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A B S T R A C T

The influence of partial substitution of boron on the structural, microstructure, magnetic and calorimetric
properties of Co2FeSi1−xBx (x= 0–0.5) alloys was systematically investigated. The x-ray powder diffraction and
microstructural analysis confirmed the presence of second phase in the alloys. From calorimetric studies, it was
observed that L21–B2 ordering temperature remain constant whereas the melting point decreases with increasing
boron content and merges with ordering temperature at x= 0.5. The Curie temperature (TC) for the alloys
x≥0.25 has shown a linear increase with boron concentration. The saturation magnetic moment exhibits a
linear decrease and confirms the substitutional effect of boron for Si. With increase in boron content, a com-
positional shift has been observed which may be attributed to the formation of second phase at the grain
boundaries.

1. Introduction

Half metallic ferromagnets (HFM) have drawn a great interest in
recent times due to their promising properties potential for applications
in the field of spintronics. Among the Heusler based alloy systems,
Co2FeSi is the most widely studied Heusler alloy system which exhibit
high spin polarization, high Curie temperature (TC) and large magnetic
moment [1–4,5]. The interesting properties such as giant magnetore-
sistance (GMR), tunneling magnetoresistance (TMR), capacity to be
used as spin valves and for spin injection to semiconductors [6–11] find
these materials very attractive for fabrication of spintronics devices.
Based on theoretical calculations, several ternary and quaternary Co-
based Heusler alloys have been predicted to be HMFs say Co2 (Ti, V, Cr,
Mn or Fe) (Si, Al, Ga) and Co2 (Ti, V, Cr, Mn or Fe) (Si, Al, Ga)1−sZ (Si,
Ga, or Ge)s [12–18]. From the view point of applications, not only high
TC, high magnetic moment and high spin polarization but also high
ordering and temperature dependent stability are essential to use them
as electrodes in magnetic tunnel junctions (MTJs). These properties can
be modified by substitution or addition of other elements.

Substitutions of other sp-valent elements like Al, Ge, Ga, Sn, and In
for Si in Co2FeSi have been investigated in bulk alloys [19,20]. How-
ever, there are no studies on the partial substitution of light element
like boron for Si in Co2FeSi alloys. Since boron is a light element, it can
occupy either interstitial or substitutional site based on the atomic ra-
dius of the atom in which it is to be substituted. From the electronic

structure calculations on substitution of sp elements in Co2Ti (B, Ga, Al
and In), predicts 99% spin polarization on B substitution [21]. Boron
segregation and anti-site disorder has been investigated in Fe2VAl1−xBx
(x= 0, 0.03, 0.06 and 0.1) alloys [22]. Also the size of the nonmagnetic
sp-element effect on the magnetic and electric transport behaviours
under higher fields and high temperature conditions are explored.

In the present investigation, the role of partial substitution of boron
for Si on the structural, microstructure, magnetic and calorimetric
properties of the Co2FeSi alloys has been investigated in detail.

2. Experimental procedure

Polycrystalline ingots of Co2FeSi1−xBx (x=0, 0.02, 0.05, 0.1, 0.25
and 0.5) were prepared by arc melting furnace under partial Argon at-
mosphere. A base vacuum of 10−5 mbar has been maintained during the
preparation of ingots. Ingots were flipped after each melting and re-
melted five times for better compositional homogeneity. The obtained
ingots were annealed at 850 °C in vacuum for six hours followed by
argon gas quenching to room temperature (RT). The crystal structure was
investigated by x-ray powder diffraction (Philips X-ray diffractometer)
using Cu-Kα radiation at room temperature. Microstructure, composition
and elemental mapping were carried out using electron probe micro
analyser (EPMA). Thermal analysis was carried out by recording the
thermograms using high temperature differential scanning calorimetry
(DSC) in the temperature range 200–1420 °C at a heating rate of 10°/
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min. Magnetic properties like Curie temperature (TC), saturation mag-
netization were measured using high temperature vibrating sample
magnetometer (HT-VSM) (LakeShore make).

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 displays the x-ray diffractograms recorded in Co2FeSi1−xBx
(x= 0–0.5) alloy powders at room temperature (RT) using Cu-Kα ra-
diation. All the alloys exhibit the presence of L21 ordering. With in-
crease in boron concentration a second phase starts becoming dis-
cernible for alloys with x≥ 0.1. The calculated cubic lattice parameters
from the least square fitting for x= 0–0.5 are listed in Tbale1. No
systematic variation in lattice parameters is observed. The second phase
was identified to be FeB (marked with * in Fig. 1) which was further
investigated using microstructural studies and elemental mapping using
EPMA technique.

3.2. Thermal analysis

In order to investigate the effect of boron on the phase transfor-
mations in these alloys high temperature calorimetric measurements
were carried out. Fig. 2 displays the DSC thermograms of the
Co2FeSi1−xBx (x= 0–0.5) alloys during heating. The endothermic
peaks in the temperature interval 1000–1100 °C and 1100–1200 °C

represent the structural transformation from L21-B2 and the melting
point (TM), respectively. A small step in the temperature interval
700–850 °C, represents the Curie temperature (TC) of the alloys. The
detailed TC measurements were investigated using temperature de-
pendent magnetization measurements and compared with the calori-
metric measurements. From the figure it is clear that the L21-B2 or-
dering temperature remain constant whereas TM decreases from
1246 °C to 1066 °C with increasing boron content and merges with or-
dering temperature for the alloy with x=0.5. The variation of ordering
temperature and TM with boron content is displayed in Fig. 2(b). From
this result a total reduction in TM of 180 °C (approx. 14%) has been
observed on substitution of boron content x= 0.5 in the alloys.

3.3. Composition and microstructural investigations

The elemental composition of the alloys was measured using EDS at
six different regions of each sample and averaged out. Boron could not
be traced out through EDS since boron is a light element; the total
composition was taken to 100% with the remaining elements. From the
compositions measured it was found that the same initial composition
was identified for the alloys with x=0–0.1 whereas for the alloys of
x= 0.25–0.5, a compositional shift was observed. The compositional
shift displays an increase in Fe content and decrease in the Si content
with increase in boron concentration as shown in Table 1. Com-
plementary to this, a detailed elemental mapping of each element and a
line scan analysis at the grain boundary regions where boron is ex-
pected to found were performed using EPMA technique.

The back scattered electron (BSE) micrographs of the alloys were
recorded using EPMA as shown in Fig. 3(a)–(f). With increase in boron
content small amount of second phase containing boron has been ob-
served at the grain boundaries. The grain boundary phase enhanced
with increasing boron content for x= 0.02–0.25 (Fig. 3(b)–(e)). How-
ever, for the alloy with x= 0.5, clear grain boundary phase could not
be identified. This may be due to the grain boundary phase has merged
with the matrix phase (Fig. 3(f)). The line scan in this method will
provide the information about any element segregated at the grain
boundary regions. In order to check for the matrix and grain boundary
phases, line scan is utilized. With increase in boron content a clear grain
boundary phases can be seen in Fig. 3. In order to understand the
partitioning of elements in the matrix phase and grain boundary phase,
a detailed elemental mapping was performed as show in Figs. 4 and 5.

The elemental mapping for all the elements shown in Figs. 4 and 5,
it was found that boron is segregated at the grain boundaries. To con-
firm this, a line scan analysis at the grain boundary is performed as
shown in Figs. 4(g) and 5(g).

For clarity the complete elemental mapping along with the line scan
information of the alloys x=0.05 and x=0.25 are investigated. For
each micrograph the elements of Co, Fe, Si and B were mapped and for

Fig. 1. X-ray diffractograms showing L21 ordering in Co2FeSi1−xBx (x= 0–0.5)
alloys. The second phase is indicated with ‘*’.

Fig. 2. (a) DSC thermograms showing the melting point (TM), L21-B2 ordering temperature and Curie temperature (TC) in Co2FeSi1−xBx (x=0–0.5) alloys. (b) The
variation of TM and L21-B2 ordering temperature with boron concentration (x).
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the same microstructure a line scan was also performed as displayed in
respective figures. The line scan results show that the boron is con-
centrated at the grain boundaries which is in agreement with the

elemental mapping and microstructure.
At the grain boundary, apart from boron small amounts of Fe and Co

also present as observed from the line scan analysis. The presence of

Table 1
Lattice parameter, composition, ordering temperature and magnetic properties of Co2FeSi1−xBx (x=0–0.5) alloys.

x (%) a (± 0.002 Å) Composition from EDS TC (oC) (from M-T) (± 2 °C) From DSC Ms (± 0.01 µB/f.u.) (@RT)

Co (± 0.15 at.%) Fe (± 0.25 at.%) Si (± 0.25 at.%) L21-B2 (± 2 °C) TM (± 2 °C)

0 5.65(7) 49.1 25.8 25.1 757 1246 5.33
0.02 5.65(6) 48.9 26.0 25.1 758 1057 1229 5.16
0.05 5.64(3) 49.4 25.6 25.0 757 1059 1218 5.33
0.1 5.65(3) 50.3 25.0 24.7 757 1060 1197 5.19
0.25 5.65(7) 51.5 25.2 23.3 774 1065 1166 5.09
0.5 5.68(2) 56.0 27.7 16.3 811 1060 1060 4.81

Fig. 3. Back scattered electron (BSE) micrographs showing evolution of second phase at the grain boundaries in Co2FeSi1−xBx alloys with boron content (a) x= 0, (b)
x=0.02, (c) x= 0.05, (d) x= 0.1, (e) x= 0.25 and (f) x= 0.5.

Fig. 4. (a) BSE micrograph of x= 0.05 alloy and the corresponding elemental mapping of (b) Co, (c) Fe, (d) Si and (e) B. (f) and (g) shows the micrograph of line scan
region and the corresponding elemental line scan.

M. Ramudu, et al. Journal of Magnetism and Magnetic Materials 490 (2019) 165528

3



second phase is reflected in x-ray diffraction pattern for the alloys with
x≥0.1 whereas the BSE micrographs clearly exhibited the formation of
second phase even from x≥0.05 concentrations.

3.4. Magnetic properties

The influence of boron on the magnetic properties like TC and sa-
turation magnetization was examined using high temperature VSM. TC

of the alloys was determined from the temperature dependent magne-
tization curves measured on application of a constant magnetic field of
500 Oe in the temperature interval 200 °C – 970 °C as shown in
Fig. 6(a). Form the figure it is clear that with increase in boron content
TC remains almost constant till x= 0.1 after which a linear increase is
observed. The variation of TC with boron content is displayed in
Fig. 6(b). The increase in TC is attributed to the observed compositional
shift and an increase in Co/Fe ratio (1.90 to 2.20) in the x > 0.1 alloys.

Fig. 5. (a) BSE micrograph of x= 0.25 alloy and the corresponding elemental mapping of (b) Co, (c) Fe, (d) Si and (e) B. (f) and (g) shows the micrograph of line scan
region and the corresponding elemental line scan.

Fig. 6. (a) Thermomagnetic curves showing the Curie transition in Co2FeSi1−xBx (x= 0–0.5) alloys. (b) The variation of Curie temperature (TC) with boron con-
centration (x).

Fig. 7. (a) Magnetic hysteresis loops recorded at room temperature in Co2FeSi1−xBx (x=0–0.5) alloys. (b) The variation of magnetic moment with boron con-
centration (x) at RT.
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The elemental Co atom posses a high TC and low magnetic moment
compared to the Fe atom. The magnetic hysteresis loops recorded at RT
are shown in Fig. 7(a). Initially the saturation magnetization shows an
increase till x= 0.05 after which it exhibits a gradual decrease with
increasing boron content. The coercivity (Hc) of all the alloys is found to
be small and constant. Fig. 7(b) displays the variation of magnetic
moment in µB/f.u. with boron content which shows a linear decrease
with boron content. This is also attributed to the substitutional effect of
boron for Si and the segregation of second phase at the grain bound-
aries. Apart from B, Fe and Co in small amount are present at the grain
boundaries, the depletion of Fe content due to an increase in Co/Fe
ratio also causing the reduction in total magnetic moment. For spin-
tronics applications single phase materials with high TC and magnetic
moment are more suitable. Though the observed TC is high after sub-
stitution of boron, the formation of second phase and decrease in
magnetic moment may find less probability of using these materials for
applications. However, the decrease in melting point with boron con-
tent is of great interest to study these alloys. The lower concentration of
boron substitution alloys (x= 0–0.1) which exhibited a constant var-
iation in TC and magnetization can be considered for exploring further
investigations.

4. Conclusions

The effect of boron substitution for Si in Co2FeSi alloys has been
successfully investigated. From the structural investigation it is ob-
served that all the alloys exhibit L21 ordering but the formation of
second phase is more pronounced for the boron content from x≥0.1. A
microstructural investigation revealed the formation of second phase at
the grain boundaries. Apart from boron, small amounts of Fe and Co are
also observed at the grain boundaries which are studied using elemental
mapping and line scan analysis. Though by partial substitution of boron
for Si, the ordering temperature L21–B2 remain constant but the melting
point exhibits a decrease with increasing boron content. The Curie
temperature (TC) exhibits a linear trend on substitution of boron of
x > 0.1 below which it displays a nearly constant value. The magnetic
moment shows a linear decrease with increase in boron content. The
increase in TC and decrease in magnetic moment are attributed to the
compositional shift observed in the alloys with increase in boron con-
tent. It is clear that at low concentrations of boron say x < 0.1,

structural and magnetic properties exhibited a constant variation with
reduction in melting point which can be considered to explore these
materials further for applications.
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