secondary phase could be tuned by performing an 
appropriate thermal treatment. Candidate compositions to be investi
gated experimentally were simulated with the aid of the thermodynamic 
calculations, and the final Al0.15CoCrFeNiW0.15 composition was 
selected, prepared and characterized. Additional details on the choice of 
the investigated composition are given in Section 2 of the present work.

The selected Al0.15CoCrFeNiW0.15 alloy has been prepared by both 
arc melting and powder milling + SPS to highlight and analyze the effect 
of the two preparation processes on the final state of the alloys. Ther
modynamic calculations were used to design processing routes and 
support interpretation of the experimental results, which in turn were 
used to validate the thermodynamic database. Moreover, the micro
structures and the phases resulting from the two manufacturing tech
niques were compared. Hardness measurements were performed to 
investigate the effect of the preparation method and of the thermal 
treatment. Finally, thermal stability of the microstructures and phase 
transformation occurring after long-term annealing were evaluated.

Summarizing, this study investigates the use of different synthesis 
techniques on the same Al–Co–Cr–Fe–Ni–W HEA composition, specif
ically designed by using the CALPHAD method. To the best of our 
knowledge, no prior studies in the literature have conducted such an 
analysis of the effects of the preparation method on the microstructure 
of a senary HEA. By comparing the two synthesis routes, this work 
demonstrates that spark-plasma sintering represents a viable alternative 
to arc melting, particularly in cases where the alloying elements pose 
challenges to conventional melting processes. By focusing on how syn
thesis routes influence critical parameters such as grain size, phase 
stability and microhardness, this work provides new insights into the 
relationship between preparation techniques and microstructural 
properties of HEAs.

2. Thermodynamic modelling

2.1. The GHEA thermodynamic database

The Al–Co–Cr–Fe–Ni–W thermodynamic database used in the pre
sent work is a subset of the wider GHEA database. In GHEA, all binary 
and ternary subsystems of the Al–Co–Cr–Fe–Ni–W senary system are 
modeled in their full temperature and composition ranges. Binary and 
ternary interaction parameters have been generally adapted from liter
ature to ensure compatibility within GHEA phase models and lower- 
order parameters. Selected systems, however, have been completely 
assessed or re-assessed in view of GHEA [14,21–23]. The main features 
of the Al–Co–Cr–Fe–Ni–W database, such as phase models, assessment 
procedure, evaluation of metastable/unstable endmembers etc., have 
been presented in a previous paper [15]. For this reason, only a brief 
summary of the main phases appearing in the present investigation, 
together with their crystal structures and phase models is reported in 
Table 1.

2.2. Choice of the alloy composition

As mentioned in Section 1, AlxCoCrFeNi HEAs with reduced Al 
content can exhibit interesting properties given by their mainly FCC 
microstructure strengthened by smaller amounts of BCC-B2 or L12 
phases, depending on the composition. Al is known to be a strong BCC- 
B2 stabilizer, so that further reducing its content would lead the struc
ture to be substantially monophasic FCC, possibly resulting in a ductile 
but low-hardness alloy. In Co-based superalloys, the mechanical prop
erties are improved by secondary precipitation of hard phases such as 
carbides or intermetallics. According to thermodynamic calculations 
and experimental measurements in the literature, the amount of 
precipitated hardening phases is usually <5 mol %, to obtain significant 
hardening without excessive embrittlement [24,25]. Based on that, it 
would be interesting to search for a similar concentration of hardening 
phases in a mostly monophasic FCC HEA of the here investigated senary 
system. The reduction of the Al content, while promoting the formation 
of a wide FCC solid solution, might completely suppress the formation of 
BCC-B2, so that some other alternatives are needed to obtain precipi
tation hardening. The addition of a refractory metal might address this 
issue, favoring the formation of small amount of intermetallics. How
ever, the alloying of additional elements in a solid solution usually de
creases its melting point, so that in view of possible high-temperature 
applications, it is important to obtain the target strengthening while 
limiting the melting temperature decrease by accurate selection of 
quantity and quality of additives. Based on the mentioned constraints, 
the addition of W to the starting quinary system has been considered as a 
promising solution.

Within this framework, the GHEA thermodynamic database has been 
used as a fundamental tool to design the target composition, reducing 

Table 1 
Crystal structure and sublattice models of the main phases involved in the pre
sent work.

Phase Pearson symbol - 
Prototype

Sublattice Model

FCC-A1 (a) cF4 – Cu (Al,Co,Cr,Fe,Ni,W)1 (Va)1

FCC4 (L12 

and L10)
cP4 – AuCu3 

tP4 – AuCu
(Al,Co,Cr,Fe,Ni,W)0.25 (Al,Co,Cr,Fe,Ni, 
W)0.25 

(Al,Co,Cr,Fe,Ni,W)0.25 (Al,Co,Cr,Fe,Ni, 
W)0.25 (Va)1

BCC-A2 (b) cI2 – W (Al,Co,Cr,Fe,Ni,W)1 (Va)3

BCC-B2 cP2 – CsCl (Al,Co,Cr,Fe,Ni,W)0.5 (Al,Co,Cr,Fe,Ni,W)0.5 

(Va)3

μ hR36 – W6Fe7 (Al,Co,W)4 (Al,Co,Cr,Fe,Ni,W)2 (Al,Co,Cr, 
Fe,Ni,W)1 (Al,Co,Cr,Fe,Ni,W)6

a Disordered contribution to FCC4.
b Disordered contribution to BCC-B2.
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the number of required experimental tests. The first step consisted in 
choosing a starting Al–Co–Cr–Fe–Ni composition. From the Al0.3CoCr
FeNi composition, already investigated in the literature [13,17–19], we 
tried further reducing the Al content to extend the FCC-A1 monophasic 
field down to lower temperatures. The vertical AlxCoCrFeNi section 
calculated with GHEA is reported in Fig. 1a. Considering the un
certainties related to both experiments and calculations, n(Al) = 0.15 
was chosen as a reasonable Al amount to ensure obtaining a monophasic 
quinary FCC alloy down to below 700 ◦C. The Equilibrium Phase Frac
tion (EPF) vs temperature plot for the chosen starting Al0.15CoCrFeNi 
quinary composition is here reported in Fig. 1b.

Starting from this composition, the addition of W was simulated. The 
vertical Al0.15CoCrFeNiWx section is reported in Fig. 2a. Previous in
vestigations on HEAs prepared by SPS [10,13], indicate that complete 
densification is obtained at about 1070–1080 ◦C, suggesting that the SPS 
cycle can be effectively performed at 1100 ◦C. According to the ther
modynamic calculations, at this temperature we enter the two-phase 
field, FCC-A1 + μ, when n(W) ~ 0.15 (Fig. 2b). Bae et al. [26] demon
strated that, in non-equiatomic CoCrFeNiMox HEAs, the dispersion of μ 
phase in a FCC matrix is a promising route to improve mechanical 
properties. By simulating further cooling of the chosen composition (EPF 
vs T plot in Fig. 2c), we found that the amount of secondary μ phase 
between complete densification temperature and sintering temperature 
remains within the target <5 mol % range. Considering the uncertainties 
related to experimental alloy preparation and characterization, deter
mination of the densification temperature, and thermodynamic calcu
lations, this amount of secondary phase was considered satisfactory to 
obtain hardening without excessive alloy embrittlement.

3. Materials and methods

Two Al0.15CoCrFeNiW0.15 HEAs were synthesized by using two 
different preparation methods: AM and SPS. Samples were then 
annealed at 1100 ◦C for 14 d and water-quenched or furnace cooled. 
Details on the sample preparation procedures are reported in Section 3.1
and summarized in Table 2.

3.1. Sample preparation

3.1.1. Preparation by AM
The Al0.15CoCrFeNiW0.15 alloy of about 1 g was prepared by arc 

melting the appropriate quantities of the pure metals (purity >99.9 %) 

under Ar atmosphere and using a Zr getter. Considering that the melting 
point of W exceeds the boiling point of Al, possibly resulting in Al 
depletion or presence of unreacted W in the final alloy, preliminary 
binary Ni–W alloys were first arc melted and subsequently combined 
with the remaining elements to obtain the target senary alloy. To ensure 
compositional homogeneity, the alloys were flipped and re-melted up to 
five times. The so-prepared alloy was then cut in two parts: one was 
analyzed as synthesized (AM_AS sample), and the other (AM_1100 
sample) was annealed at 1100 ◦C for 14 d (see Section 3.1.3 for details 
on the annealing procedure).

3.1.2. Preparation by SPS
For the preparation of the Al0.15CoCrFeNiW0.15 alloy by SPS (SPS_AS 

sample), high-purity elemental powders (>99.2 %) of Al, Co, Cr, Fe, Ni, 
and W were subjected to planetary ball milling (Fritsch Pulverisette 4) to 
chemically homogenize the mixture. The initial particle sizes are 
detailed in Table 3.

Stainless hardened steel milling bowls (250 mL) and balls (10 mm 
diameter) were used for the milling, and the mass ratio between balls 
and powders (BPR) has been set to 7:1. The rotation speed of the central 
disk and grinding jars were respectively set to 250 and ‒ 250 rpm, and 
the milling cycle consisted of 1 h of milling followed by pauses of 30 min 
repeated 16 or 28 times. No process control agent (PCA) was used during 
ball milling to prevent carburization of the alloys. The milling jars were 
prepared under Ar atmosphere to limit oxygen contamination. SPS (FCT 
Systeme GmbH HPD 10) has been performed in a graphite die with in
ternal diameter of 30 mm. Sintering parameters were set to 1100 ◦C, 
reached with a heating rate of 50 ◦C/min, and a pressure of 80 MPa 
applied during the whole cycle. A dwell time of 30 s was applied, fol
lowed by free cooling to room temperature. As for powder mechanical 
activation, the sintering matrix was prepared under Ar atmosphere, and 
the SPS cycle was performed under vacuum, to limit any oxygen 
contamination.

3.1.3. Annealed samples
Both the AM and the SPS samples were annealed to ensure equili

bration at the same temperature of 1100 ◦C (AM_1100 and SPS_1100 
samples, respectively) to better compare the effects of the two different 
preparation routes. In both cases, samples were wrapped in Ta foils, 
enclosed in quartz vials under inert atmosphere, heat treated for 14 d at 
1100 ◦C in an electric furnace and then water quenched. The annealing 
temperature of 1100 ◦C, equal to the sintering temperature, was chosen 

Fig. 1. (a) Vertical AlxCoCrFeNi section and (b) Equilibrium Phase Fraction (EPF) vs temperature plot for the Al0.15CoCrFeNi composition.
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aiming to verify microstructural differences between sintering and 
equilibration at the same temperature. An additional alloy prepared by 
SPS was subjected to annealing at 1100 ◦C followed by furnace cooling 
(SPS_1100_FC sample), aiming to allow precipitation and growth of μ 
phase crystals; additional details are presented in Section 4.2.2.

3.2. Samples characterization

3.2.1. Sample prepared by AM (AM_AS and AM_1100)
The AM prepared samples were cross-sectioned and then mechani

cally polished with diamond paste down to 1 μm grit. The microstruc
ture was analyzed by scanning electron microscopy (SEM – model: LEO 
1450 VP) coupled with energy-dispersive X-ray spectroscopy (EDS – 
Oxford Instruments, 7353 model with Oxford-INCA software v.4.07). 
Additionally, chemical etching (for 20 s in aqua regia, in agreement with 
[27]) and Light Optical Microscopy (LOM – Model: LEICA DM 4000 M) 
were used to highlight grain boundaries. X-Ray Diffraction (XRD) 
analysis was performed with a powder diffractometer (Siemens D-500) 
using the Cu Kα radiation. XRD was carried out on the polished surface of 
bulk samples. The hardness of the different samples was measured by 

Fig. 2. (a) Vertical Al0.15CoCrFeNiWx section; (b) AlxCoCrFeNiWy isothermal section at 1100 ◦C and (c) Equilibrium Phase Fraction (EPF) vs temperature plot for the 
Al0.15CoCrFeNiW0.15 composition.

Table 2 
List of the prepared samples with the related name, synthesis procedure, and 
thermal treatment.

Synthesis Thermal Treatment Sample name

Arc melting (AM) As-cast AM_AS
Annealed 14d at 1100 ◦C and 
quenched

AM_1100

Spark plasma sintering 
(SPS)

As sintered SPS_AS
Annealed 14d at 1100 ◦C and 
quenched

SPS_1100

Annealed 14d at 1100 ◦C and furnace 
cooled

SPS_1100_FC

Table 3 
Particle sizes of the commercial powders (Alfa Aesar, Neyco*).

Element Al Co Cr Fe Ni W*

Powder particle size (μm) 44 1.6 <10 <10 3–7 <10
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using a Vickers indenter (Leica VM HT MOT), with a load of 500 g. At 
least 5 indentations were performed for each measurement, provided 
that the distance between indentations was higher than three times the 
length of their diagonal. Large indentations were performed encom
passing the different phases in the samples to evaluate the overall alloy 
hardness, given the impossibility to isolate the single contributions of 
the smaller crystals.

3.2.2. Sample prepared by SPS (SPS_AS, SPS_1100, SPS_1100_FC)
The surfaces of the SPS prepared samples were mechanically pol

ished similarly to those of the AM samples. In addition, a super finishing 
step was performed using a colloidal silica suspension of 0.03 μm.

Sample surfaces were analyzed by XRD with Cu Kα radiation (Bruker 
D8 Discover). Microstructural characterizations of the samples before 
and after annealing treatment were performed by SEM-EDS (model: 
JEOL JSM 7600F). In the case of the SPS_AS sample, transmission 
electron microscopy (TEM) analyses were also carried out. A thin 
lamella was taken from the sample by focused ion beam (FIB), using a 
dual beam FIB/SEM ThermoFisher Helios NanoLab600i apparatus. The 
extracted lamella (10 × 5 μm) was then thinned to a thickness of around 
50 nm using the focused Ga ion beam, accelerated to 5 kV for the final 
step to limit irradiation defects. TEM- and scanning transmission elec
tron microscopy (STEM)-EDS characterizations were performed with a 
JEOL JEM-2100F apparatus, operating at an accelerating voltage of 20 
kV. Vickers hardness measurements were performed using a ZHμ HD 
(Zwick Roell) indenter with a load of 500 g.

4. Results and discussion

The EDS-measured global compositions of the samples are reported 
and compared to the target nominal composition in Table 4. Results on 
AM and SPS samples are reported in Sections 4.1 and 4.2, respectively. 
Finally, in Section 4.3, results are globally analyzed and critically dis
cussed, comparing the two different synthesis routes.

4.1. Samples prepared by AM

4.1.1. As-cast sample (AM_AS)
The overall composition of the AM_AS sample is close to the nominal 

one (Table 4), suggesting that the synthesis route has been effective. The 
microstructure of the AM_AS sample is reported in Fig. 3a, resulting 
homogeneous and substantially monophasic. The SEM micrograph 
shows a certain shading, which however does not correspond to signif
icant compositional difference between darker and lighter areas, as also 
confirmed by EDS maps (see supplementary material S1). The sample 
was then chemically etched in aqua regia (20 s), aiming to reveal the 
grain boundaries in the LOM image (Fig. 3b).

However, based on previous experiences on alloys of this kind ([28] 
and other unpublished results, see supplementary material S2) pre
senting grain size in the order of some tens of microns, and giving the 
dimensions of the areas having different grey contrast visible in Fig. 3b, 
these latter possibly correspond to domains of grains similarly oriented, 
rather than to the single grain edges. This is also due to the high ho
mogeneity of this monophasic sample, which makes it difficult to reveal 
individual grain boundaries through chemical etching. Several other 

chemical etchants were attempted, based on previous experiences (e.g. 
5 g FeCl3 + 25 mL HCl +5 mL HNO3 + 25 mL H2O, like in supplementary 
material S2) or literature investigations (e.g. 5 g Cu2SO4 + 25 mL 
Ethanol +25 mL HCl, like in Ref. [29]), but none of them turned out to 
be effective.

The XRD analysis has been performed on the polished bulk sample in 
the 30–90◦ 2θ range, confirming its substantial monophasicity. Only one 
peak of scarce intensity at 2θ = 81◦ could not be properly indexed. It 
possibly belongs to some residual Cr, which has entered the FCC solid 
solution or formed μ phase during the annealing, as the peak substan
tially disappears in the XRD pattern of the AM_1100 sample (Fig. 4). As 
for the hardness measurements, an overall value of 382 ± 5 HV0.5 was 
obtained for the AM_AS sample.

4.1.2. Sample annealed at 1100 ◦C (AM_1100)
The LOM image of the AM_1100 sample after chemical etching is 

reported in Fig. 5a. In this case, aqua regia was effective in highlighting 
the grain boundaries, so that equiaxed grains with an average size of 60 
μm and several lamella-shaped annealing twins can be distinguished. 
This is also confirmed by the SEM image in SE mode reported in Fig. 5b. 
The SEM image in BSE mode (Fig. 5c) was acquired before etching and 
shows a biphasic microstructure with one main dark-grey phase sur
rounding smaller crystals of a bright W-rich phase. The main phase 
corresponds to the FCC solid solution, while the secondary brighter 
phase corresponds to the μ intermetallic precipitating at the grain 
boundary, as also underlined by the etching. The composition of the two 
phases measured by EDS is reported and compared with calculations in 
Table 5. It is noteworthy that all the Al present in the alloy remains in the 
solid solution, since its solubility in the μ phase is extremely limited. 
Element distribution between the FCC matrix and the μ intermetallic 
was evaluated by EDS mapping, reported in Fig. 5e on area of Fig. 5d.

The phase analysis resulting from SEM-EDS was compared to the 
phase amounts and compositions calculated using the CALPHAD 
(CALculation of PHAse Diagrams) approach (Table 5). Phase amounts in 
mole fraction (of atoms) were qualitatively evaluated assuming their 
equivalence to the surface fractions determined by image analysis 
(software GIMP). Such an approximation is justified by the small vari
ation between the molar volumes of metals and alloys. The so-estimated 
experimental phase amounts are in good agreement with those pre
dicted by calculations, especially considering the uncertainty related to 
the surface defects (e.g. holes) in the samples. As for phase compositions, 
very good agreement between calculations and EDS measurements can 
be observed for FCC. For the μ phase, the main compositional features 
(absence of Al and concentration of W higher than all other elements) 
are correctly reproduced by the calculations, but Co and Cr concentra
tions are respectively over- and under-estimated. As for Fe, the differ
ence between calculated and experimental content lies within a 
satisfactory range of agreement.

The XRD analysis (green pattern in Fig. 4) confirmed the presence of 
the FCC solid solution. The additional peaks detected in the AM_AS 
sample substantially disappear in this pattern, suggesting that the 
annealing treatment was successful in eliminating the possibly related 
traces of unreacted Cr. As for the secondary W-rich bright phase 
appearing in the micrograph, its composition is similar to that of the μ 
phase revealed by TEM-EDS analyses performed on the SPS_AS sample 
(see Section 4.2.2). By analogy, and with the support of the thermody
namic calculations, this W-rich phase is further confirmed to correspond 
to μ. As for the hardness measurements, an overall value of 233 ± 16 
HV0.5 was obtained for the AM_1100 sample. With respect to the as-cast 
sample, the hardness is significantly decreased, probably due to the 
relaxation of the microstrains related to the as-cast state, and to the grain 
growth related to the annealing. In this case, it is likely that such effects 
overcome the hardness increase expected from the μ phase precipitation, 
also due to its small quantity.

Table 4 
Comparison between nominal and experimental compositions (measured by 
EDS) of the prepared samples.

Composition (mol %) Al Co Cr Fe Ni W

Nominal 3.5 23.5 23.5 23.5 23.5 3.5
AM_AS 3.2 24.0 23.3 23.3 23.0 3.2
AM_1100 3.5 23.3 23.3 23.4 23.0 3.5
SPS_AS 3.9 23.2 23.3 23.0 22.6 4.0
SPS_1100 4.1 23.3 22.7 23.5 23.1 3.6
SPS_1100_FC 4.0 22.8 23.1 23.1 23.1 3.9

L. Fenocchio et al.                                                                                                                                                                                                                              Journal of Materials Research and Technology 34 (2025) 1252–1264 

1256 



4.2. Samples prepared by SPS

4.2.1. As-sintered sample (SPS_AS)
The SEM micrographs and XRD patterns of the powders after 16 and 

28 h of ball milling are reported in Fig. 6. After 16 h of ball milling, an 
increase in particle size from an average of 13 (not-milled powder) to 
200 μm was observed. This shorter mechanical activation led to the 
disappearance of Al and Co peaks, while slight traces of pure Cr were 
still detected and can be seen on the surface of the milled powders (green 
arrows in Fig. 6b). The characteristic peaks of pure W are also still 
visible, since small white W particles were observed on the powder 
surface (yellow arrows in Fig. 6b). All the peaks are broadened, possibly 
due to an increase of the microstrains and a decrease of the crystallite 
size. The asymmetry of the (200) peak at 51.4◦ with a broadening to 
lower angles indicates that the formation of the FCC solid solution has 
started.

Compared to 16 h of milling, increasing the milling time to 28 h leads 
to a reduction in particle size to an average of 80 μm (Fig. 6c). The XRD 
pattern of the 28 h milled powder (Fig. 6e) shows a shift of the (111) 
peak from 44.4 to 43.9◦, indicating that the formation of the FCC solid 
solution by mechanical alloying is more advanced. However, the pure W 
characteristic peaks are still visible, highlighting its difficult diffusion 
into the solid solution during milling at low temperature. On the con
trary, peaks related to pure Cr have almost completely disappeared. As 
planetary ball milling generally results in slight oxygen contamination, 
particularly in the case of very reactive powders such as the milled HEA 
composition tested in the present study, no longer milling times were 

investigated. Finally, the 28 h milled powder has been selected for sin
tering due to its higher chemical homogenization.

The XRD analysis of the SPS_AS sample reveals an FCC structure 
(Fig. 7), with no traces of pure W. Thermodynamic calculations at the 
sintering temperature (1100 ◦C) predict approximately 98.4 mol % FCC 
phase and 1.6 mol % W-rich μ phase. As in the case of the AM samples, 
the μ phase could not be detected in the XRD pattern, probably due to its 
low amount.

The global composition of the SPS_AS sample measured by EDS is 
close to the nominal one (Table 3), suggesting the effectiveness of the 
synthesis. The microstructure at low magnification (Fig. 8a) shows a 
heterogeneous distribution of white nanometric precipitates, mainly 
concentrated at the grain boundaries. In addition, a few large pre
cipitates ~5 μm in size can be detected. The finer precipitates tend to be 
more concentrated in the areas closer to the larger ones rather than far 
from them. The FCC matrix is composed of a bimodal grain structure: the 
majority of the grains measure ~400 nm, and domains of ~10 μm are 
formed by micrometric grains, reaching 2 μm in size. Grains similar to 
the larger ones have already been observed in a previous study on the 
sintering of AlxCoCrFeNi alloys and are associated with dynamic 
recrystallization and abnormal grain growth at prior particle boundaries 
[13]. This phenomenon arises from the large number of crystalline de
fects generated by the milling stage. Fig. 8 also shows many dark 
nanometric precipitates, located at the grain boundaries across the 
entire surface of the sample. However, their small dimensions do not 
allow a precise determination of their composition by SEM-EDS. The 
Z-contrast in the BSE images indicates that the white precipitates may 
correspond to W-rich phases, such as the expected μ phase, or to some 
residual pure W. On the contrary, the darker precipitates are expected to 
contain lighter elements. In order to identify the nature of the nano
metric dark and white precipitates, not detected by XRD and impossible 
to be certainly identified by SEM-EDS, TEM-EDS analysis has been 
performed.

STEM-EDS mapping displayed in Fig. 9 revealed that all the black 
precipitates are smaller than 50 nm and are Al- and O-rich. The 
measured composition (Point A in Table 6) indicates that they corre
spond to Al2O3 grains. Their relatively important presence can be 
attributed to the impurity of the starting elemental powders, combined 
with the inevitable oxygen contamination due to the milling stage. 
Slight compositional variations are also observed for the FCC phase, but 
its overall composition is in accordance with thermodynamic calcula
tions and underlines that W has diffused in the FCC solid solution. Fig. 9
shows that all the white precipitates are characterized by significant W 
enrichment. When comparing the EDS measurements, micro and 
nanometric precipitates (points B and C in Table 6, respectively) exhibit 
almost the same composition. Some differences in Cr and Co contents in 
the μ phase with respect to the thermodynamic calculations can be 
observed, similarly to the AM samples, and are further commented in 
Section 4.3. However, based on these results, TEM-EDS analyses clearly 
demonstrate that the white precipitates do not correspond to residual W 
from the starting powder, but to the μ phase formed during sintering, in 

Fig. 3. (a) SEM backscattered electron image of the AM_AS and (b) LOM image of the AM_AS sample after chemical etching.

Fig. 4. XRD pattern for the AM_AS and AM_1100 samples.
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agreement with thermodynamic predictions. Additionally, this un
derlines the success of the performed synthesis procedure by SPS.

The TEM image in Fig. 12 also suggests that the largest μ phase 
precipitates (Fig. 10a) are polycrystalline compared to the finest ones 
(Fig. 10c). In both cases, nano and micrometric μ phase grains present 
the same microstructure, characterized by a significant number of 

annealing twins (Fig. 10). The mechanical activation related to the 
milling procedure leads to an increase in crystal defects such as dislo
cations, whose high density may lead to the increase of active sites for 
twin nucleation [30]. Twinning is then promoted during the recrystal
lization that begins during the subsequent sintering process. A similar 
behavior was observed in previous works on a WMoFeNi HEA by Liu 
et al. [31,32], who highlighted the tendency of the μ phase to develop 
twin substructures with a high density of (0001)μ nano-twins. In addi
tion, SPS generally produces non-equilibrium microstructures, espe
cially when combined with powder mechanical activation [33,34]. 
Moreover, in the present SPS sample the μ phase nanometric precipitates 
are more numerous and larger around the micrometric ones rather than 
far from them. Therefore, it is possible to attribute the formation of the μ 
phase to the heterogeneous distribution of W in the powder after milling, 
combined with the short dwell at high temperature during SPS, rather 
than to its thermodynamic stability at the sintering temperature of 
1100 ◦C.

Microhardness measurements have been performed on the SPS_AS 

Fig. 5. AM_1100 sample: (a) LOM and (b) SEM (in secondary electron mode) images after chemical etching; (c) SEM image (in backscattered electron mode); (d) 
detail at higher magnification and (e) related elemental EDS mapping.

Table 5 
Comparison between experimental and calculated equilibrium phase fractions 
(EPF, mol%) and compositions (mol %) of the phases detected in the AM_1100 
sample.

Phase EPF Al Co Cr Fe Ni W

FCC-A1 EXP 98.8 3.1 23.5 22.9 23.5 23.5 3.5
CALC 98.4 3.5 23.2 23.5 23.5 23.5 2.8

μ EXP 1.2 – 18.8 20.1 15.7 9.0 36.4
CALC 1.6 – 24.9 8.0 11.2 9.8 46.1
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sample. The hardness of 600 ± 15 HV0.5 could be explained by the 
combined effects of the fine FCC grains of 400 nm, the presence of W in 
the solid solution and the numerous dispersed nanometric grains of 
Al2O3 and μ. For comparison, the Al0.3CoCrFeNi HEA obtained by me
chanical alloying and subsequent SPS, characterized by an FCC solid 
solution of similar grain size containing Cr carbide precipitates, has a 
hardness of 486 HV0.5 [35]. Therefore, the important hardness increase 
observed in the present study seems to come from the fine distribution of 

μ phase precipitates at grain boundaries. Overall, the microstructure of 
the SPS_AS sample suggests a very brittle behavior.

4.2.2. Sample annealed at 1100 ◦C (SPS_1100 and SPS_1100_FC)
The XRD analysis (Fig. 7) indicates that after annealing followed by 

quenching, the SPS sample is still composed of an FCC structure. In the 
post-annealing microstructure of Fig. 11, the nanometric and micro
metric grains of μ phase have been dissolved. This led to the diffusion 
and homogeneous distribution of all W into the FCC solid solution, as 
confirmed by the EDS mapping in Fig. 12. The elemental maps show that 
also Ni, Cr, Fe and Co are homogeneously distributed into the FCC 
matrix. The long-term annealing led to a growth of the FCC grains from 
around 400 to 800 nm. The black precipitates, which were already 
detected in the as sintered sample before annealing, still correspond to 
Al2O3. Their size increased during annealing, growing from about 18 to 
300 nm. This result is in accordance with the works by Ida et al. [36,37], 
who highlighted the stability of Al2O3 precipitates in a NiCr nano
structured alloy, and observed a growth of the same order of magnitude 
after 100 h of annealing at 1100 ◦C.

The annealed sample shows a significant decrease in hardness to 300 
± 1 HV0.5, which can be attributed to the dissolution of the μ phase and 
to the small grain growth. Contrary to the thermodynamic calculations, 
the μ phase was not observed in the annealed and quenched sample. At 
this point in the study, it is possible to suggest that this difference could 
be due to the grain size or the presence of Al2O3 at the grain boundaries, 
which may block μ phase nucleation and subsequent precipitation. 
Indeed, it is reported in the literature that the grain size can affect the 
thermal stability range of phases by Gibbs-Thompson effect [38,39]. 

Fig. 6. SEM image of powder particles after a-b) 16 h and c-d) 28 h ball milling. Green and yellow arrows indicate pure Cr and W particles, respectively; e) XRD 
patterns of Al–Co–Cr–Fe–Ni–W elemental powder mixture as prepared and after 16 h and 28 h ball milling.

Fig. 7. XRD patterns of the SPS_AS, SPS_1100, and SPS_1100_FC samples.
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This effect results in enhanced W solubility in the FCC solid solution at 
1100 ◦C, thereby favoring the dissolution of the small μ phase pre
cipitates. In order, to verify this hypothesis, a new long-term annealing 

at 1100 ◦C has been performed on an as-SPS sample, followed by a 
furnace cooling. The microstructure of this SPS_1100_FC sample pre
sents grains of about 1 μm in size, and Al2O3 is found mainly concen
trated at grain boundaries. XRD analysis (Fig. 7), only revealed the 
presence of the FCC solid solution. Even if it was not detected by XRD, 
the μ phase was observed in the SEM micrograph as precipitates at grain 
boundaries (white crystals in Fig. 12). This confirms that μ phase pre
cipitation in Al0.15CoCrFeNiW0.15 is not blocked by the presence of 
Al2O3 at the grain boundaries and occurs during cooling thanks to the 
very slow cooling rate. This observation suggests that for the SPS_1100 
sample, the effect of grain size is to extend the stability of the FCC solid 
solution containing ~3.5 at. % of W down to lower temperatures, pre
venting μ phase precipitation at 1100 ◦C.

The hardness of the SPS_1100_FC sample reaches 330 ± 3 HV0.5, 
indicating an increase of 30 HV compared to the SPS_1100 sample, most 

Fig. 8. a) SEM backscattered electron images of the SPS_AS sample, b) and d) magnified regions and c) magnified microstructure near a micrometric W-rich particle.

Fig. 9. STEM picture and EDS elemental mapping of the SPS_AS sample.

Table 6 
Composition (at. %) of the different precipitates in the SPS_AS sample measured 
by EDS.

Point O Al Co Cr Fe Ni W

A 61.6 37.7 0.2 0.2 0.2 0.1 0.0
B 1.4 0.4 18.6 23.4 15.5 5.2 35.5
C 1.3 0.4 17.8 20.1 14.5 5.5 40.4
μ (CALC) / – 24.9 8.0 11.2 9.8 46.1
D 2.2 2.3 23.9 23.6 24.1 21.2 2.7
FCC (CALC) / 3.5 23.2 23.5 23.5 23.5 2.8

L. Fenocchio et al.                                                                                                                                                                                                                              Journal of Materials Research and Technology 34 (2025) 1252–1264 

1260 



likely due to the presence of the μ phase. As a reminder, the hardness of 
the SPS_AS sample, which also contains μ phase precipitates, is 600 
HV0.5. Image analyses, performed with GIMP software, revealed a sur
face fraction of μ phase in the SPS_1100_FC sample of about 1.2 mol%. 
This value is very close to that found for the SPS_AS sample, which is 
about 1.0 mol%. In both cases, the μ phase is mainly located at grain 
boundaries. However, in the SPS_AS sample, the μ phase precipitates are 
overall smaller (300 nm on average vs 600 nm on average for the 
SPS_1100_FC sample). Moreover, they present a finer distribution, 
except for some bigger micrometric precipitates randomly dispersed on 
the surface. The thinner grains, which enhance hardness by Hall-Petch 
effect, combined with a finer and homogeneous distribution of the μ 

phase precipitates, explain the hardness increase observed for the 
SPS_1100_FC sample. Finally, it is possible to underline that Al2O3 is 
substantially inert towards the metal HEA matrix, since no chemical 
interaction was observed in the samples, regardless of the treatment.

4.3. Comparison between AM and SPS samples

As expected, the present study underlines that the preparation 
method has an important influence on the final alloy microstructure. AM 
results in the formation of large FCC grains, whose chemical homoge
neity is enhanced by the several re-meltings. In comparison, powder 
mechanical activation followed by SPS produces a nanostructured FCC 

Fig. 10. TEM images of the SPS sample showing twin substructures inside a) micrometric and c) nanometric μ phase particle; b) shows the respective sample area.

Fig. 11. a-c) SEM images in backscattered electron mode at different magnifications and d) EDS elemental mapping of the SPS_1100 sample.
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matrix in which nanometric μ phase and alumina precipitates are 
dispersed. The heterogeneous distribution of W in the powder after 
milling, combined with the short dwell time at high temperature during 
SPS that limits elemental diffusion (especially for W), enhances the 
formation of μ phase crystals of reduced dimensions and non- 
homogeneously distributed. The thermodynamic calculations indicate 
the presence of both FCC and μ phase at 1100 ◦C, which is consistent 
with the results obtained from the SPS_AS and the AM_1100 samples. 
After long-term annealing at 1100 ◦C followed by quenching, the 
AM_1100 and SPS_1100 samples still exhibit very different behavior. In 
the case of the AM_1100 sample, the μ phase precipitation occurs at 
grain boundaries, whereas the μ phase formed during the sintering is 
dissolved in the case of the SPS_1100 sample, most likely due to the 
Gibbs-Thomson effect. This phenomenon enhances W solubility in the 
FCC solid solution at 1100 ◦C, thereby favoring μ phase dissolution. 
After annealing, the AM_1100 sample is consistent with thermodynamic 
predictions, whereas the SPS_1100 sample is not. The compositions of 
the μ phase (when present) formed using the different synthesis pro
cesses are very close (Table 7). In comparison with the CALPHAD pre
dictions, a few differences exist, especially for the Co and Cr content, 
respectively over- and under-estimated with respect to the experimental 
measurements, regardless of the preparation method.

These discrepancies are probably attributable to the combination of 
a) the difficult evaluation of the numerous endmembers deriving from 
the 4-sublattice CALPHAD modelling of the μ phase (see Table 1), and b) 
the experimental uncertainties related to EDS measurements on crystals 
of such small dimensions. This might indicate that the stabilities of Co- 
and Cr-rich endmembers of the μ phase are respectively over- and under- 
estimated (or both). In principle, based on the present experimental 
information, they could be adjusted: however, modifying 

thermodynamic parameters relevant to more systems, based on one or 
few experimental data might lead to a general decrease of the database 
quality in other compositional and temperature ranges. The agreement 
between indications coming from the present study and [15], suggests 
that a re-evaluation of some thermodynamic parameters would probably 
be beneficial to the database performance but a) more experimental data 
in complex multicomponent systems would be needed and b) this is 
beyond the goal of the present work, mostly focused on the differences 
between the two proposed synthesis routes. For the FCC phase, on the 
contrary, the agreement between calculated and experimental phase 
amounts and compositions is satisfactory.

Thermal treatments, micro-hardness measurements and average 
grain size of the FCC phase in the different samples are summarized in 
Table 8. The milling + SPS synthesis route drastically decreases the 
grain size of the FCC phase, which passes from several tens of microns 
for the AM samples to less than a micron for the SPS ones. For both 
preparation methods the heat treatment increases the value of HV0.5. 
More comments on the effect of annealing on the hardness of the 
different samples can be found in Sections 4.1 and 4.2 for the AM and 
SPS series of samples, respectively. The SPS processed samples are sys
tematically harder than those prepared by AM, most likely due to 
thinner grain and to the fine dispersion of μ crystals in the matrix, 
together with the significant presence of Al2O3 segregating at grain 
boundaries.

Fig. 12. SEM images in backscattered electron mode of the SPS_1100_FC sample at different magnifications.

Table 7 
FCC and μ phases compositions measured by EDS (mol %) for the samples 
showing coexistence of both phases.

Al Co Cr Fe Ni W

μ phase AM_1100 – 18.8 20.1 15.7 9.0 36.4
SPS_AS 0.4 17.9 20.2 15.2 5.8 40.5
SPS_1100_FC 0.4 17.9 19.7 15.3 8.7 38.0
CALC_GHEA_1100 ◦C – 24.9 8.0 11.2 9.8 46.1

FCC AM_1100 3.1 23.5 22.9 23.5 23.5 3.5
SPS_AS 2.3 24.4 24.2 24.6 21.7 2.8
SPS_1100_FC 2.1 24.0 23.6 23.9 23.2 3.2
CALC_GHEA_1100 ◦C 3.5 23.2 23.5 23.5 23.5 2.8

Table 8 
Phases, hardness, thermal treatment and average grain size of FCC in the 
different samples.

Sample/ 
Alloy

Phases HV0.5 Thermal Treatment Average FCC 
grain size

AM FCC 382 
± 5

as-cast ~20–40a μm

AM_1100 FCC +
μ

233 
± 16

Annealed 14d at 1100 ◦C 
and quenched

~60–80 μm

SPS FCC +
μ

600 
± 15

Spark plasma sintered at 
1100 ◦C

~0.4 μm

SPS_1100 FCC 300 
± 1

Spark plasma sintered at 
1100 ◦C, annealed 14d at 
1100 ◦C and quenched

~0.8 μm

SPS_1100_FC FCC +
μ

330 
± 3

Spark plasma sintered, 
annealed 14d at 1100 ◦C and 
furnace cooled

~0.8–1 μm

a Estimated based on previous experiences on alloys of this kind (see supple
mentary material S2).
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5. Conclusions

In the present work, a six-component HEA of Al0.15CoCrFeNiW0.15 
composition has been designed, prepared by both AM and SPS, ther
mally treated, and finally characterized. CALPHAD thermodynamic 
calculations have been used to choose the target composition and to 
compare with the experimental results, obtaining satisfactory agree
ment. The samples preparation method has a substantial effect on the 
final features of the alloy, such as microstructure and micro-hardness. 
AM produces a monophasic FCC microstructure, characterized by 
larger grains of some tenths of microns (estimated ~ 20–40 μm), while a 
very fine nanostructured FCC (~0.4 μm) + μ precipitates microstruc
ture, characterized by the presence of Al2O3 particles, is obtained by 
SPS. No interaction between such Al2O3 particles and the metal HEA 
matrix was observed, regardless of the thermal treatment. After 
annealing at 1100 ◦C, the microstructure and phases analyses of arc 
melted samples reveal a closer agreement with the thermodynamic 
calculations. On the contrary, the small grain size (~0.4 μm) in the case 
of the SPS_1100 sample is responsible for the enhanced W solubility in 
the FCC solid solution via Gibbs-Thomson effect, which lead to the 
dissolution of the μ phase present in the SPS_AS sample. Annealing fol
lowed by furnace cooling, however, allows the reprecipitation of the μ 
phase over cooling. As for the alloy overall micro-hardness, SPS samples 
systematically show higher values of HV0.5, most likely thanks to the 
smaller grains dimension and to the presence of finely dispersed μ phase 
crystals. Summarizing, this work remarks how: a) CALPHAD can be used 
to effectively support experimental investigations (selection of prom
ising compositions, result interpretation, etc.) in complex multicompo
nent systems; b) the AM procedure can be exploited to reach 
homogenous and monophasic FCC HEAs; c) mechanical alloying by ball 
milling of elemental powders leads to FCC solid solution despite the 
presence of some residual W; d) the SPS procedure is successful in 
eliminating all traces of residual W and can be effectively employed to 
produce nanostructured HEAs with potentially interesting features; e) 
the grain size is extremely relevant in determining properties and 
microstructural evolution of the same composition prepared by different 
methods. By emphasizing the variation in final microstructural charac
teristics depending on the preparation method, these findings support 
the utilization of HEAs across diverse application areas. This includes for 
instance their potential use in bulk form with tailored microstructures, 
as well as in powder form for further processing in additive 
manufacturing.
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