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A B S T R A C T   

This article investigates the microstructure evolution, phase formation, and magnetic properties of Co2FeCr0.5Alx 
(x = 0.9, 1.2) complex component alloys, as a function of heat treatment temperatures (at 500, 600, 700, and 
1150◦C), using XRD, optical microscopy, electron microscopy and vibrating sample magnetometry (VSM). The 
alloy with 20.4 at% Al (x= 0.9), identified here as C1, consisted of microscale BCC1 phase and BCC nanoscale 
particles containing mainly Fe and Cr, and B2 matrix with mainly Al and Co. Partial transformation of the BCC1 
phase to an FCC phase was observed at 700◦C and full transformation at 1150◦C, through twinning. For the 
sample with 25.5 at% Al (x= 1.2), identified as sample C2, there were only nanoscale BCC particles in the B2 
matrix with the same element segregation between the phases as C1. This increase in Al (from x= 0.9 to 1.2) 
content stabilised the B2 matrix phase, reduced the grain size, and increased both saturation magnetisation (Ms) 
and coercivity (Hc). Moreover, increasing the heat treatment temperature resulted in an increase in grain size of 
the B2 matrix, volume fraction and average size of the micro BCC 1 and nanoscale BCC phases for both C1 and 
C2, which also modified the soft magnetic properties, with Ms and Hc increasing up to 600◦C followed by a 
decrease until 1150◦C. Using the structural information as inputs for density functional theory calculations of Hc 
and Ms, it has been found that the Hc is influenced by the grain size of the matrix, and the volume fraction and 
size of the BCC1 phase at temperature higher than 600◦C for C1 and 700◦C for C2, but is controlled by nanoscale 
BCC particles below these temperatures. The Ms is controlled by the elemental diffusion and segregation. Thus, 
the best combination of Hc and Ms was seen with antiferromagnetic Cr segregated and partitioning in the 
microscale BCC1 phase, and a B2 matrix with less Cr rich precipitation, formed at 500◦C, where the misfit strain 
between B2 matrix and nanoscale BCC was low.   

1. Introduction 

A key global priority for the environment is to progress to zero car-
bon emissions as soon as possible. Central to this endeavour is a com-
bination of electrification of many industrial sectors currently reliant on 
non-renewable energy, and the adoption of zero-carbon sources of 
electricity from wind, solar, nuclear, and fuel cells [1,2]. Electrical 
machines are at the heart of the electrification of many types of transport 
and industry sectors with continual demands for improvements in per-
formance as set out in key industry roadmaps, for example, for the 

automotive [3,4] and aerospace [5–7] sectors. Due to the higher speed 
and higher efficiency requirements in commercial markets with lower 
energy loss, there is a need to develop the next generation of superior 
performance electrical machines [8–10]. However, one of the limita-
tions for high performance and high-speed electrical machines is their 
high core loss, due to the soft magnetic materials currently used [11,12]. 
Existing soft magnetic materials, such as electrical steels and Co-Fe, have 
excellent saturation magnetic flux density (Bs), which is up to 2.0T with 
a coercivity (Hc) of 40 A/m for electrical steels [13,14], and Bs up to 2.4T 
and coercivity (Hc) of 60-100 A/m for Co-Fe[15]. However, they have 
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been restricted by their low electrical resistivity, which is around 
40×10−8 Ωm; this accounts for up to 60% of the core loss in high-speed 
electrical machines, as eddy currents are induced in the core, causing 
heating [16–18]. 

Multi principal-element alloys (MPEAs), consisting of elements with 
equimolar or non-equimolar mixing (also known as High Entropy Alloys 
(HEAs)), have been reported showing excellent mechanical properties, 
such as high strength, good room temperature ductility, good resistance 
to wear, along with high thermal stability, and high electrical resistivity 
[19–23]. MPEs containing 3d transition metal elements, such as Fe, Cu, 
Co, Ni, or Mn also show promising soft magnetic properties [23,24]. A 
series of FeCoNi based HEA with excellent mechanical properties and 
promising ferromagnetic properties have been developed in recent 
years, such as FeCoNi(AlSi)x with Bs to 1.15T, and Hc to 1400 A/m [25], 
and FeCoNi(CrAl)x with Ms to 13-64 emu/g and Hc to 1416 A/m [26]. 
Yeh et al.[27] and Wang et al. [28] also observe that, with increasing Al 
content in AlxCoCrFeNi alloys, the microstructure will transform from 
FCC to FCC+BCC structure (0.5˂x˂0.9), and then to full BCC structure, 
which consequently changes Hc, due to the different lattice barriers for 
domain wall mobility. 

The utilization of MPEAs as potential soft magnetic materials in 
electrical machines has been hindered by their low Bs [29] and high Hc 
[22]. Based on prior research, the rules have been developed that 
ferromagnetic elements mainly control the Bs [19,30], and aspects of the 
microstructure, such as grain size or second phase, control the Hc 
[31–33], which clearly guides the design of new MPEAs [34,35]. Recent 
research has shown that multi-phase microstructures are more likely to 
exhibit excellent soft magnetic properties compared to single-phase 
solid solutions, as the coherent nanoscale precipitation can be used to 
render these alloys with better high temperature microstructural sta-
bilities [19]. For example, Ma et al. [36] reported that nanoscale BCC 
precipitates (3-7 nm) uniformly distributed in a B2 phase matrix 
significantly reduce the coercivity of a MPEA to 127.3 A/m, as these 
precipitates effectively reduce the internal stress wavelength by 
reducing the distance between two adjacent BCC particles from micro-
scale cells. Han et al. [37] report that in Fe32.6Ni27.7Co27.7Ta5.0Al7.0, an 
L12 phase is precipitated in an FCC matrix, which, if controlled to a 
particle size of 91nm, gives extremely low coercivity as the coherent 
particles are below the domain wall size, but large enough to reduce 
coherency strains over very small particles. The saturation magnet-
isation of this latter alloy is however moderate, likely due to the FCC 
matrix structure. 

Although the above-mentioned work has demonstrated the great 
potential of MPEAs in soft magnetic applications, key scientific 

questions have remained unanswered. For instance, in the alloys 
explored so far the impact of elemental partitioning and segregation 
between matrix and nanoscale BCC phases on the soft magnetic prop-
erties have not been analysed [38–40]. Furthermore, the effect of second 
phase evolution as a function of temperature on these properties is also 
unknown. For example, it is widely recognized that only coherent pre-
cipitates, in a specific size range, within either a fully B2 or FCC matrix, 
can improve the soft magnetic properties. But there is no investigation 
into how microscale particles and phase transformation during heat 
treatment influence soft magnetic properties. We seek to address this 
here. Since Al has a strong influence on the phase constitution, and can 
promote a change from FCC to BCC [41], we investigate the 
non-equiatomic MPEAs Co2FeCr0.5Alx (x = 0.9 and 1.2) with different 
second phase consititution. The heat treatment temperatures to alter the 
phase structure, were selected according to Thermo-Calc calculations. 
This should generate samples with different phase make-up and allow 
measurement of the change in Bs and Hc. This knowledge will help guide 
alloy design, providing desirable microstructures for the improved 
magnetic properties. 

2. Alloy design rationale and heat treatment temperature 
selection 

The magnetic strain theory indicates that the coercivity (Hc) depends 
on the energy required to displace domain walls, which led the current 
research to focus on developing nanoscale particles. Ma et al. [36] 
designed a new MPEA in the AlCoFeCr system with an Al:(Co+Cr) ratio 
from 0.2 to 0.45, where ferromagnetic BCC nanoprecipitates were pre-
sent in the B2 matrix, which enhanced the stability of the nanoscale 
particles and improved the coercivity, with a maximum value at a ratio 
of 0.2. 

Morley et al. [42] investigated Al-containing CoCrFeNi compositions 
with Al:(Co+Cr) ratios ranging from 0 to 1.0, with maximum saturation 
magnetisation achieved at 0.6. This was attributed to elemental parti-
tioning resulting in a higher concentration of nanoscale particles, which 
enhance the total average magnetic moment per formula unit and leads 
to a higher Ms. 

Following on from this work, we adopted the AlCoFeCr system for 
our study, but varied the Al:(Co+Cr) ratio within the range of 0.2 and 
0.6 to achieve a balance performance in terms of Hc and Ms. In accor-
dance with this objective, we have developed two alloys: Co2FeCr0.5Al0.9 
and Co2FeCr0.5Al1.2 with Al:(Co+Cr) ratios of 0.36 and 0.48, 
respectively. 

We use heat treatment to control elemental partitioning and 

Fig. 1. Thermo-Cacl predicted temperature vs. phase fraction phase diagram for C1, including selected ageing temperatures.  
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nanoprecipitate/matrix formation to determine how the second phase 
influences the Hc. To inform the phase relationships of the designed 
MPEA, we utilized the computational thermodynamic software, 
Thermo-CalcTM, with the TCHEA2 high entropy alloy v2.1.1 database, to 
generate phase diagram for Co2FeCr0.5Al0.9 and Co2FeCr0.5Al1.2, shown 
in Fig. 1. When the heat treatment exceeds 800◦C, only the B2 matrix is 
present. At temperature between 600-800◦C, the sigma phase forms, 
while a temperature lower than 650◦C, lead to the achievement of the 
BCC phase. Reducing the temperature to 500◦C results in the presence of 
three different BCC/B2 phases, with the sigma phase disappearing. 
Based on the ThermocalcTM calculations, we selected four heat treat-
ment temperatures were chosen at 500◦C, 600◦C, 700◦C and 1150◦C. 

This experimental design will produce materials with varying phase 
compositions, which enables us to measure changes in Ms (saturation 
magnetization) and Hc (coercivity). This knowledge will help guide 
alloy design, providing desirable microstructures for the improved 
magnetic properties. 

3. Experimental 

3.1. Processing Co2FeCr0.5Alx alloys 

The measured compositions of the manufactured Co2FeCr0.5Alx 
(x=0.9, 1.2) alloys investigated in this study are listed in Table 1. Both 
alloys were produced from elemental feedstock with a purity of 99.9%. 
Alloys were manufactured as 12 mm diameter buttons with 8 mm 
thickness in an arc melting furnace with an argon atmosphere. The 
buttons were then homogenized at 1200◦C for 2 hours followed by 
quenching in water to room temperature. Solidification of the given 
chemical compositions was explored by thermodynamic calculations 
using Thermo-Calc software with the TCHEA2 high entropy alloy v2.1.1 
database, for prediction of equilibrium phase diagrams and phase 
transformation kinetics. The heat treatment temperatures for the alloys 

were then determined in relation to the phase transformation temper-
atures predicted; heat treatments were performed at 500◦C, 600◦C, 
700◦C and 1150◦C for 24 hours, followed by water quenching. Table 2 
outlines the sample nomenclature used here, relating to alloy compo-
sitions from Table 1 and the heat treatment temperatures. A schematic 
diagram showing the overall process route is given in Fig. 2. All heat 
treatments were undertaken in an Ar atmosphere in order to prevent 
oxidation. 

3.2. Microstructure characterisation 

Microstructural observations were performed by optical microscopy 
(OM), scanning electron microscopy (SEM), and transmission electron 
microscopy (TEM). Specimens for OM and SEM observation were pre-
pared by standard metallographic methods, which included grinding 
from P400 to P1200 and polishing up to 0.04 μm colloidal silica parti-
cles. OM analysis was undertaken using a Nikon LV 150N and SEM using 
a FEI-Inspect F50 (20kV), respectively. Grain size analysis was under-
taken using linear intercept analysis in two orthogonal directions to 
account for the elongated nature of the grains. 

Thin specimens for TEM studies were prepared by FIB lift-out tech-
niques, using a FEI-Helios dual-beam FIB. FIB lift-out was undertaken 
from specific sites to obtain the phase(s) of interest. TEM studies were 
conducted in a JEOL-F200 microscope operating at an accelerating 
voltage of 200 kV. The microstructural analyses were performed using 
both conventional diffraction contrast techniques with bright-field and 
dark-field images. 

XRD measurements for phase analysis were performed on a Bruker 
D2 Advance diffractometer equipped with a Vantec position-sensitive 
detector and a graphite monochromator. Data was collected at room 
temperature using monochromatic Cu Kα radiation (λ = 0.179026 nm), 
45 kV, 35 mA, in the 2θ region between 30◦ and 100◦. The step size was 
0.034◦ (2θ) and the counting time per step was 10s. 

3.3. Measurement of magnetic properties 

A Quantum Design MPMS-3 SQUID magnetometer was used to 
determine the magnetisation hysteresis loops and the field cooled (FC) 
magnetisation as a function of temperature and applied magnetic field. 
From the magnetisation hysteresis loops, the coercive field and satura-
tion magnetisation were determined for each sample. The magnetic 
measurements were taken twice for each sample condition to check 
reproducibility. For the experimental step size, field measurements were 
taken on a log-step scale, to allow for more points around the low field 
region, compared to the high field region, where saturation occurs. 
Thus, between -3kA/m and 3kA/m the field step size was 0.5 kA/m or 
less. From the FC data, the Curie Temperatures were determined from 
the peak in the δM/δT vs T plots. 

Table 1 
Chemical compositions of the designed Co2FeCr0.5Alx alloys.  

Co2FeCr0.5Alx Co (at.%) Fe (at.%) Cr (at.%) Al (at.%) 
C1 (x=0.9) 45.5 22.7 11.4 20.4 
C2 (x=1.2) 42.6 21.3 10.6 25.5  

Table 2 
Sample nomenclature corresponding to heat treatment for alloys C1 and C2.  

Temperature (◦C) C1 C2 
500 C1-1 C2-1 
600 C1-2 C2-2 
700 C1-3 C2-3 
1150 C1-4 C2-4  

Fig. 2. Schematic of the thermomechanical cycles applied to the alloys.  
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4. Results 

4.1. Crystal structures of Co2FeCr0.5Alx MPEAs 

XRD patterns of the two alloy series (C1 and C2) are shown in Fig. 3 
with BCC/B2 phase detected in the as-cast state, and after most heat 
treatments. FCC phase reflections appeared in the XRD patterns of C1-3 
and C1-4, with a phase fraction of 2 % and 18.9 % respectively. The FCC 
phase was not predicted from the thermodynamic calculations, the 
reasons for which are discussed later. No FCC phase was detected in C2, 
which has a higher Al content, with only BCC/B2-based phases detected 
for the four different heat treatment temperatures. The lattice parame-
ters of the BCC, B2 and FCC phases have been calculated and are listed in 
Table 3, with the lattice constant increasing with higher heat treatment 
temperature. The lattice spacing decreased with an increase in Al con-
tent, which is surprising [43,44], but as discussed later, the elemental 
composition of the phases changed overall such that the change in the Al 
content was not the only determining factor. 

4.2. Microstructures of Co2FeCr0.5Alx MPEAs 

4.2.1. Ingot microstructures 
Optical Microscopy (OM) and SEM images of the ingot microstruc-

tures of the Co2FeCr0.5Alx alloys are shown in Fig. 4. For the C1 alloy, the 
OM and SEM images in Fig. 4 (a, b) showed contrast arising from the 
crystal orientation, but was otherwise uniform. The SEM-EDS indicated 
a uniform composition. XRD indicated a single BCC/B2 phase. For the 
C2 alloy, a fine dendritic microstructure was observed, Fig. 4 (c, d). 
SEM-EDS results indicated segregation of Al, Co and Cr on a coarser scale 
than the dendritic structure. The elemental segregation in C2, which was 
absent in C1, suggests a higher freezing range for the C2 alloy compared 

to C1. 

4.2.2. Microstructure evolution as a function of heat treatment 
temperatures 

Grain size and second phase volume fraction analysis by Optical Microscopy 
(OM) and SEM. The microstructure evolution of Co2FeCr0.5Alx alloys is 
shown in Fig. 5 for the C1 alloy and Fig. 6 for the C2 alloy as a function of 
four heat treatment temperatures. For the C1 alloy, the microscale BCC1 
phase is clearly visible in XRD spectra at four different temperatures, 
with an acicular or needle morphology, exhibiting bright contrast 
compared to the B2 matrix. The volume fraction and the average size of 
the microscale BCC1 phase increased as a function of temperature, 
shown in Fig. 7 (b). The FCC phase was not visible in optical micro-
graphs after heat treatment at 700◦C and 1150◦C, and therefore TEM 
was used, discussed in section 4.2.2.3. For the C2 alloy, only one phase 
was visible in optical micrographs, likely to be a BCC/B2-based phase, 
but again TEM was needed to confirm this. The average grain size has 
also been measured after heat treatment on C1 and C2 alloys, which 
increases with heat treatment temperature in both cases, shown in Fig. 7 
(a). The C1 alloy has much larger grains than the C2 alloy at all four 
temperatures. 

Elements distribution analysis by SEM-EDS. To analyse the elemental 
segregation and distribution, backscattered SEM images with EDS maps 
were taken and are shown in Figs. 8-11 for C1 and C2 alloys at heat 
treatment temperatures of 500◦C and 1150◦C. These two temperatures 
were selected for microstructural analysis by SEM, as according to the 
XRD and OM results, the alloys between 500◦C and 700◦C have similar 
phase constitution and structure. The microstructure of the heat treated 
C1 alloy observed by SEM is shown in Figs. 8 and 9, with the microscale 
BCC1 phase (light contrast) formed as angular particles in the B2 matrix 
and uniformly along the grain boundaries in the B2 matrix. As seen in 
the SEM-EDS maps in Figs. 8 (b-f) and 9 (b-f), Cr and Fe partition to the 
microscale BCC1 phase, whereas Al partitions to the B2 matrix, with Co 
homogenously distributed in the two phases for both heat treatment 
temperatures. For the C2 alloy, all elements are homogenously distrib-
uted in the B2 matrix with a minor amount of Cr segregated on the grain 
boundaries, presumably associated with microscale BCC1 phase, shown 
in Figs. 10 (b-f) and 11 (b-f). 

Microscale and nanoscale second phase analysis by TEM. TEM analysis of 
C1 (Co2FeCr0.5Al0.9) and C2 (Co2FeCr0.5Al1.2) microstructural evolution 

Fig. 3. XRD traces for the Co2FeCr0.5Alx MPEAs: (a) C1: Co2FeCr0.5Al0.9; (b) C2: Co2FeCr0.5Al1.2.  

Table 3 
Summary of the lattice parameters and FCC phase fraction (%) as a function of 
heat treatment temperature in C1 and C2 alloys, calculated from the X-ray.  

Temperature 
(◦C) 

C1- 
Co2FeCr0.5Al0.9    

C2- 
Co2FeCr0.5Al1.2  

BCC: a (Å) B2: a 
(Å) 

FCC: a 
(Å) 

FCC: 
wt(%) 

BCC: a 
(Å) 

B2: a 
(Å) 

500 2.86 2.87 – – 2.83 2.85 
600 2.87 2.87 – – 2.83 2.86 
700 2.88 2.88 3.58 2 2.84 2.87 
1150 – 2.90 3.65 18.9 2.86 2.88  
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as a function of heat treatment at 500◦C, 600◦C, 700◦C and 1150◦C, is 
shown in Figs. 12-16 and Figs. 17-20, respectively. TEM samples were 
prepared using dual-beam FIB on the region with at least one or two 
microscale BCC1 phases for the C1 sample, and a random region for the 
C2 sample. For the C1 alloy, heat treated at 500◦C and 600◦C, there are 
similar microstructures with microscale BCC1 phase in the B2 matrix, 
shown in Figs. 12 and 13. With increasing magnification on the micro-
scale BCC1 phase region in C1-1, as shown in Figs. 12 (b, c) there is only 
contrast arising from occasional dislocations. In contrast, in sample C1- 
2, dark contrast of stacking-faults can be seen in the bright-field STEM 
images, Fig. 13 (b, c). The [110]BCC (Fig. 12 (d)) in C1-1 and [100]BCC 
(Fig. 13 (b)) in C1-2 zone axis diffraction patterns from the microscale 
BCC1 phase, show weaker satellite spots in C1-1 and clear satellite spots 
in C1-2. The satellite spots are associated with stacking faults, which are 
clearly visible with darker contrast in the structure. No twinning is 
present. For the B2 matrix in C1 alloy at 500◦C and 600◦C, as shown in 
Figs. 12 (e-h) and 13 (c, d), including the corresponding [110]BCC zone 
axis diffraction pattern, there are spherical nanoscale BCC precipitates 
in ordered B2 matrix. In order to determine the chemical compositions 
of the three phases, STEM-EDS maps were acquired from those phases, 
with Cr and Fe concentration found in the microscale BCC1 phase and 
nanoscale BCC precipitates, and Al concentration in the B2 matrix, while 
the amount of Co remained constant, in Figs. 12 (j) and 13 (e, f). 

Fig. 14 gives TEM images of the C1 alloy heat treated at 700◦C. One 
microscale BCC1 phase was located in the B2 matrix, shown in Fig. 14 
(a). There are two grains with different orientation in the BCC1 phase 
with different contrast in bright-field STEM images, shown in Fig. 14 (b) 
and (c). These were further identified by a selected area diffraction 

pattern with [111]BCC on the bottom grain in Fig. 14 (d)-1 and [110]BCC 
in the upper grain of Fig. 14 (d)-2. Both the bright-field image and 
diffraction pattern from microscale BCC1 phase show twinning, which 
contained stacking faults. The distribution of elements in the two phases 
have also been determined from interface between BCC1 and B2 matrix 
by STEM-EDS maps shown in Fig. 14 (e, f), with Cr and Fe concentration 
in the microscale BCC1 phase and nanoscale BCC particles, and Al 
concentration in matrix of B2, which are the same as the sample at 
600◦C, shown in Fig. 13 (f). 

The matrix structures are still retained after heat treatment at 
1150◦C. However, as shown in the bright-field STEM images in Fig. 15 
(b), with the corresponding selected area diffraction pattern, the 
microscale BCC1 phase has transformed from BCC to FCC crystal sym-
metry, which is consistent with the XRD data. The FCC phase contained 
numerous fine twins. Furthermore, the transformed FCC phase had the 
Kurdjumov-Sachs orientation relationship (OR) with the matrix, iden-
tified by the SADP in Fig. 15 (c), with [111]BCC-matrix//[011]FCC-second 
phase and {110}BCC-matrix //{111}FCC-second phase. The elements segregated 
in the BCC1 and B2 phases are the same as observed in C1-1, C1-2 and 
C1-3, showing no change with increase in the heat treatment tempera-
ture, as shown by STEM-EDS maps in Fig. 15 (f). The BCC nanoscale 
precipitate disappeared in the B2 matrix, as shown by the diffraction 
pattern and EDS mapping in B2 region. 

To directly understand the elemental partitioning and segregation 
between the B2-matrix and the microscale BCC1 phase (which is then 
partly transformed to an FCC phase as a function of heat treatment 
temperatures), the content of each element within each phase region, 
extracted from STEM-EDS maps, and how this varies after the different 

Fig. 4. OM, SEM and EDS images of C1: Co2FeCr0.5Al0.9 and C2: Co2FeCr0.5Al1.2 on ingot, C1 alloy (a) OM image, (b) SEM image and (b-1), (b-2), (b-3), (b-4) its 
corresponding EDS results on Al, Cr, Co and Fe; C2 alloy (c) OM image, (d) SEM image and (d-1), (d-2), (d-3), (d-4) its corresponding EDS results on Al, Cr, Co and Fe. 
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heat treatments, is shown in Fig. 16. The B2-matrix showed a relatively 
constant increase in Al concentration and a decrease in Cr concentration 
while comparatively the levels of Fe and Co are more constant. In 
contrast, the microscale BCC1 phase generally does not show a signifi-
cant change in composition, although perhaps the Al concentration 

shows a small decrease with increase in temperature. 
For the C2 alloy, the XRD, OM and SEM results indicate that there is 

only the B2 matrix and nanoscale precipitate BCC phase with no phase 
transformation to FCC during heat treatment at any of the four different 
temperatures. TEM images of C2-1, C2-2, C2-3 and C2-4 are shown in 

Fig. 5. OM and SEM images of C1: Co2FeCr0.5Al0.9 at different heat treatment temperatures, (a), (e) and (i) C1-1; (b), (f) and (j) C1-2; (c), (g) and (k) C1-3; (d), (h) 
and (l) C1-4; with different magnifications of (a-h) OM and (i-l) SEM. 

Fig. 6. OM and SEM images of C2: Co2FeCr0.5Al1.2 at different heat treatment temperatures, (a) and (e) C2-1; (b) and (f) C2-2; (c) and (g) C2-3; (d) and (h) C2-4, with 
different magnifications of (a-d) OM and (e-h) SEM. 
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Figs. 17, 18. The ordered, spherical nanoscale BCC phase can be seen in 
the B2 matrix in the bright field images with phase confirmation by 
selected area diffraction patterns shown in Fig. 17. The elemental dis-
tribution has also been measured by STEM-EDX, shown as maps in 
Fig. 18. Cr is segregated to the nanoscale BCC particles, while Co, Al and 
Fe partition to the B2 matrix. The average diameter of the nanoscale BCC 
particles has also been measured, and is shown in Table 4, being 12.9 nm 
at 500◦C, 16.7nm at 600◦C, 25.2nm at 700◦C, indicating coarsening 
with an increase in temperature. However, with heat treatment at 
1150◦C, most of the nanoscale BCC particles are dissolved into the B2 
matrix, shown in Fig. 18 (h). 

4.3. Magnetic properties of Co2FeCr0.5Alx 

An example magnetization (M) vs magnetic field intensity (H) curve 
is shown in Fig. 19, and the measured values of saturation magnetisation 
and coercivity are shown in Fig. 20. It is interesting to note that the 
addition of paramagnetic Al from x=0.9 in the C1 alloy to x=1.2 in the 
C2 alloy can lead to an increase in the saturation magnetization (Ms). 
This is because increasing Al can induce transformation from microscale 
BCC1+B2/nanoparticle BCC phase to B2+nanoparticle BCC phase. The 
heat treatment temperatures for both C1 and C2 alloys also influence the 
Ms. With increasing temperature, the Ms is initially increased to a 
maximum value of 119 Am2/kg for C1 and 124 Am2/kg for C2 at 600◦C, 

Fig. 7. (a) Average grain size of C1 and C2 alloys, and (b) average size and volume fraction of BCC1 in C1 alloy.  

Fig. 8. SEM and EDS images of C1: Co2FeCr0.5Al0.9 heat treated at 500◦C, (a) SEM image at low magnification and (b-f) SEM images with its corresponding EDS 
results on Fe, Al, Cr and Co. 
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Fig. 9. SEM and EDS images of C1: Co2FeCr0.5Al0.9 heat treated at 1150◦C, (a) SEM image at low magnification and (b-f) SEM images with its corresponding EDS 
results on Fe, Al, Cr and Co. 

Fig. 10. SEM and EDS images of C2: Co2FeCr0.5Al1.2 at 500◦C, (a) SEM image at low magnification and (b-f) SEM images with its corresponding EDS results on Fe, Al, 
Cr and Co. 
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and then decreased, especially for C1 to 94 Am2/kg at 1150◦C. This is 
due to the transformation from BCC to FCC phase in the microscale 
second phase in the C1 alloy. The mixture of an ordered B2 and BCC 
phase was found to be ferromagnetic, and the FCC phase was non- 
magnetic or weakly ferromagnetic, which shows that the C1 alloy 
after heat treatment at 700◦C and 1150◦C does not exhibit a well- 
developed hysteresis in the M-H behaviour and has a very low satura-
tion magnetization (Ms). However, the Ms for the C2 alloy also decreased 
from 600◦C to 1150◦C, which is more challenging to explain, this must 
have been a result of microstructural changes which will be discussed in 
the next section in relation to the TEM data. 

Coercivity (Hc) values are higher in the C2 alloy than the C1 alloy, 
with higher content of Al, shown in Fig. 19 and Fig. 20 (b). The values 
are low at the initial heat treatment temperature of 500◦C for both C1 
and C2 alloys, and then start to increase to the maximum value of 1.62 
kA/m at 600◦C for the C1 alloy and 2.76 kA/m at 700◦C for the C2 alloy, 
followed by a decrease to 0.82 kA/m at 1150◦C for the C1 alloy and 2.53 
kA/m at 1150◦C for the C2 alloy. This result can be mainly explained by 
the change of the size of the relevant microstructural features in the C1 
and C2 alloys, with larger grain size resulting in lower Hc. However, the 
smaller grain size at lower heat treatment temperature at 500◦C induced 
lower Hc for both C1 and C2 alloys, which is due to the nanoscale 

particles in the B2 matrix, as will be discussed in the next section. 

5. Discussion 

5.1. Microstructure evolution and phase formation through diffusion, 
segregation and partitioning of elements 

The phase diagram predicted using ThermoCalc-2018 software and 
the TCHEA2 high entropy alloy v2.1.1 database is shown in Fig. 21. For 
alloy compositions C1 and C2, the predicted phase diagram indicates 
only BCC/B2 phases nucleated from the liquid. Transformation on 
cooling is predicted to give three types of BCC/B2 phases at room 
temperature for C1 (Fig. 21 (a) black line) and C2 (Fig. 21 (c) black line), 
which are Co-Fe rich, Co-Al rich and Cr rich. For C1 and C2 alloys, the 
experimental results show the matrix is the Co-Al rich B2 phase, and Cr 
rich nanoscale particles are distributed in the B2 matrix. Moreover, for 
the C1 alloy, the second microscale BCC phase contains mainly Co-Fe-Cr, 
which transforms to the FCC phase after heat treatment at 700◦C and 
1150◦C. For the C2 alloy, the Co-Fe rich BCC phase is not found. Thus, 
there are discrepancies between the experimental results and the ther-
modynamic calculations, especially for the C1 alloy where the FCC 
phase transformation occurs. 

The microscale BCC1 phase in the C1 alloy has an Al content of 5-6 at 
%, according to the SEM-EDS data. Thermodynamic calculations suggest 
that, for this composition, the BCC1 should be fully FCC phase, which is 
predicted to be achieved only above 926◦C, a maximum of 30% FCC 
phase above 676◦C, and the full BCC/B2 phase below 676◦C, where this 
should be the equilibrium phase to room temperature. These calcula-
tions are in good agreement with the experimental results, Fig. 3 and 
Table 3, with the microscale BCC1 phase fully transforming to FCC 
phase C1-4 at 1150◦C, and partially becoming FCC from BCC1 in C1-3 at 
700◦C, and the microscale BCC1 phase remaining in C1-2 at 600◦C and 
C1-1 at 500◦C. 

Table 4 
Average diameter and volume fraction of nearly spherical BCC1 precipitates in 
C1 and C2 alloys.  

Temp (◦C) Average size of nanoparticles 
(nm) 

Volume fraction of nanoparticles 
(%)  

C1 C2 C1 C2 
500 12.6 nm 12.9 nm 12.5 10 
600 15.2 nm 16.7 nm 13 27.4 
700 18.9 nm 25.2 nm 14.3 33 
1150 – – – –  

Fig. 11. SEM and EDS images of C2: Co2FeCr0.5Al1.2 at 1150◦C, (a) SEM image at low magnification and (b-f) SEM images with its corresponding EDS results on Fe, 
Al, Cr and Co (note in (e) there has been some specimen drift, artificially elongating the Cr distribution). 
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For the experimental data, the XRD, OM SEM, and TEM results 
showed that in the C1 alloy, C1-1 and C1-2 consisted of microscale BCC1 
and nanoscale BCC particles in a B2 matrix, with Fe+Cr+Co rich in the 
microscale BCC1, Cr rich in the nanoscale BCC, and Al+Co rich in B2 
regions. Further increasing the temperature, the BCC1 phase trans-
formed to the FCC phase with 2% of total phases in C1-3, and fully to the 
FCC phase with 18.9% of total phases in C1-4. Moreover, the microscale 
BCC1 average size and volume fraction increased with increasing heat 
treatment temperature, due to the more rapid diffusion of Cr and Fe 
from B2 into the microscale BCC1, shown in Fig. 6. Furthermore, for the 
Al+Co rich B2 phase, precipitation of a few ordered BCC phases 
nucleated at the Cr rich clusters, giving an increase in the volume 
fraction of the nanoscale BCC particles in C1-2 and C1-3. But in C1-4, 
due to high heat treatment temperature, such Cr rich precipitation did 
not occur in the B2 phase. 

For the C2 alloy, with Al increasing to 25.4 at %, there are only 
nanoscale BCC phases in a B2 matrix, with no FCC phase even after heat 
treatment to 1150◦C. The composition in the C2 alloy is homogenous, 
except Cr, which is segregated to the grain boundaries, Figs. 10 and 11, 
and with no microscale BCC1 phase (Fig. 6). The matrix composition in 
the C2 alloy was analysed using SEM-EDS as a function of heat treatment 
temperature in the C2 alloy, which reveals a slight decrease in Cr content 
to ~10 at% compared to the design composition. Examining Fig. 21 (c) 
along the red line demonstrates that the Cr segregation of Cr does not 
lead to a phase change, consistent with the predictions obtained through 
Thermo-Calc calculations. The average matrix grain size in the C2 alloy 
is much smaller than that in the C1 alloy, for all heat treatment 

temperatures. This grain size was inherited from the as-cast structure, 
showing important differences in the solidification between the two 
alloys. Moreover, the nanoscale BCC phase has been identified by TEM 
with nucleation on the Cr rich precipitates, and then this coarsens with a 
higher volume fraction at higher heat treatment temperatures until 
700◦C. But the Cr rich precipitates also disappeared at 1150◦C in B2 
phase, due to the homogenous distribution of the elements at that 
temperature. 

5.2. Magnetic behaviour as a function of alloy composition and heat 
treatment 

5.2.1. Coercivity 
It is well known that the coercivity is very sensitive to grain size 

variation. In the study, the experimental results observed that the 
coercivity initially increased with grain size growth. Then, after reach-
ing to the maximum value, it decreased with further increases in grain 
size for both alloys, especially for C1. Given that there are major dif-
ferences in the phase structure of the alloys at the different heat treat-
ment temperatures, this suggests that Hc can be influenced by multiple 
microstructures. Hc is higher at 600◦C than at 500◦C, but the grain size is 
larger, which is the opposite of the trend at 700◦C and 1150◦C. A similar 
trend has been reported in very fine grained materials [45]. The reason 
behind this phenomenon is that as the grain size decreases to the 
nanoscale, each grain adopts a single domain state. In this situation, 
change in magnetisation cannot easily happen by the movement of 
domain boundaries, and the coercivity value tends to be high, 

Fig. 12. STEM results from C1: Co2FeCr0.5Al0.9 at 500◦C, (a) low magnification bright-field STEM image showing microscale BCC1 phase (dark contrast) and B2 
matrix; (b) and (c) high magnification bright-field STEM image from red rectangle in (a) shown microscale BCC1 phase; (d) selected area diffraction patterns from 
microscale BCC1 phase; (e) selected area diffraction patterns from B2 matrix; (f) Bright-field STEM image showing nanoscale BCC phase in the B2 matrix; (g) Dark- 
field STEM image corresponding to (f); (h) High resolution-TEM of the nanoscale BCC phase in B2 matrix; (i) FFT image from (h); (j) Bright-field STEM image on B2 
matrix with its corresponding EDS maps of (j-1) Cr, (j-2) Al and (j-3) Fe, (j-4) Co. 

P. Gong et al.                                                                                                                                                                                                                                    



Acta Materialia 256 (2023) 119113

11

demanding a magnetic field larger than the demagnetization field of the 
single domain state. It has been reported [46] that the presence of 
nanoscale BCC particles could reduce Hc in a similar way to nano-
crystalline phases. 

Thus, in this study, there are two empirical relations between the 
grain size, D, and the coercive field, Hc, have been proposed, Eq. (1) for 
the nanocrystalline materials and (2) for large grained materials [47]: 
Hc = aD6 (1)  

Hc = b/D (2)  

where a and b are fitting parameters, which can be calculated using the 
experimental data for Hc and the average grain size, D. Curve-fitting 
according to equation (1) for the samples found a values of 3.3×10−13 

in C1, and 4.3×10−9 in C2. The fitting parameter b had a value of 
6.55×105 in C1 and 2.82×105 of C2, according to equation (2). Fig. 22 
shows the calculated Hc values at 500◦C and 600◦C using Eq (1), and at 
700◦C and 1150◦C using Eq (2), for the C1 and C2 alloys, which are 
compared with the experimental data. 

For the C1 and C2 at 500◦C, 600◦C and 700◦C, the calculated and 
measured Hc have similar values. However, for the C1 alloy, the calcu-
lated Hc from Eq. (2) at 1150◦C are significantly higher than the 
experimental data. The discrepancy is likely a result of the contribution 
of the microscale BCC1 phase on the Hc. Therefore, Eq. (2) was modified 
to take account of the volume fraction and average size of the different 
phases, giving Eq. (3). In this case, the contribution of the FCC phase was 
assumed to be the same as the BCC1 phase since the FCC formed from 

the BCC1. 
Hc, total = b′

/

(VBCC1Dbcc1) + b′
/

(VB2DB2) (3)  

where VBCC and VB2 are the volume fraction values of BCC phase and B2 
phase in C1 alloy listed in Fig. 6 (b). The fitting parameter b’ is equal to 
1.33×103 in C1. Thus, Eq. (3) has been used for Hc calculation for the C1 
alloy with similar trends to the experimental data. The calculated Hc 
reduced when taking into account the microscale BCC1 phase effect into 
Eq (3), which also shows the formation of BCC1 phase is beneficial for 
the Hc. 

The calculation of Hc at 500◦C and 600◦C fitted well with the 
experimental data, which proves that the nanoscale BCC phase has an 
effect on domain wall motion at lower temperature. But this requires 
that the nanoscale particles are coherent with the matrix. However, in 
this study, as shown in Table 3, the nanoscale BCC phase at 600◦C grows 
much larger than that at 500◦C, with increased volume fraction as well, 
and this size increases the misfit strain between the nanoscale particles 
and matrix with effects on the domain wall mobility. Thus, with 
consideration of the nanoscale BCC phase influence on Hc, the increase 
in Hc could be explained by the nanoscale particles pinning the domain 
wall motion for the C1 and C2 alloy. With increasing temperature to 
700◦C, the nanoscale BCC phase has diminished effect on domain wall 
motion, due to its larger size. The calculation of Hc at 700◦C and 1150◦C 
indicates that Hc is mainly determined by the grain size for C1 and C2 
alloys. 

Furthermore, the peak in the Hc changed from 600◦C in C1 to 700◦C 
in C2, which is associated with the change in microstructure from C1 to 

Fig. 13. STEM results from C1: Co2FeCr0.5Al0.9 at 600◦C, (a) low magnification bright-field STEM image showing microscale BCC1 phase (dark contrast) and B2 
matrix; (b) high magnification bright-field STEM image from red rectangle in (a) shown microscale BCC1 phase with the corresponding diffraction patterns; (c) high 
magnification bright-field STEM image from red rectangle in (a) shown B2 matrix with nanoscale BCC particles and their corresponding diffraction patterns; (d) Dark- 
field STEM image from (c); (e) Bright-field STEM image from microscale BCC1 and matrix B2 region with its corresponding EDS maps of (e-1) Cr, (e-2) Al and (e-3) 
Fe; (f) Bright-field STEM image from B2 matrix and nanoscale BCC region with their corresponding EDS maps of (f-1) Cr, (f-2) Al and (f-3) Fe, (f-4) Co. 
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C2. For the C1 alloy, as the heat treatment temperature increases from 
500◦C to 600◦C the Cr partitions into the microscale BCC1 phase, which 
also has a lower Al content, as shown in Fig. 14. This produces weaker 
ferromagnetic behaviour in the microscale BCC1. However, for the B2 
phase, the opposite effect occurred with Cr diffusing out of the BCC1 and 
Al diffusing in, which is believed to enhance the ferromagnetic behav-
iour [48,49]. Therefore, these changes could result in a lower volume 
fraction of nanoscale BCC with lower Cr content in the B2 phase. As a 
result, the influence of the nanoscale BCC on Hc in C1 is lower, and there 
is a more rapid transition to the grain size controlled regime than in C2. 

5.2.2. Saturation Magnetisation, Ms 
The saturation magnetization value of each phase in the C1 and C2 

alloys is calculated by the equation below [50], considering the different 
phases: 

Ms, phase =
nBμB

a3
(4) 

nB is the number of Bohr magnetons per unit cell; μB is the unit 
magnetic moment in the supercell, 9.27 × 10−24 Am2; a is a cubic unit 
cell edge length, which is measured from the diffraction pattern for each 
phase. The total Ms values of the C1 and C2 alloys are the combinations 
of the constituent phases [23], thus: 
Ms, total = VB2Ms,B2 +

(

VBCC1Ms,BCC1

/

VFCCMs,FCC

)

+ VBCC2Ms,BCC2 (5)  

for C1 alloy and 

Ms, total = VB2Ms,B2 + VBCCMs,BCC (6) 
For the C2 alloy. VB2, VBCC, VBCC1/VFCC are the volume fractions of 

B2 and BCC phases, and of the BCC1 and FCC phases in C1 alloy, shown 
in Table 4 and Fig. 5 (b). Ms, B2, Ms, BCC, Ms, BCC1/Ms, FCC are the satu-
ration magnetization calculated by Eq (4) for each phase. Fig. 23 shows 
the experimental and calculated Ms values for the C1 and C2 alloys. The 
trends for the change in saturation magnetization with temperature are 
predicted by the model, although there are still gap from the actual 
values, especially for C1. The predicted Ms of the C1 alloy is higher for 
all conditions than the measured Ms, which is caused by the complicated 
phase system in C1 alloy with two types of BCC phases. With a simplified 
phase system in the C2 alloy, the calculated Ms values are similar to the 
measured data, especially at 1150◦C with nearly the same results. The 
change of Ms is brought about by the elemental diffusion that occurs 
during the heat treatments, and the partitioning of the elements in 
different phases, which affects the lattice constants. The Ms increased 
from 500◦C to 600◦C for both C1 and C2 alloys with BCC nanoparticle 
volume fraction increasing, with expansion of the lattice. The volume 
fraction of the BCC1 phase in the C1 alloy also increased with a small 
change in lattice spacing. This is because of the Cr rich precipitation in 
the B2 phase, with only a few of these regions transformed into BCC 
nanoparticles at 500◦C, shown in Figs. 11 and 16. With increasing heat 
treatment temperature to 600◦C, only the volume fraction of BCC 
nanoparticles is increased. However, after heat treatment at 700◦C, the 
Ms for both alloys decreased with increase in the lattice spacing for both 
B2 and BCC phases, which showed that there is more Cr segregated into 

Fig. 14. STEM results from C1: Co2FeCr0.5Al0.9 at 700◦C, (a) low magnification bright-field STEM image showing microscale BCC1 phase (dark contrast) and matrix; 
(b) high magnification bright-field STEM image from red rectangle in (a) shows microscale BCC1 phase; (c) microscale BCC1 phase with the corresponding diffraction 
patterns shown in (d); (e) Bright-field STEM image from red rectangle in (a) shows microscale BCC1 phase and B2 matrix with its corresponding EDS maps of (e-1) Cr, 
(e-2) Al and (e-3) Fe, (e-4) Co; (f) Bright-field STEM image from red rectangle in (a) shown B2 matrix and nanoscale BCC region with their corresponding EDS maps of 
(f-1) Cr, (f-2) Al and (f-3) Fe, (f-4) Co. 
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the BCC phase, Cr being an antiferromagnetic element that weakens the 
saturation magnetization[51]. This effect led to a lower Ms, BCC, which 
reduced the Ms, total. For the C1 alloy, the Ms, total reduced more rapidly 
than for the C2 alloy, due to the weakly ferromagnetic FCC phase being 

formed from the BCC1 phase. With an increase in the heat treatment 
temperature to 1150◦C, most of the BCC1 phase in the C1 alloy trans-
formed to the FCC phase, which caused a significant reduction in the Ms, 
total compared to the C2 alloy with only BCC/B2 phase[52,53]. The Ms, 

Fig. 15. STEM results from C1: Co2FeCr0.5Al0.9 at 1150◦C, (a) low magnification bright-field STEM image showing microscale BCC1 phase (dark contrast) and B2 
matrix; (b) high magnification bright-field STEM image showing microscale BCC1 phase with the corresponding diffraction patterns; (c) high magnification bright- 
field STEM image showing twinning structures in microscale BCC1 phase with the corresponding diffraction patterns; (d) high magnification bright-field STEM image 
showing B2 matrix with the corresponding diffraction patterns; (e) Dark-field STEM image from (e); (f) Bright-field STEM image from microscale BCC1 phase and B2 
matrix region with its corresponding EDS maps of (f-1) Cr, (f-2) Al and (f-3) Fe, (f-4) Co. 

Fig. 16. EDS results from Figs. 11-14 with composition for the B2 matrix and microscale BCC1: (a) B2 matrix, (b) microscale BCC1.  
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Fig. 17. STEM results from C2: Co2FeCr0.5Al1.2, low magnification Bright-field STEM image with it corresponding diffraction pattern: (a) 500◦C of [011]bcc; (b) 
600◦C of [011]bcc; (c) 700◦C of [001]bcc; (d) 1150◦C of [011]bcc. 

Fig. 18. High magnification Bright-field STEM image with BCC1 nanoparticles and its corresponding STEM-EDS map of Cr from C2; (a) and (e) 500◦C; (b) and (f) 
600◦C; (c) and (g) 700◦C; (d) and (h) 1150◦C. 
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total for the C2 alloy was only slightly reduced at 1150◦C due to the 
nanoscale particles being dissolved into the B2 matrix, with lattice 
spacing increasing in the matrix. Thus, the results show that the Ms can 
also be affected by elemental diffusion, controlled through increasing 
the heat treatment temperatures, which results in a change in the lattice 
spacing, a similar mechanism to the control of the Ms through the 
elemental composition[54,55]. The best Ms would be obtained through 
reducing the misfit between the nanoparticles of the BCC phase and B2 
matrix for both C1 and C2 alloys at 600◦C. In summary, although the C2 
alloy with nanoscale precipitates has a higher saturation magnetization 
than the C1 alloy for the whole heat treatment process, the C1 alloy with 
microscale second phase has been found to have better coercivity than 
the C2 alloy, which is caused by the weaker drag effect on grain 
boundaries mobility from solute elements and antiferromagnetic 
segregation into the second phase. For the C1 alloy, the Ms at 500◦C and 
600◦C are nearly similar, with only slightly increasing at 600◦C, but at 
500◦C, the Hc is much less than that at 600◦C. 

6. Conclusions 

Two new soft magnetic multicomponent alloys, Co2FeCr0.5Alx (C1: x 
= 0.9; C2: x = 1.2) have been designed according to our previous 
research. The microstructural evolution has been studied using XRD, 
OM, SEM and TEM as a function of heat treatment temperature. The 

magnetic properties have been derived from VSM magnetometry. The 
correlation between the microstructure and soft magnetic properties led 
to the following conclusions:  

1 Hc is mainly determined by the grain size of the B2 matrix and the 
average size of the BCC1/BCC second phase. For both alloys, the 
coercivity increased with heat treatment temperature up to a peak 
(600◦C for C1 and 700◦C for C2) and then decreased with further 
increase in heat treatment temperature. Below the peak, the coer-
civity was controlled by the BCC nanoparticles, while above the 
peak, it was controlled by grain size. The BCC1/ BCC second phase 
induced an increase in Hc as a result of the resistance to domain wall 
movement, which weakened the grain coarsening effect on the Hc. 
However, for the C1 alloy the rapid increase in the grain size of the 
microscale BCC1 at high heat treatment temperatures from 700◦C to 
1150◦C increased the grain size effect on Hc with improvement of 
performance. 

2 The Ms was mainly influenced by elemental diffusion and parti-
tioning, which increased with increasing Cr rich BCC and BCC1 
precipitation, and then decreased with the coarsening of the BCC1/ 
BCC size. This led to higher contents of antiferromagnetic Cr and 
increased misfit strains at the interphase boundary.  

3 For the C1 alloy, a phase transformation was observed during heat 
treatment at 700◦C and 1150◦C, resulting in the conversion of the 

Fig. 19. Magnetization curves showing the hysteresis loops of the studied alloys: (a) C1 alloy; (b) C2 alloy.  

Fig. 20. Measured values of (a) saturation magnetization and (b) coercivity. Each datum is an average of two measurements.  
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microscale BCC1 phase to an FCC phase. This transformation led to a 
reduction in Ms, due to the weaker ferromagnetic properties of the 
FCC phase compared to that of the BCC phase. However, when a 
complete FCC transformation occurred from BCC1 at 1150◦C, the Hc 
decreases significantly, with only a limiting effect from the 

coherency strains between dual phase boundaries. This effect occurs 
because the energy required for the displacement of domain walls in 
the FCC is considerably lower than that in the BCC structure. 

Therefore, we conclude that a higher Al content in these alloys is 

Fig. 21. Calculated phase diagram of C1 and C2 through ThermoCalc: (a) C1 Al system; (b) C2 Al system; (c) C2 Cr system.  
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good for the Ms and stabilises BCC/B2 phase, but increases the volume 
fraction of nanoscale BCC phase which increases Hc. The microscale 
BCC1 phase, with higher Cr content, slightly reduces the Ms compared to 
the C2 alloy without BCC1 phase but improves the Hc. However, the 
BCC1 would transform to FCC at higher heat treatment temperatures 
with a resultant reduction in Ms. Our current research opens a new 
window on the design of high-performance soft magnetic alloys using 
microscale second phases. Control the microstructure, such as second 
phase particle size, can further improve both Ms and Hc. 
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