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 A B S T R A C T

High entropy alloys (HEAs) based on Co-Cr-Fe-Mn-Ni transition metals with Al and Ti additions constitute a 
versatile system to generate complex microstructures. In this study, microstructures consisting of a ductile FCC 
matrix with hard BCC, 𝜎, and fine precipitates are obtained after thermo-mechanical treatments by varying 
the amounts of Al and Ti, specifically (CoCrFeMnNi)100−𝑥(Al2Ti)𝑥, 𝑥 = 6, 8, 10. Ageing is performed in the 
range of 650 to 850 ◦C up to 160 h. Additionally, the effect of ageing is compared between as-cold-rolled state 
and after solution treatment. Bulk hardness values ranges from 300 to 600 HV due to the precipitation of a 
(Cr, Fe, Mn)-rich 𝜎 phase and a (Co, Ni, Al, Ti)-rich BCC phase, as characterized by nanoindentation, EBSD, 
and STEM. A higher content of Al/Ti increases the volume fraction of secondary phases, increasing hardness. 
During ageing, precipitation occurs in three stages with first the precipitation of a BCC secondary phase, second 
the concurrent precipitation of 𝜎 and BCC phases, and third the formation of needle-like BCC precipitates. L12
precipitates have not been observed in the range of compositions and heat treatments investigated.
. Introduction

Precipitation hardening (PH) is an effective method to increase the 
trength of metallic alloys and has been successfully applied across a 
road range of alloys [1–3]. In this study, PH is used to strengthen the 
quimolar CoCrFeMnNi high entropy alloy (HEA), more widely known 
s the Cantor alloy. Single phase face-centred cubic (FCC) alloys based 
n the Co-Cr-Fe-Mn-Ni system have attracted considerable attention in 
ecent years owing to reports of excellent properties with a combination 
f high ductility and exceptional toughness, even at cryogenic temper-
tures [4,5]. However, their relatively low yield strength limits their 
pplication in structural contexts. Consequently, numerous approaches 
ave been explored to increase its strength, with secondary-phase 
recipitation emerging as a particularly promising route [6–9].
To strengthen the ductile FCC matrix, strengthening strategies have 

ocused on the controlled precipitation of secondary phases such as 
isordered or ordered body-centred cubic (BCC A2 or B2) [10–13], 
igma (𝜎) [10,12,14], and L12 (ordered FCC) [13,15–18] phases. For 
xample, He et al. [19] observed that the addition of 11 at.% of Al 
o a Cantor alloy causes the precipitation of a BCC phase, increasing 
he yield strength at room temperature from ∼200 MPa to ∼800 MPa 
nd increasing the hardness from 170 HV to 525 HV. Similarly, Zhao 
t al. [20] reported that the addition of Al and Ti in a 2:1 ratio to 
oCrFeNi promotes the precipitation of fine (<100 nm) L12 intermetal-
ic particles, which result in increased hardness and tensile strength of 

∗ Corresponding author.
E-mail address: antoine.hilhorst@uclouvain.be (A. Hilhorst).

the alloy. Hence, the precipitation of secondary phases seems to bring 
significant improvement to the yield strength and tensile strength of 
the material.

Thermodynamic design has been central to tailoring such precipita-
tion. Rieger et al. [21] studied the evolution of the two-phase region, 
FCC A1 with L12 precipitates, in the system (Co𝑎Cr𝑏Fe𝑐Ni𝑑)90(AlTi)10
guided by a thermodynamic approach following the CALPHAD method 
and validated experimentally. They showed the essential role of Al-
Co-Ni-Ti in controlling the equilibrium of these phases of interest, 
with Fe acting as a substituting element to both Co and Ni. Joseph 
et al. [22] used similar thermodynamic methods to study the effect of 
Al and Ti additions to the quaternary CoCrFeNi and showed that the 
combined Al and Ti contents should remain below 18 at.% to favour 
a dual phase FCC A1 + L12 microstructure. Kaspar et al. [18] further 
showed that Al and Ti promote not only L12 precipitation but also the 
formation of 𝜎 and B2 phases in the system Co2CrFeNi2. The effect 
of the simultaneous Al and Ti additions in the quinary CoCrFeMnNi 
remains relatively unexplored, largely due to the processing challenges 
caused by Mn [23]. This knowledge gap is significant as Mn complicates 
precipitation pathways while also influencing phase stability.

A key concern in designing precipitation-hardened alloys is the 
trade-off between strengthening and ductility. The precipitation of Al-
rich BCC or B2 is often accompanied by the stabilization of the brittle 
𝜎 phase [24], enriched in Fe and Cr, which promotes intergranular 
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fracture at particle-matrix interfaces. While 𝜎 is classically regarded 
as detrimental to ductility in conventional alloys, recent studies have 
shown that the presence of 𝜎 phase in Cantor-based HEAs may be 
less harmful, opening new avenues for microstructural design [6,8,9]. 
Beyond their role in strengthening, precipitates can also influence 
high-temperature properties. For instance, fine-scale dispersions may 
stabilize the microstructure against grain growth [25], improving creep 
resistance [26,27] or even enabling superplastic deformation [28], as 
reported in other alloy systems. Such effects highlight that precipitation 
not only modifies strength and ductility, but can also broaden the range 
of applications of HEAs. Nonetheless, achieving an optimal balance of 
properties from a complex microstructure containing L12 precipitates, 
BCC, and 𝜎 phases remains a challenge.

Despite rapid advances, precipitation hardening in HEAs is still at 
an early stage of development. PH HEAs showed promising results, ri-
valling or exceeding the strength-ductility combinations of commercial 
superalloys [29,30] but their precipitation pathways are not yet fully 
understood. Importantly, most prior studies have focused on ageing 
following homogenization or solution heat treatment, i.e. after recrys-
tallization. However, pre-deformation (e.g. cold rolling) is well known 
to significantly change the precipitation behaviour in conventional 
alloys such as Ni-rich stainless steels [31] and Ni superalloys [32] 
to strongly influence nucleation and growth of precipitates, thereby 
altering both phase selection and distribution. This critical aspect re-
mains not yet well understood in PH HEAs, particularly in Cantor-based 
systems with concurrent Al and Ti additions [33,34].

In this work, we investigate the precipitation hardening behaviour 
of the equimolar CoCrFeMnNi HEA with additions of Al (up to 7 at.%) 
and Ti (up to 3.5 at.%) as a function of ageing temperature (650 ◦C 
to 850 ◦C) and time (up to 160 h) to capture both the precipitation 
at the early stages as well as the near-equilibrium state with potential 
late-stage transformations such as coarsening or phase ordering. The 
hardness is characterized by micro- and nano-indentation. Microstruc-
tural evolution during ageing is characterized using scanning and trans-
mission electron microscopy, revealing a complex multiphase structure 
comprising BCC and 𝜎 phases in the FCC matrix. The morphology, 
crystallography, and composition of the different phases are examined. 
Furthermore, the PH effect is compared between the as-cold-rolled and 
solution-treated conditions. The experimental findings are interpreted 
from a thermodynamic perspective, comparing experimental results to 
CALPHAD predictions.

2. Materials and methods

Pure elements (>99.9%) were arc-melted to obtain a master ingot 
of equiatomic CoCrFeMnNi. Three alloys with slightly different con-
tents of Al and Ti were manufactured starting from the equimolar 
Cantor alloy: (CoCrFeMnNi)94(Al2Ti)6, (CoCrFeMnNi)92(Al2Ti)8, and 
(CoCrFeMnNi)90(Al2Ti)10, which will be referred to as Al2Ti-6, Al2Ti-8, 
and Al2Ti-10, respectively. The nominal and actual chemical composi-
tions of the three alloys measured by inductively coupled plasma (ICP) 
mass spectrometry, using a ICP-OES 5100 from Agilent Technologies, 
are reported in Table  1. After casting, the ingots were homogenized 
at 1100 ◦C for 4 h. Then, they were hot rolled from 10 to 5 mm at 
1100 ◦C (50% reduction) and cold rolled down to a final thickness 
of 2 mm (60% reduction). Samples in this state will be referred as 
‘‘as-rolled (AR)’’. One series of each of the three compositions was 
solution heat treated at 1100 ◦C for 45 min in order to recrystallize 
the cold-rolled microstructures. Samples in this state will be referred 
as ‘‘solution treated (ST)’’. Finally, small samples (2 mm × 2 mm ×
10 mm) in the AR and ST states were aged for at least 100 h at 650 ◦C, 
750 ◦C, and 850 ◦C, with selected conditions extended to 160 h.

The composition and heat treatments employed in this study were 
first selected based on prior reports of alloys with similar compo-
sitions [15,20,35], where such conditions were shown to promote 
the formation of an FCC matrix with precipitation strengthening. To 
2 
Table 1
Chemical compositions of (CoCrFeMnNi)94(Al2Ti)6 (Al2Ti-6), 
(CoCrFeMnNi)92(Al2Ti)8 (Al2Ti-8), and (CoCrFeMnNi)90(Al2Ti)10 (Al2Ti-10) 
alloys. Actual compositions are measured by ICP with a standard deviation of 
0.15 at.%. Unless stated otherwise, all the compositions are reported in at.%.
 Co Cr Fe Mn Ni Al Ti [at.%]  
 Al2Ti-6 18.8 18.8 18.8 18.8 18.8 4 2 Nominal 
 18.3 19.3 19.0 18.6 18.7 4.5 1.6 Actual  
 Al2Ti-8 18.4 18.4 18.4 18.4 18.4 5.3 2.6 Nominal 
 18.3 17.9 18.0 19.1 18.0 5.9 2.7 Actual  
 Al2Ti-10 18.0 18.0 18.0 18.0 18.0 6.7 3.3 Nominal 
 18.2 18.2 17.9 17.9 18.1 6.5 3.2 Actual  

verify the suitability of these conditions for the present alloy systems, 
thermodynamic simulations were performed using Thermo-Calc [36] 
with the TCHEA5 database. The simulations confirmed that the chosen 
heat treatments would yield the desired microstructural constituents, 
namely an FCC matrix with 𝜎, BCC precipitates, and with either a 
significant, a moderate, or no precipitation of L12 phase at 650, 750, 
and 850 ◦C, respectively.

After heat treatments, samples were mounted and polished follow-
ing standard metallography practices. The last steps consisted in pol-
ishing with a 1 μm diamond paste followed by alumina oxide particles 
in suspension (OPS) polishing. These samples were then characterized 
with scanning electron microscopy (SEM), a ULTRA55 from Zeiss, 
using back-scatter electrons (BSE) to produce images based on the 
strong chemical heterogeneity of the different phases. Unless stated 
otherwise, the micrographs were acquired with the SEM operating 
at 15 kV using a 60 μm aperture. The phase volume fractions were 
extracted from series of SEM micrographs using image analysis, with 
an example of the method provided in the Supplementary Materi-
als (Figure S1). Phase compositions were characterized using energy 
dispersive spectroscopy (SEM-EDS) using Bruker XFlash 5010 with a 
detector size of 30 mm2 mounted with a Be window. Qualitative EDS 
maps were also obtained for different conditions to improve phase 
identification by image analysis, see the Supplementary Materials for 
details (Figure S2). The crystallography of the different phases was 
identified by electron back-scattered diffraction (EBSD) using a SEM 
SUPRA55 from Zeiss operating at 30 kV equipped with a Symmetry 
detector from Oxford Instruments. Finally, the micro-hardness of all the 
characterized microstructures was tested with a micro-indenter using a 
200 g mass. One transmission electron microscopy (TEM) sample was 
prepared by focused-ion beam (FIB), a Helios Nanolab from FEI, for 
Al2Ti-10 annealed at 650 ◦C for 32 h. The surface of the sample was 
coated by focused-ion beam induced deposition with a thick platinum 
layer to prevent damage. The lamella was first thinned using a 30 kV Ga 
beam, before a final cleaning step at 8 kV to limit damages and reduce 
the superficial amorphized layer. STEM micrographs were obtained at 
200 kV. The software PTCLab [37] has been used to simulate TEM 
diffraction patterns.

3. Results

The microstructure after rolling is dual phase with a heavily de-
formed face centred cubic (FCC) matrix and a body-centred cubic 
(BCC) second-phase, forming large round precipitates at the FCC grain 
boundaries. Based on thermodynamic calculations, the volume fraction 
of B2 at 1150 ◦C is predicted as 0, 6, and 12% using the actual 
compositions (Table  1) for Al2Ti-6, Al2Ti-8, and Al2Ti-10, respectively. 
The solution treatment (ST) at 1150 ◦C recrystallizes the FCC phase 
and only partly dissolves the BCC phase, even in the case of Al2Ti-6. 
The microstructures obtained after rolling are shown in Supplementary 
Materials (Figures S3a–c).

Fig.  1 shows the microstructure evolution with ageing at 650 ◦C for 
Al Ti-6, the smallest addition of Al and Ti investigated, comparing the 
2
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Fig. 1. SEM-BSE micrographs of Al2Ti-6 after different ageing time from 4 to 96 h at 650 ◦C, either directly after rolling (a–c, g–i) or after a solution treatment 
at 1150 ◦C for 4 h (d–f, j–l). Higher resolution insets are shown for Al2Ti-6 aged at 650 ◦C for 96 h after rolling as well as after solution treatment.
effect of a solution heat treatment before ageing, or the lack thereof. 
At this temperature, precipitation is preferred as the dominant pathway 
compared to recrystallization. In the case of ST samples, initially single-
phase FCC, the BCC second-phase is already observed after ageing 
for 1 h. Three other precipitation phenomena occur with further age-
ing, observed in aged as-rolled (AR) and aged ST samples. First, two 
phases precipitate simultaneously, decorating grain boundaries, ap-
pearing lighter and darker than the FCC matrix with SEM-BSE imaging, 
respectively. The crystallography is identified by EBSD, as discussed 
later, as 𝜎 and BCC phases for the light and dark phases, respectively. 
It is worth noting that ordering cannot be assessed by EBSD and at this 
stage, the distinction will not be made between disordered BCC and 
ordered BCC e.g. B2 or L21, nor between disordered FCC and ordered 
FCC, e.g. L12. In the case of AR samples, the 𝜎 and BCC precipitation 
is already observed after ageing for 1 h for all temperatures. In the 
case of ST samples, precipitation starts between 8 and 16 h of ageing 
(Fig.  1f) at 650 ◦C. At 850 ◦C, 𝜎 phase is already observed after 1 h 
of ageing (Fig.  4). A secondary precipitation is observed in the form 
of dark needles (BCC) in the FCC matrix. These needles are larger in 
ST samples, see inset of Fig.  1l. Finally, precipitation occurs in the 
BCC second-phase in the form of fine white globules (see inset of Fig. 
1i). Additional micrographs with a higher magnification are shown in 
3 
Supplementary Materials for Al2Ti-6 after ageing at 850 ◦C for 1, 24, 
40, and 96 h (Figures S4–S7).

In order to demonstrate the effect of the ageing temperature, Fig. 
2 shows the microstructures of AR and ST samples of Al2Ti-6 aged for 
32 h at 850 ◦C. When compared with the microstructures obtained at 
650 ◦C in Fig.  1, the same phases can be identified, albeit coarser. 
The major difference is the recrystallization of the FCC matrix in AR 
samples.

Increasing the Al and Ti contents affects the phase volume fractions 
of 𝜎, BCC, and FCC phases. Fig.  3 shows the microstructure of Al2Ti-
10 aged 32 h at 650 and 850 ◦C for AR and ST samples, respectively. 
Similar microstructures to the ones previously shown in Figs.  1g-j and 
Fig.  2 are obtained. Greater amounts of 𝜎 and BCC phases are observed 
for Al2Ti-10 for all heat treatments.

Fig.  4 shows EBSD band contrast maps with FCC, BCC, and 𝜎 phases 
overlaid in colour for Al2Ti-6 aged at 850 ◦C for short and long times in 
the case of AR and ST samples. Only partial recrystallization occurs at 
850 ◦C in AR samples, as several grains show residual deformation, see 
the inverse pole map in the inset of Fig.  4b and Figure S8, the kernel 
average misorientation maps.

Fig.  5 shows STEM characterization obtained for a Al2Ti-10 sample 
after ST and aged at 650 ◦C for 32 h. The FIB lamella was extracted 
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Fig. 2. SEM-BSE micrographs of Al2Ti-6 after ageing at 850 ◦C for 32 h (a) directly after rolling (AR) and (b) after solution treatment (ST).
Fig. 3. SEM-BSE micrographs of Al2Ti-10 after ageing for 32 h at 650 ◦C (a–b) and 850 ◦C (c–d), directly after rolling and (a–c), after solution heat treatment 
(b–d).
from a FCC grain containing small dark precipitates, away from the 
grain boundaries (containing 𝜎 and BCC phases). At low magnification 
(Fig.  5a), precipitates organized in needles are observed in a matrix. 
At higher magnification (Fig.  5b), defects can be observed within the 
matrix, which are characteristic of FIB-induced damage [38]. By EDS 
(Figs.  5f–l), two regions can be observed in the precipitates, as Al, Co, 
Mn, Ni, and Ti segregate from Cr. Fe is mainly present in the matrix, 
Al and Ti are mostly present in the precipitates. Table  2 gives the 
compositions of areas c, d, and e as highlighted in Fig.  5b, measured 
by TEM-EDS. From the diffraction patterns (Figs.  5c–e), the structure 
of the matrix was identified as FCC and the structure of the precipitates 
was identified as BCC. No difference in lattice parameter could be 
observed between the Cr-rich (𝑝1) and the Cr and Fe depleted (𝑝2) 
regions within the precipitates. Measuring the planar interdistance, 
the lattice parameters of the FCC and BCC phases are 0.361 and 
4 
0.291 nm, respectively. Zone axes [110] and [111] could be confidently 
observed in diffraction for the matrix and precipitates, respectively. 
Areas where both the matrix and precipitates diffracted simultaneously 
were observed but no apparent orientation relationship exists between 
both phases. In order to discriminate between disordered and ordered 
BCC, other zones axes have been investigated. The diffraction patterns 
obtained in these conditions are less sharp due to the large tilt angles 
involved. Fig.  6(a, b) shows superlattice reflections associated to L21 in 
the case of the diffraction of Al-, Co-, Mn-, Ni-rich precipitates (𝑝2 in 
Table  2), whereas Cr-rich precipitates are disordered BCC A2, (Fig.  6c). 
It is worth noting that the lack of additional reflections in the case of 
the diffraction of FCC with a zone axis of [110] (Fig.  5c) or [125] (Fig. 
6d) indicates the absence of L12 precipitates within the matrix in the 
present sample.
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Fig. 4. EBSD band contrast maps with FCC, BCC, and 𝜎 phase overlaid in red, blue, and green, respectively for as-rolled Al2Ti-6 aged at 850 ◦C (a) for 1 h, and 
(b) 88 h, and for solution treated Al2Ti-6 aged (c) for 1 h, and (d) 96 h. The inset in (b) shows the inverse pole figure (IPF) map for FCC for an unrecrystallized 
region.
Table 2
Compositions in at.% of the matrix and precipitates (𝑝1 and 𝑝2), corresponding 
to areas c, d, and e, respectively, in Fig.  5b measured by TEM-EDS. Values are 
given within ±1 at.%.
 Al Co Cr Fe Mn Ni Ti 
 Matrix 0 17 21 26 20 14 2  
 𝑝1 3 6 69 6 8 6 2  
 𝑝2 19 23 3 4 16 27 8  

Fig.  7 shows the evolution of the micro-hardness of the three alloys 
during ageing at 650, 750, and 850 ◦C, respectively. After ST and before 
ageing, the average hardness is similar across samples with different 
(Al2Ti) content and equal to 199 ± 8 HV. Ageing increases the hardness 
for all Al and Ti contents. After 2 h at 850 ◦C, the average hardness 
reaches 325 ± 8 HV. On the other hand, the increase in hardness is 
less steep for ageing at 650 ◦C with 270 ± 6 HV after 2 h. For longer 
ageing time, the hardness of the alloys treated at 650 ◦C increases to 
approximately 450 HV, while for ageing at 850 ◦C, the peak hardness 
is only 350 HV. In the case of AR samples, ageing further than 4 h does 
not increase hardness. In the case of ST samples, the hardness reaches a 
maximum after 24 h for Al2Ti-8 and Al2Ti-10, and after 64 h for Al2Ti-6.

In order to understand the complex relationship between the hard-
ness and the microstructure, local hardness has been measured by 
nanoindentation. However, a clear correlation between each phase and 
the hardness is difficult to obtain due to the small number of indents 
(100) relative to the fine and complex nature of the observed mi-
crostructures. Fig.  8 shows the histograms of hardness values obtained 
for each nanoindentation map with the corresponding SEM micrograph 
given for Al2Ti-6 aged at 850 ◦C for a short and a long time in the 
case of AR and ST samples, respectively, with values ranging from 2 to 
5 
16 GPa. From the qualitative observations of the histograms, combined 
with the direct observations of the indents position by SEM, ranges of 
hardness values can be attributed to each phase, as identified by SEM-
EBSD. Relatively low hardness values ranging from 4 to 8 GPa can be 
attributed to the FCC matrix. It is worth noting that in the case of ST 
samples, the FCC matrix (with BCC precipitates) presents values in the 
range of 4 to 6 GPa. In the case of AR samples, after ageing for 2 h, 
the matrix presents a larger average hardness of 6 GPa, while, after 
ageing for 96 h, recrystallized regions present values of approximately 5 
GPa and un-recrystallized presents values of approximately 6 to 7 GPa. 
Hardness values of 8 to 10 GPa are attributed to the BCC secondary 
phase. The largest recorded hardness values are attributed to 𝜎 phase.

4. Discussion

The Cantor system Co–Cr–Fe–Mn–Ni is prone to 𝜎 phase precipita-
tion during low temperature annealing [39]. Al additions favour the 
formation of an ordered BCC B2 phase [13] but also the formation of 
𝜎 phase [24]. Ti additions can bring the precipitation of Ni3Ti. The 
combination of Al and Ti additions favours the formation of coherent 
ordered FCC L12 precipitates [18,40,41]. Fig.  9 shows the evolution 
with temperature of the volume fractions of the 𝜎 phase, the ordered 
B2 secondary phase, as well as the L12 phase, with the amount of FCC 
omitted for clarity, at equilibrium for the three alloys investigated, as 
predicted by the Thermo-Calc software. Increasing the (Al2Ti) content 
increases the volume fraction at equilibrium of 𝜎, BCC B2, and FCC 
L12 across the range of investigated ageing temperatures. Table  3 lists 
CALPHAD predictions of the chemical compositions of the phases at 
650 ◦C and 850 ◦C for Al2Ti-8. The element partitioning shows that 
the B2 phase is Al, Co, Mn, and Ni rich; the FCC L12 is Co, Ni, and 
Ti rich with a moderate amount of Al; and the 𝜎 phase is Co, Cr, Fe, 
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Fig. 5. (a) Low magnification STEM micrograph of a ST Al2Ti-10 sample aged at 650 ◦C for 32 h. (b) Higher magnification of the area highlighted in (a). (c, d, 
e) Diffraction patterns associated to the areas indicated in (b). (f–l) STEM EDS for elements Al, Co, Cr, Fe, Mn, Ni, Ti for the rectangular area highlighted in (b).
and Mn rich. Assuming B2 precipitate first at grain boundaries, the 
local composition of the surrounding matrix will be Cr and Fe-rich, and 
poor in Al and Ti, which would favour 𝜎 phase formation. Inversely, 
assuming 𝜎 precipitates first would result in B2 precipitation. This 
explains the concurrent precipitation of 𝜎 and BCC, as observed in Figs. 
1–4. Adjacent 𝜎 and B2 precipitates share an orientation relationship, 
as it has been observed in Cantor-type HEAs, e.g. [42,43].

The CALPHAD predictions significantly overestimate the amount of 
secondary phases at 650 ◦C, especially the amount of 𝜎 phase, see Fig. 
9. These discrepancies are unlikely to result from sluggish diffusion, 
which is often assumed in HEAs, as it is not a pronounced effect in Co–
Cr–Fe–Mn–Ni systems [44,45]. The thermodynamic calculations offer 
better predictions for 850 ◦C. Another important observation is that 
phase fractions are different between AR and ST states. Residual strain 
from rolling provides faster diffusion paths as well as stored energy, 
favouring the precipitation of secondary phases [31].

By SEM image analysis and EDS mapping, the phase fractions can 
be measured for the different samples, although this quantification 
is only reliable in conditions where sufficient phase contrast can be 
achieved. For EDS maps, features smaller than 1 μm cannot be resolved, 
but the maps can still help distinguish phases in SEM micrographs 
where phase contrast is insufficient. Fig.  10 shows the evolution of 
the BCC and 𝜎 volume fractions as a function of ageing time for AR 
and ST conditions. At 650 ◦C, there is a significant difference in the 
precipitation behaviours of BCC and 𝜎 phases. On the one hand, 𝜎, 
which is barely present in the ST samples (less than 5% after 96 h), 
accounts for more than 10% of the microstructures in AR samples after 
6 
Table 3
The equilibrium phases and the compositions of the phases stable at 650 ◦C 
and 850 ◦C for Al2Ti-8. 𝑣𝑓  is the phase molar fraction in mol.% and compo-
sitions are reported in at.%. The bold typeface illustrates the first and second 
richer elements in each phase.
 650 ◦C 𝑣𝑓 Co Cr Fe Mn Ni Al Ti  
 𝜎 53.5 15.9 30.6 28.4 21.9 3.2 / /  
 BCC B2 26.2 21.8 4.2 7.7 20.5 28.4 16.1 1.2 
 FCC A1 6.3 30.6 14.4 15.3 16.7 22.0 0.3 0.6 
 FCC L12 14.0 16.1 0.3 1.7 1.6 56.1 7.7 16.5 
 A1+L12 20.3 20.6 4.7 5.9 6.3 45.5 5.4 11.6 
 850 ◦C 𝑣𝑓 Co Cr Fe Mn Ni Al Ti  
 𝜎 33.6 13.0 33.2 28.9 20.5 4.4 / /  
 BCC B2 27.6 18.9 4.9 5.7 15.7 30.7 17.3 6.8 
 FCC A1 38.8 22.7 15.2 18.3 18.6 21.8 1.4 2.0 

96 h. Moreover, the 𝜎 phase appears during the early stages of ageing 
in AR samples, whereas in ST samples it is only observed after ageing 
for more than 16 h. On the other hand, BCC phase precipitates together 
with 𝜎 in AR samples, but it also forms as fine needles in ST samples 
when aged longer than 24 h, as shown in Figs.  1g–l and Figs.  3a, 
b. At 850 ◦C, the differences in BCC and 𝜎 volume fractions are less 
pronounced but the precipitation kinetics are significantly slower in ST 
samples. It is worth noting that needle-like BCC precipitates are also 
observed in ST samples aged at 850 ◦C, although they are coarser than 
those formed at 650 ◦C, as observed in Fig.  4d.
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Fig. 6. STEM microprobe diffraction of Al2Ti-10 sample after ST and aged at 650 ◦C for 32 h. Diffraction patterns associated to (a, b) Al-, Co-, Mn-, Ni-rich 
precipitates 𝑝2, (c) Cr-rich precipitates 𝑝1, and (d) the disordered FCC matrix.
Fig. 7. Evolution of the Vickers hardness of aged (a) as-rolled and (b) solution treated Al2Ti-6, Al2Ti-8, Al2Ti-10 during ageing at 650 ◦C, 750 ◦C and 850 ◦C up 
to 160 h. Standard error is represented by the shaded areas.
This microstructural evolution explains the distinct hardening be-
haviours of AR and ST samples with ageing, as schematically shown in 
Fig.  11. The co-precipitation of fine 𝜎 and BCC precipitates in a partially 
recrystallized matrix is responsible for the higher hardness of AR sam-
ples aged at 650 ◦C, whereas the larger fraction of recrystallized regions 
and the coarser precipitates in AR samples aged at 850 ◦C lead to lower 
hardness. In ST samples, the hardness remains very low for short ageing 
time due to the fully recrystallized microstructure containing large FCC 
7 
grains. With further ageing at 850 ◦C, the increasing hardening can be 
attributed to the co-precipitation of 𝜎 and BCC. Finally, the presence of 
very fine needles in the FCC matrix explains why ST samples aged at 
650 ◦C exhibit higher hardness than those aged at 850 ◦C after ageing 
longer than 32 h, despite having a lower total precipitate fraction.

There has been no clear evidence of L12 precipitation. It should be 
noted that EBSD cannot distinguish ordering, so disordered BCC (A2) 
and ordered B2 or FCC and L1  phases may be indistinguishable. In 
2



A. Hilhorst et al. Journal of Alloys and Compounds 1050 (2026) 185757 
Fig. 8. Normalized histogram of local hardness for 10 by 10 indents nanoindentation maps for Al2Ti-6 aged at 850 ◦C (a) for 2 h, and (b) 96 h directly after 
rolling (AR), and (c) for 1 h, and (d) 80 h after solution treatment (ST). A SEM-BSE micrograph with markers coloured as a function of the hardness is shown 
in each case.
Fig. 9. Evolution of the molar fraction of phases with temperature for Al2Ti-6, 
Al2Ti-8, and Al2Ti-10 as predicted by Thermo-Calc. The amount of disordered 
FCC (A1) phase is not shown for clarity.
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addition, very fine L12 precipitates may fall below the detection limits 
of SEM-EDS and even conventional TEM [46,47]. The absence of L12
precipitates is likely due to several factors: the nucleation kinetics may 
be slow under the applied ageing conditions, and early precipitation of 
BCC/𝜎 could deplete solutes required for L12 formation. Such mech-
anism has been observed by Niu et al. [48] in Al𝑥(Cr35−𝑥Fe30Ni35) 
alloys. The co-precipitation of 𝜎 and BCC phases has been observed in 
HEAs by other authors. Chen et al. [49] observed the co-precipitation 
of L21 and BCC phases in Fe40Ni30Cr20Al5Ti5. Yang et al. [50] studied 
(CoCrFeMnNi)95.2(Al2Ti)4.8 with annealing from 750 to 1000 ◦C for 
1 h, showing the co-precipitation of B2 and 𝜎 phases. Finally, it is 
known that CALPHAD predictions tend to overestimate L12 stability in 
HEAs [13,21,51].

Consistent with these considerations, TEM characterization of Al2Ti-
10 aged at 650 ◦C showed no L12, despite being the conditions most 
likely to precipitate L12 according to CALPHAD predictions. The fine 
white precipitates observed in Fig.  1i inset are unlikely to correspond 
to the L12 phase as it typically precipitates from FCC A1 and not 
A2/B2 [16,21]. In Ni-based superalloys, similar small precipitates that 
are formed inside a secondary BCC phase have been identified as 
B2 [52].

Although tensile properties were not investigated here, microstruc-
tural analysis indicates that precipitate distribution strongly influences 
ductility. Precipitation at grain boundaries is typically associated with 
reduced ductility and potential intergranular fracture [53]. However, 
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Fig. 10. Evolution of the volume fractions of BCC and 𝜎 phases with temperature for Al2Ti-6, Al2Ti-8, and Al2Ti-10 as measured by image analysis of SEM-BSE 
micrographs.
Fig. 11. Schematic evolution of the microstructures with ageing for AR and ST samples.
recent studies have shown promising results for heterogeneous precip-
itations in medium or high entropy alloys. Park et al. [54] studied 
heterogeneous precipitation in Ni35(FeCoCr)53Al7Ti5 and showed that, 
even with significant precipitation of B2 at grain boundaries, the uni-
form elongation remained at >20% but with a 400-MPa increase of 
the ultimate tensile strength. Kim at al. [55] showed that a Fe-rich 
Fe–Ni–Cr–Al–Ti–Nb–C alloy remained ductile but with a significant 
increase in strength thanks to the heterogeneous precipitation of L12
at grain boundaries. It is worth noting that precipitates are finer and 
better distributed in AR samples compared to the large grains observed 
in the case of ST samples which are decorated with 𝜎 and BCC precip-
itates, suggesting that AR samples may retain better ductility. Even in 
cases where ductility is reduced, high-hardness alloys remain attractive 
for specialized wear-resistant coating applications [13].
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The 𝜎 phase is well known in stainless steels and is typically 
detrimental to mechanical properties due to embrittlement [56,57]. 
However, in Cr-rich HEAs, 𝜎 is frequently observed [58,59], and several 
studies indicate that 𝜎 phase can contribute to strength while having 
a limited effect on ductility [9,49,60]. For instance, Cho et al. [61] 
found that Co20Cr25Fe20Mn20Ni15 alloys with up to 15 vol.% of 𝜎 phase 
still exhibited high uniform strain ( 50%). Similarly, Liu et al. [8] also 
showed that a triplex Al0.3CoCrFeNi (FCC matrix, B2  14 vol.%, 𝜎  5 
vol.%) possessed excellent fatigue resistance while maintaining good 
strength and ductility. Together, these studies highlight the potential 
of complex multiphase microstrucures with FCC matrices that retain 
high strain-hardening capacity.

The role of manganese is limited in controlling precipitation in 
Cantor-based systems, as similar microstructures have been reported in 
Al–Co–Cr–Fe–Ni–Ti alloys. Nevertheless, Mn can complicate processing 
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through oxide formation [62,63], although this was not observed to be 
detrimental here. Overall, the present alloys achieve hardness values up 
to ∼600 HV, comparable to other age-hardened CoCrFeNi-based HEAs 
with Al and Ti additions [13,64]. It is worth noting that a significant 
increase in hardness is obtained with AR samples, even after extended 
ageing, showing the positive effect of pre-cold rolling in precipitation 
kinetics and strengthening.

In the present (CoCrFeMnNi)100−𝑥(Al2Ti)𝑥 alloys, microstructural 
analysis by SEM and EBSD revealed significant 𝜎 and BCC precipitation 
after ageing. The increased hardness correlates directly with both the 
fraction and morphology of these precipitates, consistent with classical 
precipitation-strengthening mechanisms [1,65]. AR samples exhibit the 
highest hardness after ageing, likely due to the combined effect of finer 
precipitates and residual strains from rolling, which provides additional 
dislocation strengthening and accelerates precipitation. This is sup-
ported by the higher hardness with lower ageing temperature, where 
limited recovery and recrystallization preserve stored strain energy. 
Additionally, hardness decreases at longer ageing time, especially at 
higher ageing temperature, due to the coarsening of the precipitates. 
Conversely, ST samples show a very low initial hardness due to a soft, 
recrystallized FCC matrix, hardening progressively with ageing as 𝜎 and 
BCC precipitates form.

5. Conclusion

The effect of Al and Ti additions to CoCrFeMnNi on precipitation 
hardening has been assessed in this work. Three Al and Ti contents, 
(CoCrFeMnNi)100−𝑥(Al2Ti)𝑥, 𝑥 = 6, 8, 10, as well as three ageing 
temperatures, 650, 750, and 850 ◦C, with up to 160 h of ageing were 
investigated. Moreover, the effect of pre-cold rolling on the precipita-
tion kinetics has been studied. Complex microstructures were obtained 
consisting of a FCC matrix with BCC and 𝜎 precipitates. The following 
conclusions can be drawn:

1. It has been identified that during ageing, first, a BCC second 
phase precipitates, second, a concurrent 𝜎 and BCC precipita-
tions at FCC grain boundaries occurs, and third, needle-like BCC 
precipitates form inside FCC grains.

2. A higher Al/Ti content increases the volume fraction of sec-
ondary phases, increasing hardness. In the case of solution 
treated alloys, a hardness of 450 HV is reached after 24 h at 
650 ◦C. In the case of pre-cold rolled alloys, a hardness of 600 
HV is obtained after 2 h at 650 ◦C.

3. L12 precipitates have not been directly observed in any of the 
alloys in the range of heat treatments investigated in this work. 
In the case of Al2Ti-6 aged at 650 ◦C, STEM-EDS characterization 
revealed two fine BCC precipitates in the FCC matrix. The first 
kind is rich in Al, Co, and Ni and its structure is ordered L21. 
The second kind is rich in Cr and is disordered A2.

Overall, this study shows that PH in (Al2Ti)-containing CoCrFeMnNi 
HEAs is dominated by the formation of 𝜎 and BCC phases rather 
than L12. While the present work demonstrates significant hardness 
improvements, future investigations should address the influence of 
the precipitates on other properties, especially tensile behaviour, to 
balance strength and ductility. The high hardness and thermal stability 
of these microstructures make such alloys potential candidates for 
wear-resistant coatings.
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