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A series of Cr substituted M-type hexaferrite Ca0.30Sr0.35La0.35CrxFe12-xO19 (0 ≤ x ≤ 1.05) magnets were prepared by the
conventional solid state reaction method. The properties of the samples were characterized by X-ray diffraction (XRD), field
emission scanning electron microscopy (FE-SEM) and a permanent magnetic measuring system. At Cr substitution (x) ≤ 0.60,
XRD patterns of the magnetic powders show the M-type strontium hexaferrite phase with α-Fe2O3 as a second phase. When
Cr substitution (x) ≥ 0.60, there are magnetoplumbite phase patterns with only a small trace of α-Fe2O3 phase. The images of
the magnets show that the hexagonal structures are formed, and the particle size keeps unchanged with increasing Cr
substitution (x). The remanence (Br) decreases with Cr substitution (x) from 0.00 to 1.05. The intrinsic coercivity (Hcj) increases
with Cr substitution (x) from 0.00 to 1.05. While the magnetic induction coercivity (Hcb) first increases with Cr substitution
(x) from 0 to 0.75 and then decreases at Cr substitution (x) ≥ 0.75.
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Introduction

M-type hexaferrite materials have drawn a considerable
attention to the researchers for their versatile properties
such as high anisotropy field, high coercivity, resistant
corrosion and chemical stability [1, 2]. M-type hexaferrite
has hexagonal symmetry with the space group the P63/
mmc. The structure of M-type strontium hexaferrite of has
dual layer containing two formula units of SrFe12O19.There
are 2 Sr2+ ions, 38 O2- ions and 24 Fe3+ ions. The Fe3+ ions
are distributed in five crystallographic sites, namely one
bipyramidal site (2b), one tetrahedral site (4f1) and three
octahedral (2a, 12k and 4f2). Ions at 2a, 2b and 12k
possess spin up while 4f1 and 4f2 possess spin down
[3]. 

To make the M-type hexaferrite suitable for different
applications, ions can be used to tailor the magnetic
properties. Several authors have done studies to
substitute ions, such as La-Co, La-Zn, La-Cu, Nd-Zn,
Nd-Co, Mn-Zn, Co-Zr, Ni-Ti, La3+, Nd3+, Pr3+, Co2+,
Cu2+, Mn3+, Al3+, Bi3+, Ti4+ and Cr3+ [4-21]. In the M-
type hexaferrite, rare metal ions could substitute the
strontium ions, while transition metal ions could
substitute the ferric ions. M-type hexagonal ferrites
have been synthesized by several methods, such as the
sol-gel method [22], the citrate precursor method [23],
the chemical co-precipitation method [24], the solid state

reaction method [25] and the hydrothermal method [26].
Among these methods, the solid state reaction method is
employed to synthesize the hexagonal ferrites due to
its simplicity, highly productive, low cost and well
controllable grain size [27].

In this article, the M-type hexaferrite Ca0.30Sr0.35

La0.35CrxFe12-xO19 magnets have been prepared by the
conventional solid state reaction method. The aim of
this work is to investigate the impact of Cr substitution
on the microstructural and magnetic properties for Cr
substituted M-type CaSrLa hexaferrite magnets.

Experimental Procedure

A series of Cr substituted M-type hexaferrite Ca0.30

Sr0.35La0.35CrxFe12-xO19 (0 ≤ x ≤ 1.05) magnets have been
synthesized by the conventional solid state reaction
method. Raw materials (CaCO3, SrCO3, La2O3, Cr2O3

and Fe2O3) were powders of analytical grade, and were
weighted according to the chemical formula. These
powders were wet-mixed in a ball mill at a rotate speed
of 80 rpm for 9 hrs with steel balls as milling media.
Then the mixed powders were dried in a drying oven in
the air. And then these powders were pre-sintered in a
laboratory furnace at 1255 oC for 2 hrs in the air. Next, the
pre-sintered samples were shattered to particles using a
vibration mill and sieved (150 meshes), and then wet-
milled with suitable additives (CaCO3, Al2O3, SiO2 and
H3BO3) for 16 hrs in a ball-mill. The finely milled slurry
was compacted into disc-shaped pellets (30 mm diameter,
about 15 mm thickness) under 330 MPa in the magnetic
field of 750 kA/m, which was parallel to the pressing
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direction. All the pressed pellets were sintered in a
laboratory furnace at 1180 oC for 1.5 hrs in the air. At
last, in order to measure the magnetic properties of the
sintered pellets, the sintered samples were polished in
the faces perpendicular to the pressing direction.

The hexaferrite diffraction peaks were characterized
by using a PANalytical X’Pert Pro diffractometer in
continuous mode with Cu Kα radiation. Images of the
sintered samples were investigated by a Hitachi S-4800
field emission scanning electron microscopy (FE-
SEM). Magnetic properties of the sintered samples
were measured at room temperature by a permanent
magnetic measuring system (NIM-2000HF, made by
the National Institute of Metrology of China).

Results and Discussion

XRD patterns of the Cr substituted M-type hexaferrite
Ca0.30Sr0.35La0.35CrxFe12-xO19 magnetic powders are
presented in Fig. 1. These peaks of XRD patterns are
similar to the peaks in standard pattern (JCPDS: card
no. 80-1198). As Cr substitution (x) ≤ 0.60, minor
impurity peak is emerged, and is identified as α-Fe2O3

phase. The presence of α-Fe2O3 could be due to the
incomplete reaction under synthesis conditions. As Cr
substitution (x) ≥ 0.60, all the peaks match well with
the M-type hexaferrite (JCPDS: card no. 80-1198),
and the magnetic powders show the magnetoplumite
structure, and only a small trace of α-Fe2O3 is observed.
The well-defined sharp peaks in the XRD patterns
indicate the polycrystalline behavior with good
crystallinity. The lattice parameters are calculated from
the XRD data [28]. 

Fig. 2 shows variation of lattice parameters c and a
for the M-type hexaferrite Ca0.30Sr0.35La0.35CrxFe12-xO19

magnetic powders with Cr substitution (x). Lattice
parameters c and a were fluctuated with a slightly
decreasing trend. This can be attributed to the fact that
the ionic radius of Cr3+ ions (0.63 Å) is slightly smaller
than that of Fe3+ ions (0.64 Å). The variation of c/a
ratios for the M-type hexaferrite Ca0.30Sr0.35La0.35

CrxFe12-xO19 magnetic powders as a function of Cr
substitution (x) is shown in Fig. 3. It is clear that c/a
ratios of the magnetic powers with increasing Cr
substitution (x) almost remain constant. It has been
reported that the c/a ratios could be used to quantify

Fig. 1. XRD patterns of the Cr substituted M-type hexaferrite
Ca0.30Sr0.35La0.35CrxFe12-xO19 magnetic powders with Cr substitution
(x) of: (a) 0.00, (b) 0.15, (c) 0.30, (d) 0.45, (e) 0.60, (f) 0.75, (g)
0.90 and (h) 1.05.

Fig. 2. Variation of lattice parameters c and a for the M-type
hexaferrite Ca0.30Sr0.35La0.35CrxFe12-xO19 magnetic powders with
Cr substitution (x) from 0.00 to 1.05.

Fig. 3. Variation of c/a ratios for the M-type hexaferrite
Ca0.30Sr0.35La0.35CrxFe12-xO19 magnetic powders with Cr
substitution (x) from 0.00 to 1.05.
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the structure type of hexagonal ferrites [29]. The c/a
ratios with different Cr substitution (x) range from
3.905 to 3.911, and indicate the M-type hexaferrites.

Fig. 4 shows the morphologies of disc shaped pellets
before and after sintering. Fig. 4(a-c) exhibits the green
pellets with Φ30 × 16 mm, sintered pellets with about
Φ26.8 × 13 mm and polished sintered pellets with about
Φ26.8 × 10 mm, respectively. Representative FE-SEM
micrographs of the M-type hexaferrite Ca0.30Sr0.35La0.35

CrxFe12-xO19 magnets with Cr substitution (x) of 0.00,
0.30, 0.60 and 1.05 are shown in Fig. 5. It has been
found that the hexagonal structures are formed in the
sintered magnets, the grain particles have uniformly
distributed, the particle size keeps unchanged with
increasing Cr substitution (x).

The representative demagnetizing curves of the M-
type hexaferrite Ca0.30Sr0.35La0.35CrxFe12-xO19 magnets
with Cr substitution (x) of 0.00, 0.30, 0.60 and 1.05 are
shown in Fig. 6. The remanence (Br), the intrinsic
coercivity (Hcj), magnetic induction coercivity (Hcb)

and maximum energy product [(BH)max] have been
calculated from the demagnetizing curves. Fig. 7 shows
the effect of Cr substitution (x) on the remanence (Br)
for the M-type hexaferrite Sr0.4Ba0.3La0.3Fe12-xBixO19

magnets. As seen from Fig. 7, Br of the magnets shows
a continuous decrease with the increase of Cr
substitution (x) from 0.00 to 1.05. For the M-type
hexaferrite, the magnetic moments of Fe3+ ions are
arranged collinearly due to the existence of super-
exchange interaction. It has been reported that Cr3+

ions prefer to distribute on spin up Fe sites known as
2a and 12k [30, 31]. Thus, the decrease of Br for the
magnets with Cr substitution (x) from 0.00 to 1.05 can
be attributed to the following two reasons. Firstly, the
doping of higher magnetic moment Fe3+ (5 µB) by
lower magnetic moment Cr3+ (3 µB) results in the
decrease of bulk magnetic moment. Secondly, More
Cr3+ doping leads to the weakening of superexchange
interaction of type FeA

3+-O-FeB
3+, which causes to

magnetic collinearity to collapse. This results in the
decrease of Br for the magnets.

Fig. 4. Morphologies of disc shaped compacts before and after
sintering: (a) green compacts with Φ30 × 16 mm, (b) sintered
compacts with about Φ26.8 × 13 mm and (c) polished sintered
compacts with about Φ26.8 × 10 mm.

Fig. 5. Representative FESEM micrographs of the M-type
hexaferrite Ca0.30Sr0.35La0.35CrxFe12-xO19 magnets with Cr
substitution (x) of: (a) 0.00, (b) 0.30, (c) 0.60 and (d) 1.05.

Fig. 6. Typical demagnetizing curves of the M-type hexaferrite
Ca0.30Sr0.35La0.35CrxFe12-xO19 magnets with Cr substitution (x) of:
(a) 0.00, (b) 0.30, (c) 0.60 and (d) 1.05.

Fig. 7. Effect of Cr substitution (x) on the remanence (Br) for the
M-type hexaferrite Ca0.30Sr0.35La0.35CrxFe12-xO19 magnets.
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Fig. 8 shows effects of Cr substitution (x) on the
intrinsic coercivity (Hcj) and magnetic induction coercivity
(Hcb) for the M-type hexaferrite Ca0.30Sr0.35La0.35CrxFe12-x

O19 magnets. It is found that Hcj of the magnets increases
with Cr substitution (x) from 107.8 kA/m at x = 0.00 to
419.3 kA/m at x = 1.05, while Hcb of the magnets first
increases with Cr substitution (x) from 0.00 to 0.75,
and then decreases with Cr substitution (x) from 0.75
to 1.05. According to the Stoner-Wohlfarth theory, the
coercivity in hexaferrite can be estimated by the
following formula [32]:

(1)

where K is the magnetocrystalline anisotropy constant
and Ms is the saturation magnetization. Thus, according
to the formula (1), the increase of Hcj can be mainly
attributed to the decrease of remanence (Br) with Cr
substitution (x) from 0.00 to 1.05 as shown in Fig. 7.
The effect of Cr substitution (x) on the Hk/Hcj ratios for
the M-type hexaferrite Ca0.30Sr0.35La0.35 CrxFe12-xO19

magnets is shown in Fig. 9. The Hk/Hcj ratio is one of
the important indicators of the magnetic properties for

the permanent magnets, and can intuitively indicate the
rectangularity of the demagnetizing curves for the
magnets [33]. As seen from Fig. 6, it is found that the
ratio Hk/Hcj ratio first fluctuates and basically keeps
constant with Cr substitution (x) from 0.00 to 0.75, and
then decreases when Cr substitution (x) ≥ 0.75. This
may be the reason for the variation of Hcb with Cr
substitution (x).

The effect of Cr substitution (x) on the maximum
energy product [(BH)max] for the M-type hexaferrite
Ca0.30Sr0.35La0.35CrxFe12-xO19 magnets is shown in Fig.
10. It can be seen that the values of (BH)max first
increase with Cr substitution (x) from 0.00 to 0.15, and
then decrease when Cr substitution (x) ≥ 0.15. The
maximum energy product of the hexaferrite magnets
can be estimated by the product between the remanent
magnetization and coercivity field, and can be
considered as a comparative indication of the hysteresis
area. 

Conclusions

The conventional solid state reaction method was
used to synthesize the Cr substituted M-type hexaferrite
Ca0.30Sr0.35La0.35CrxFe12-xO19 (0 ≤ x ≤ 1.05) magnets. At
Cr substitution (x) ≤ 0.60, XRD patterns of the magnetic
powders show the M-type strontium hexaferrite phase
with α-Fe2O3 as a second phase. When Cr substitution
(x) ≥ 0.60, there are magnetoplumbite phase patterns
with only a small trace of α-Fe2O3 phase. The images of
the magnets show that the hexagonal structures are
formed, and the particle size keeps unchanged with
increasing Cr substitution (x). Br decreases with Cr
substitution (x) from 0.00 to 1.05. Hcj increases with Cr
substitution (x) from 0.00 to 1.05. While Hcb first
increases with Cr substitution (x) from 0 to 0.75 and
then decreases at Cr substitution (x) ≥ 0.75. (BH)max

first increases with Cr substitution (x) from 0.0 to 0.15,
and then decreases at Cr substitution (x) ≥ 0.15.
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Fig. 8. Effects of Cr substitution (x) on the intrinsic coercivity (Hcj)
and magnetic induction coercivity (Hcb) for the M-type hexaferrite
Ca0.30Sr0.35La0.35CrxFe12-xO19 magnets.

Fig. 9. Effect of Cr substitution (x) on the Hk/Hcj ratios for the M-
type hexaferrite Ca0.30Sr0.35La0.35CrxFe12-xO19 magnets.

Fig. 10. Effect of Cr substitution (x) on the maximum energy
product [(BH)max] for the M-type hexaferrite Ca0.30Sr0.35
La0.35CrxFe12-xO19 magnets.
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