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a b s t r a c t   

Alloys of AlCoCrFeMnxNi (x = 0.0, 0.04, 0.08, 0.12 and 0.16) have been synthesized through arc–melting and 
gas atomisation (x = 0.0 and 0.16) to investigate the effect of Mn additions to AlCoCrFeNi. Here, the 
structure, magnetic properties and the thermal stability of the alloys is presented. Electron microscopy 
confirmed the elemental composition and revealed the microstructure to consist of two spinodally 
decomposed phases. Rietveld analysis of standard powder X-ray diffraction showed the arc-melted samples 
consisted of two phases, a B2 phase and a bcc phase while the gas atomised powders consisted of a single- 
phased B2 structure. Magnetic measurements revealed an increase in the saturation magnetisation at room 
temperature by 68% for AlCoCrFeMnNi compared to AlCoCrFeNi. The thermal stability of the alloys was 
investigated using magnetometry, differential scanning calorimetry and in–situ X-ray diffraction, which 
showed that an increase in Mn content adversely effected the thermal stability of the alloy. 

© 2021 The Authors. Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

High-entropy alloys (HEAs) are a relatively new class of entropy 
stabilized solid-solution alloys that consist of 5 or more principle 
elements. With their simple crystalline structure and excellent me-
chanical properties HEAs have already attracted interest for a wide 
range of applications [1–3]. Properties include mechanical strength  
[4,5], high hardness [6,7], tunable casting fluidity [8,9] and oxidation  
[10], corrosion [11] and wear resistance [12,13]. As HEAs often con-
tain ferromagnetic elements such as Co, Fe and Ni, attempts have 
been made to harness them for applications requiring magnetic 
materials. Especially, the soft magnetic properties have been in-
vestigated with examples that include AlCoCrFeNbxNi [7], AlCoCr-
FeNi [14,15], CoCrFeMnNi [16], CoCuFeMnNi [17] and FeGaMnNiSi  
[18]. Theoretical investigations of FeCrCoNi-based alloys suggest that 
bcc structures have a higher Curie temperature (TC) and magneti-
sation than fcc-type structures as Al0.5CoCrFeNi was predicted to 
have a TC of 420 K in a bcc phase and 215 K in an fcc phase [19]. This 
is due to the average magnetic moment of the contributing elements 

being larger in the bcc system compared to the fcc. Cr was foreseen 
to bring about the largest change going from providing a magnetic 
moment of ~ − 0.8 μB in the fcc configuration to ~0 μB in the bcc 
configuration. Though increases in the moment of Co (~1.0 μB to 
~1.4 μB) and Fe(~2.0 μB to ~2.2 μB) was also predicted [19]. Given that 
Al helps to stabilize the bcc configuration [20] the AlxCoCrFeNi 
system was studied to ascertain the impact the Al content has on the 
crystal structure and the magnetic properties [21]. Above an Al 
content of x = 0.5 the bcc fraction was shown to increase system-
atically along with the magnetic ordering temperature increasing 
from 150 K to 350 K, while the saturation magnetisation had in-
creased from 20 Am2/kg to 60 Am2/kg. To further improve the 
magnetic saturation of the AlCoCrFeNi system additions of Mn was 
considered. Mn is a good candidate for use in magnetic materials due 
to its large magnetic moment and it has successfully been in-
corporated into other transition metal HEA systems. 

Mn containing HEA systems often form an fcc phase or a mixture 
of fcc and bcc phases, where the increase of bcc content markedly 
increases saturation magnetisation from 18.14 Am2/kg to 
147.86 Am2/kg dependent on the added element [22]. It is possible to 
at least partially retain the bcc structure type in the equimolar Al-
CoCrFeMnNi system as seen in arc-melted [23] and spark plasma 
sintered samples [24]. These systems still have significant fcc 
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contributions which is expected to diminish magnetic properties. 
Indeed, arc-melted samples of AlCoCrFeMnNi were shown to only 
have a saturation magnetisation of 50–60 Am2/kg. By reducing the 
Mn content it might be possible to stabilize the HEA in a bcc ar-
rangement and retain the improved magnetic properties to some 
degree. 

Changing the structure from an fcc-type to a bcc-type could af-
fect the stability of the alloy as AlCoCrFeNi has shown to be stable up 
to around 600 °C [25,26] while mechanically alloyed AlCoCrFeMnNi 
has a lower temperature for decomposition of around 500 °C [27]. In 
the case of arc-melted mixed fcc and bcc AlCoCrFeMnNi the Curie 
temperature is reported at 550 °C with further structural transitions 
at higher temperatures [23]. The magnetic properties are heavily 
influenced by temperature and the structure of the system, therefore 
an understanding of how these properties evolve is needed. It is 
expected that additions of Mn to the base system of AlCoCrFeNi, 
while retaining the bcc-type structure, will result in larger magnetic 
saturation and a higher Curie temperature at the cost of reduced 
thermal stability of the system. 

In this study the effect of Mn additions on the thermal stability 
and magnetic transitions are studied for the AlCoCrFeMnxNi system. 
This is done to investigate how to better harness the magnetic po-
tential of Mn in HEAs and to establish to the useability at elevated 
temperatures. The thermal properties have been studied with a 
combination of X-ray diffraction, thermal analysis and magneto-
metry. 

2. Experimental details 

2.1. Synthesis 

AlCoCrFeMnxNi samples with x = 0, 0.04, 0.08, 0.12, 0.16 (these 
numbers are henceforth used to denote the samples) were synthe-
sized by arc-melting stoichiometric quantities of high purity Al 
(Gränges SM, 99.999% purity), Co (Alfa Aesar, 99.95% purity), Cr (Kurt 
J. Lesker, 99.95% purity), Fe (Kurt J. Lesker, 99.95% purity. Surface 
oxides were reduced in H2-gas.), Mn (Institute of Physics, Polish 
Academy of Sciences, 99.999% purity) and Ni (Alfa Aesar, 99.95% 
purity). To promote homogeneity in the samples they were melted a 
total of five times and flipped in between each melting. Parts of the 
resulting samples were crushed and the powders taken for analysis. 
The AlCoCrFeNi sample was filed to a powder using a diamond file 
and separated from any diamond residue using a magnet. 

Separate powder samples of AlCoCrFeNi (HEA1) and 
AlCoCrFeMnNi (HEA2) alloys were provided by Höganäs AB. These 
were prealloyed and gas atomised, using standard industrial tech-
niques and then sieved into several grain size fractions. Particle sizes 
of 45–63 μm were used for measurements. 

2.2. Characterisation techniques 

The microstructure evaluation was carried out in a Zeiss 1550 
scanning electron microscope (SEM) equipped with an X-Max 
80 mm2 Silicon Drift Detector for energy dispersive X-ray spectro-
scopy (EDS). The data were acquired using 10 kV acceleration vol-
tage, at a working distance of 6.5 mm. 

Prior to analysis pieces of the samples were cast in Bakelite and 
polished sequentially using 9 μm, 3 μm and 1 μm diamond particles. 
The final surface finish was obtained using a colloidal SiO2 polishing 
step. Additionally, a FEI Titan Thermis 200 (scanning) transmission 
electron microscope (S-TEM) with probe corrector and a SuperX 
energy dispersive X-ray spectrometry detector was used to in-
vestigate elemental segregation and phases at high magnifications. 
An FEI Strata DB 235 focused ion beam (FIB) was used to prepare the 
TEM lamella using the in-situ lift-out technique. The region of in-
terest was protected by depositing Pt prior to thinning and a final 

polishing step with a 5 kV ion beam was used to minimize the beam 
damage. 

X-ray powder diffraction (XRPD) patterns were collected for all 
samples with either a Bruker D8 (Lynx-Eye position-sensitive de-
tector) using monochromatized CuKα1 radiation or a Bruker D8 
Advance diffractometer (Lynx-EyeXE position-sensitive detector) 
with CuKα radiation. In-situ X-ray diffraction was carried out at the 
P02.1 beamline at DESY in Hamburg, Germany [28] with a wave-
length determined to 0.20710 Å using a LaB6-standard. A Perki-
nElmer XRD1621 detector was used with an exposure time of 5 s per 
diffraction pattern during the experiments. The sample was 
mounted in a quartz tube and placed in a sample cell [29] connected 
to a vacuum pump and argon gas. The sample was heated from room 
temperature up to 725 °C at a rate of 10 °C/min. The collected 2D 
diffraction patterns were azimuthally integrated to 1D patterns 
using Fit2D [30]. 

FullProf [31] was used with the Rietveld refinement method [32] 
to analyse the powder diffraction data. The parameters that were 
refined for all phases were scale factors, cubic unit cell parameters 
and the full width at half maximum parameters implemented in the 
Thompson-Cox-Hastings pseudo-Voigt profile function. The back-
ground was refined by using interpolation between selected points. 

Hysteresis curves were measured up to an applied field of 
1600 kA/m at 10 K using a Quantum Design MPMS XL and at room 
temperature (RT) using a LakeShore VSM equipped with a furnace. 
Magnetisation versus temperature measurements were conducted 
in argon atmosphere, using an applied field of 8 kA/m (0.01 T) up to 
727 °C at a rate of 3 °C/min. 

The thermal interactions in the system were measured by dif-
ferential scanning calorimetry (DSC) using a Netzsch STA 449 F1 
Jupiter. Evacuation and refilling with Ar gas was done three times to 
reduce oxygen contamination. Open crucibles of Al2O3 were filled 
with powder quantities of 90–105 mg. This was deemed sufficient to 
avoid oxidation from remnant oxygen. Temperature scans were 
performed at rates of 20 °C/min in the range of 25–1000 °C. Prior to 
sample measurements a correction measurement was run using an 
empty Al2O3 crucible with the same temperature and gas flow 
profile. The correction measurement was subtracted from the mea-
sured data. 

3. Results and discussion 

3.1. Chemical analysis 

Rietveld analysis of the diffraction patterns reveal that the 
samples crystallize into two structures, bcc (space group Im m3̄ ) and 
B2 (space group Pm m3̄ ). No traces of the fcc phases reported in other 
studies [23,24], were detected. These differences are attributed to 
the synthesis procedures as mechanical alloying also reported the 
bcc-type structure [27]. 

Table 1 displays the unit cell parameters and fractions of B2 and 
bcc phases extracted from the refinements shown in Fig. 1. Generally 

Table 1 
Refined unit cell parameters and phase fractions for the AlCoCrFeMn_xNi samples.        

a [Å] Phase fraction [wt%] 

x B2 bcc B2 bcc  

0 2.8768(2) 2.8638(2) 49(1) 51(1) 
HEA1 2.8769(1) – 100 0 
0.04 2.8752(2) 2.8665(2) 45(2) 55(2) 
0.08 2.8816(2) 2.8697(2) 40(2) 60(2) 
0.12 2.8886(3) 2.8729(2) 26(1) 74(2) 
0.16 2.8865(2) 2.8732(2) 57(1) 43(1) 
HEA2 2.8911(1) – 100 0 

Standard errors are given in the parenthesis.  
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the B2 and the bcc phases exhibit an expansion of the unit cell 
parameters with increasing Mn content due to increased lattice 
distortion. Fig. 2 presents diffractograms for gas atomised powders 
of varying particle sizes acquired from Höganäs AB. These powders 
were confirmed to be in a single B2 phase configuration, the refined 
unit cell parameters can be found in Table 1. The unit cell parameters 
of HEA1 and HEA2 agree well with the unit cell parameters of the B2 
phase of the corresponding arc-melted samples. 

EDS results from the microstructural analysis are in good 
agreement with the targeted material composition, though local 
structural variations could be observed. The composition values 
extracted from SEM-EDS maps can be found in Table 2. The SEM-EDS 
maps could not reveal any correlation between the spinodal de-
composition and material composition due to the resolution limit of 
the technique. On the other hand, TEM-EDS could clearly identify the 
Cr-Fe rich bcc phase and the Al-Ni rich B2 phase, as can be seen in  
Fig. 3. Co has a slight preference for the Al-Ni rich phase but is found 
well distributed in the Fe-Cr phase as well, while Mn prefers the 

Al-Ni rich phase. The TEM results indicate a slightly different com-
position compared to SEM with the Al and Ni content being higher 
and the Cr and Fe content being lower. This is a local effect for the 
selected region, as the dendritic regions have been shown to exhibit 
an enrichment in Cr and Fe in AlCoCrFeNi [33]. Furthermore, a higher 
Cr and Fe content is expected due to the interaction of the electron 
beam with the column of the microscope. The results from the EDS is 
in agreement with previous reports of this system and the spinodal 
decomposition can be explained with theoretical CALPHAD calcu-
lations [34]. Upon very rapid cooling a single B2 phase is formed 
according to the calculations, which can be seen from the gas ato-
mized samples in this study. When heated, the B2 phase changes its 
composition to form a mixture of bcc and B2 phases, which have 
been reported previously on a similar multicomponent system [25]. 
The bcc phase that forms in this spinodal decomposition is rich in Fe 
and Cr [34], which is also seen from the TEM-EDS reported here. 

3.2. Magnetic properties 

Hysteresis curves collected at 10 K and RT, Fig. 4(a), show that the 
samples are magnetically soft with no remanence or coercivity. The 
lack of hysteresis in the samples is because they consist of only cubic 
phases, which cannot support a high magnetocrystalline anisotropy 
and do not have a microstructure supporting shape anisotropy as 
was seen in Fig. 3. The effect of Mn content in AlCoCrFeMnxNi on the 
saturation magnetisation can be seen in Fig. 4(b). The Mn addition 
increases the saturation magnetisation from 348 kA/m (0.44 T, Al-
CoCrFeNi) to 587 kA/m (0.74 T, AlCoCrFeMnNi) at RT for the 
arc–melted samples. This saturation magnetisation is comparable to 
isotropic Alnico 2 which has μ0MS of 0.72 T, but much lower than 

Fig. 1. Experimental and calculated XRD intensities of the AlCoCrFeMnxNi samples 
using the Rietveld method. The upper tick marks denote the B2 phase with the lower 
ones belonging to the bcc phase. λ = 1.540598 Å. 

Fig. 2. X-ray diffraction patterns of gas atomised AlCoCrFeMnxNi samples. λ = 1.54 Å.  

Table 2 
Composition evaluated by SEM-EDS in at%.          

nominal Mn Al [%] Co [%] Cr [%] Fe [%] Ni [%] Mn [%]  

0.00 Expected  20.0  20.0  20.0  20.0  20.0  0.0  
SEM-EDS  17.2  21.5  17.6  18.7  24.9  0.0 

0.04 Expected  19.2  19.2  19.2  19.2  19.2  4.0  
SEM-EDS  15.1  20.5  18.1  18.3  23.1  4.9 

0.08 Expected  18.4  18.4  18.4  18.4  18.4  8.0  
SEM-EDS  14.9  19.8  16.6  17.8  22.6  8.3  
TEM-EDS  11.3  20.2  19.0  20.1  20.6  8.8 

0.12 Expected  17.6  17.6  17.6  17.6  17.6  12.0  
SEM-EDS  14.3  19.6  15.8  17.5  21.4  11.4 

0.16 Expected  16.6  16.6  16.6  16.6  16.6  16.6  
SEM-EDS  13.3  19.1  15.1  17.1  19.9  15.5 

Due to the physical state of the samples it was not possible to conduct SEM or TEM on 
HEA1 and HEA2.  
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higher grades, for instance Alnico 5 which has μ0MS of 1.35 T [35]. 
Assuming the same density as the samples presented here, these 
values are consistent with Cheung et al. [36] who reported a sa-
turation magnetisation (recorded at 10 K) ranging from 128 kA/m 
(0.16 T) to 579 kA/m (0.72 T) depending on the annealing 
temperature. 

It should be noted that the saturation magnetisation is not 
monotonically increasing with Mn content, this is likely related to 
the microstructure. The elemental composition changes somewhat 
linearly whereas the amount of B2 and bcc phase varies more ran-
domly, as indicated by Tables 1 and 2. Due to the severe peak overlap 
in the X-ray diffraction pattern, it is difficult to accurately gauge the 
individual contributions of the B2 and bcc phases. This results in a 
uncertain correlation between the phase content and the magnetic 
behaviour. 

In terms of results extracted from measurements of magnetic 
hysteresis, it is hard to be certain about the effect of the B2 and bcc 
phases on the magnetic properties, despite having two samples gas 
atomised consisting solely of the B2 phase. When it comes to the 
magnetic behaviour at different temperatures the samples differ 
significantly. Fig. 5(a) shows the effect of heating, comparing the gas 
atomised B2 phase sample to the arc–melted sample containing 
mixed B2 and bcc phases. At 247 °C, the B2 phase in HEA2 undergoes 
a ferro- to paramagnetic transition, the nature of which will be 
discussed in the next section. The B2 + bcc phases of the 0.16 sample 
show a more complex behaviour upon heating, with the magneti-
sation first decreasing between RT and 387 °C, and then increasing 
up to 487 °C followed by a decrease until the maximum temperature 
of 727 °C. All other samples show similar behaviour albeit at shifted 
temperatures. 

Fig. 3. TEM micrograph showing the spinodal decomposition of the AlCoCrFeMn0.08Ni sample. The left figure shows a Z-contrast image with the right-hand figures showing the 
elemental distribution of Al, Co, Cr, Fe, Mn and Ni. The diffraction pattern showing the forbidden peaks of B2 phase is seen in the top left inset. 

Fig. 4. a) M vs H at RT for arc–melted samples (filled) and gas atomised (open). b) Saturation magnetisation as a function of Mn content for arc–melted samples at 10 K (black 
filled circles) and RT (red filled squares) together with the gas atomised powders at RT (blue filled triangles). The lines are guide to the eye. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

S.R. Larsen, D. Hedlund, H. Stopfel et al. Journal of Alloys and Compounds 861 (2021) 158450 

4 



Upon cooling from the maximum the reverse is observed. The gas 
atomised B2 pure phase now appeared dual-phased while the 
B2 + bcc seeming more like a single phase magnetic material, as seen 
in Fig. 5(b). The non-reversibility of these magnetic measurements is 
supported by in-situ XRPD measurements on AlCoCrFeMnNi (Fig. 8) 
showing that the material decomposes at higher temperatures to the 
σ-phase, consistent with the findings of [36–39]. This behaviour of 
an irreversible material decomposition at higher temperature is 
shared with the prototypical Alnico horseshoe magnets. Alnico 
magnets have maximum operating temperatures of around 
450–650 °C where irreversible structural changes take place, 
although the TC is usually a few hundreds of degrees higher [40]. 

3.3. Thermal stability 

To better understand the magnetic measurements and to gauge 
the thermal stability of the system and its dependency on the Mn 

content, DSC measurements were conducted. The resulting curves 
are presented in Fig. 6. While all arc-melted samples exhibit similar 
curves the single phase gas atomised samples differ in their profile, 
which is related to the decomposition of the ordered B2 phase. The 
transition occurring in the temperature range of 550–600 °C relates 
to the formation of the FeCr rich σ-phase from the bcc phase pre-
viously reported in the AlCoCrFeNi system [34,41]. As no transitions 
were seen at around 247 °C, such the magnetic transition in Fig. 4(a) 
can be determined to be of second order. 

The second transition around 950 °C requires more energy to be 
completed as the Mn content increases. XRPD measurements per-
formed on the samples after the DSC measurements show that the σ- 
phase present in AlCoCrFeNi is not stable and instead transforms 
into a bcc/fcc configuration as seen in Fig. 7(a). Mn helps stabilize 
the σ-phase and the transition is related to the fcc type structure 
shown in Fig. 7(b). This agrees well with what has previously been 
seen for AlxCoCrFeNi, with x = 0.9–1.2 [37]. This indicates that 
structurally, even with Mn in the system, it behaves mostly as the 
equimolar AlCoCrFeNi. As higher Al content (x = 1.5–1.8) was shown 
to suppress the formation of the σ and fcc phases [37], additional Al 
could potentially be used to offset the Mn induced instability of the 
bcc-type structures. It is also worthwhile to note that Mn also seems 
to hinder the formation of the fcc phase as it first appears at elevated 
temperatures. 

In-situ XRPD measurements of AlCoCrFeMnNi conducted at the 
beamline P02.1 at Petra III, Hamburg are presented in Fig. 8. The re-
sults are in good agreement with the DSC measurements, indicating 
that the transition is indeed due to the formation of the σ-phase. Al-
though Fe and Cr are the main constituents of the σ-phase, Mn also 
readily forms the phase when Cr is present [42]. Previous in-situ 
measurements conducted on gas atomised AlCoCrFeNi [25] show 
higher temperatures for σ-phase formation than observed here for 
AlCoCrFeMnNi. This temperature shift is in good agreement with the 
DSC and in-situ XRPD results presented. The addition of Mn to the 
system provides an additional σ-phase former and reduces the onset 
temperature required to start the decomposition, as was also seen in  
Fig. 6. The larger temperature range for the transition thus arises from 
Mn-Cr interactions forming the basis of the σ-phase [43]. 

Fig. 5. Magnetisation versus temperature in an applied field of 8 kA/m on (a) heating and (b) succeeding cooling.  

Fig. 6. DSC curves for the samples with different Mn content. In the inset differential 
DSC curves in the region of the main phase transition are shown. 
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4. Conclusions 

In this study, the effect of Mn additions on the structural and 
magnetic properties of AlCoCrFeNi was studied. The samples were 
synthesized using arc-melting, and the resulting alloys consisted of a 
mixture of B2 and bcc phases. The relative amount of the two phases 
as well as the unit cell parameters of these phases were dependent 
on the Mn-content. Gas atomised powders had similar unit cells to 
their arc-melted analogues. 

Additions of Mn increased the saturation magnetisation of the 
samples, from 348 kA/m for AlCoCrFeNi to 587 kA/m for 
AlCoCrFeMnNi at room temperature. The magnetisation of all arc- 
melted samples exhibited a transition coinciding with the appear-
ance of a σ-phase, indicating that this decomposition is responsible 
for the loss of magnetisation. The onset of the decomposition was 
shifted from 650 to 550 °C as the Mn content increased. Thus, the 

presence of Mn in a bcc-type structure results in increased magnetic 
saturation but reduces the overall stability of the alloy. 
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