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Abstract The effect of c-irradiation on the structure and

magnetic properties of ferrite samples with chemical for-

mula MgxCu0.5-xZn0.5Fe2O4 (where x = 0.0, 0.2, and 0.4)

prepared by conventional ceramic method has been stud-

ied. X-ray diffraction patterns (XRDPs) indicated the

presence of a single spinel phase for all the investigated

samples. The initial permeability and magnetization were

measured, before and after irradiation on toroidal samples

used as transformer cores. The initial permeability li was

measured as a function of temperature at constant fre-

quency of 10 kHz and Curie temperatures (TC) were

determined. It was found that, due to irradiation, both of

lattice parameter and porosity were increased. On the other

hand, the values of magnetization and initial permeability

were decreased as a result of irradiation. In addition, there

was a decrease in the crystallite size, homogeneity, and the

values of Curie temperature with significant decrease in the

values of li and TC for the sample with x = 0.0. The results

are discussed in the light of c-rays interaction with ferrite

lattice.

Introduction

The importance of different types of ferrites emerges from

their applications in industry and electronic circuits [1].

With the rapid development of mobile communication and

information technology, small, inexpensive, and high per-

formance electronic devices are in high demand [2].

Recently, we have witnessed the fast development of

surface mounting devices (SMD) in which multilayer

chip inductors (MLCI) are used. Ni–Cu–Zn ferrites are

employed as a magnetic material for MLCIs because of its

suitable magnetic properties at high frequencies and its low

sintering temperature [3]. Similarly, Mg–Cu–Zn ferrites

found potentials in electronic industry with the advantages

that they are economical and easy to synthesize [1].

Therefore, Mg–Cu–Zn ferrites are considered a promising

material for MLCIs with high-performance and low cost

[4]. Moreover, they are useful in the fabrication of cores of

intermediate frequency transformers (IFT) for amplitude

modulation [5].

The recent increasing in development of measuring

devices and data acquisition modules in nuclear reactors

and accelerators put forward more often the problem of the

radiation effects on these electronic components. Even the

satellites and space crafts can be exposed to cosmic radi-

ation of rather high dose. The radiation may cause exci-

tation, ionization of atoms, or disturbance in the structure

of matter [6]. It was reported that, both the diffusion

coefficient of oxygen ions and the lattice parameters were

increased as a result of irradiation of Co-Zn ferrites by

c-rays [7]. The effect of c irradiation on the dielectric

properties, thermoelectric power and thermal conductivity

of Co–Zn ferrites and on the electrical properties of Li–Co–

Yb ferrites were studied [7–10]. In a recent study, it was

found that the c-rays irradiation improved the magnetic
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properties of Mg–Mn ferrites nano-particles [11]. In this

study, the effect of c-rays irradiation on the structure and

magnetic properties of Mg–Cu–Zn ferrites with different

compositions is studied. The influence of initial perme-

ability and Curie temperature by irradiation is investigated.

Experimental

Samples of MgxCu0.5-xZn0.5Fe2O4 ferrite system with

x = 0.0, 0.2, and 0.4 were synthesized using conventional

ceramic method. A mixture of MgO, CuO, ZnO, and

Fe2O3, with purity 99.9%, was prepared in their respective

stoichiometric ratio and milled using mechanical agate

grinder. To start the primary reactions between the mixed

oxides, the samples were presintered in muffle furnace at

900 �C for 30 h. The samples were ground again

mechanically and pressed in toroidal die under uniaxial

pressure of 4.7 9 108 Pa. They were finally sintered at

1050 �C for 10 h and slowly cooled to room temperature

with cooling rate 1 �C/min. XRDPs were performed using

a diffractometer of type X’Pert Graphics and identified

with Cu Ka radiation. To calculate the porosity percentage

of every sample, theoretical and apparent densities were

determined. The theoretical X-ray density (dx) of the

samples was calculated using the formula dx = 8 M/Na3,

where, M is the molecular weight, N is Avogadro’s num-

ber, and a is the lattice parameter. The density d of each

composition was measured in distilled water using Archi-

medes principle. The porosity percentage P (%) was cal-

culated according to the relation P = 100[1 - (d/dx)]%

[12].

Toroidal samples of average inner diameter 0.85 cm,

outer diameter 1.7 cm, and thickness = 0.4 cm were pre-

pared and used as transformer cores for measuring the

initial permeability (li) as a function of frequency at room

temperature. To avoid the interference between the effect

of heating and the effect of irradiation, we used one toroide

for the temperature dependence of li and another one for

the frequency dependence for each composition. The pri-

mary coil, of 20 turns, was wounded around the toroide and

connected to ac generator type BK-4040A. The induction

voltage (Vs) at the secondary coil of 15 turns was measured

using multimeter type BK-5492MH. The temperature of

the sample was measured using thermocouple type K

inserted in the toroide center and connected to digital

thermometer type BK-710. Polotinnikov formula [13],

Vs = K li, was used to determine the li, where, K is

constant related to the number of turns for the primary (np)

and secondary coils (ns), toroide cross-sectional area (A),

average path of the magnetic flux (rm), and the applied

frequency f. The induced magnetization M in the toroidal

samples by applying magnetic field H was determined from

the relation M = (B/l0) - H, where B is the magnetic flux,

l0 is the air permeability, B = 2500Vs/(104Ansf), H = npip/

(2prm), rm = (ri ? ro)/2, ri is the inner radius and ro is the

outer radius of the toroidal sample [14]. The samples were

exposed to c-rays of 60Co radioactive source in irradiation

cell in Nuclear Research Center, Atomic Energy Authority,

Cairo, Egypt. The dose was amounted 1.9 MGy with dose

rate 5 KGy/h.

Results and discussion

X-ray analysis

Figure 1 shows the XRDPs of unirradiated and irradiated

samples with x = 0.0, 0.2, and 0.4 of Mg-concentrations.

All the XRDPs show single spinel phase for all investi-

gated samples. The average crystallite size (D), as indicator

to the grain size, was calculated using Debye–Scherer

formula. It was found that the value of D is within the

range 134–160 nm. XRDPs show that, a slight shift of the

reflected peaks for the irradiated samples. The relative

intensities of the peaks (400) and (533) decreased after

irradiation for the un-substituted sample (with x = 0).

Whereas, they increased in the substituted ones (samples

with x = 0.2 and x = 0.4). Also, it is noticed that, for the

un-substituted sample, the intensity of the peak (440)

became greater than that of the (311) peak. These results

reveal that after irradiation the plane (440) became more

dense than (311) plane. Such results, the shift in the

reflected peaks were in agreement with that reported by

different authors and they attributed that to the distortion

occurred in the cubic lattice after irradiation [15, 16].

Whereas the obtained modifications in the relative intensity
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Fig. 1 XRDPs for MgxCu0.5-xZn0.5Fe2O4 ferrites (x = 0.0, 0.2, and

0.4) before and after irradiation
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of some reflecting planes due to the irradiation are quite

differ from their results.

Lattice parameter

The d-spacing for each peak was recorded automatically

and then the lattice parameter (a) was calculated from the

relation a = dhkl(h
2 ? k2 ? l2)(1/2). The values of lattice

parameters obtained for each reflected plane are plotted

against the function F(h), where F(h) = (1/2)[(cos2h/

sinh) ? (cos2h/h)]; h is the Bragg’s angle. Straight lines

were obtained and the accurate values of (a) were deter-

mined from the extrapolation of these lines to F(h) = 0

[17]. The variation of lattice parameter with Mg-concen-

tration before and after irradiation is illustrated in Fig. 2a.

It is clear that, as Mg-concentration increases the lattice

parameter decreases approximately linearly obeying

Vegard’s law. This result could be explained on the basis of

the ionic radii due to the replacement of Cu?2 ions of larger

ionic radius (0.72 Å) by the Mg?2 ions of smaller one

(0.65 Å) [18]. Furthermore, it is obvious that the lattice

parameters for the irradiated samples are larger than that of

the unirradiated ones. This could be attributed to the for-

mation of ferrous ion, Fe2?, with radius (0.78 Å) which is

larger than that of ferric ion, Fe3? (0.64 Å). The formation

of ferrous ions due to c-rays irradiation of ferrites was

reported by Refs. [6, 8–10, 15, 19, 20].

Porosity

The variation of porosity (P %) with Mg-concentration,

for the investigated samples before and after irradiation, is

shown in Fig. 2b. One can observe that as Mg-concen-

tration increases (P %) decreases. The result indicates

that, the Mg-substitutions improve the densification of the

ferrite. This behavior could be attributed to filling of the

interstitial positions by the smaller Mg2? ions, then

increasing the density [18]. Also, it is noticed that, the

values of porosity for the irradiated samples are higher

than that of unirradiated ones. This increase in the

porosity could be attributed to the generation of some

lattice imperfections like voids or vacancies at different

depths according to the interaction of c-rays with matter

[7, 9, 19].

Initial permeability and Curie temperature

Figure 3 shows the frequency dependence of the initial

permeability for unirradiated and irradiated samples at

room temperature. It is seen that, li is approximately fre-

quency independent over the measured frequency range.

Also, the values of li for the irradiated samples are lower

than that of unirradiated ones. The composition depen-

dence of li is illustrated in Fig. 4a. It is obvious that, as

Mg-concentration increases the value of li decreases. The

effects of both Mg-substitution and irradiation on the value

of li could be explained on the bases of domain theory.

According to that theory, the initial permeability could be

resolved into two types of mechanisms. They are: (1)

contribution from spin rotation and (2) contribution from

domain-wall motion [21, 22]. However, the contribution

from spin rotation was found to be too smaller than that of

domain-wall motion [23]. So, the permeability in ferrites is

mainly due to domain-wall motion which is given by

li � 1ð Þw�
3pM2

s D

4C
ð1Þ

where Ms is saturation magnetization, D is mean grain size,

C is magnetic domain-wall energy, which is proportional to

the global anisotropy constant [24, 25]. Thus, li could be

written as,

li ffi
M2

s D

K
ð2Þ

where K is magnetocrystalline anisotropy constant.
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Fig. 2 a Lattice parameter versus content of Mg2? ions before and

after radiation. b Porosity versus content of Mg2? ions before and

after irradiation
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The behavior of li with Mg-concentration could be

explained in terms of Eqs. 1 and 2. The results given in

Table 1 show that both magnetization and the average

crystallite size decrease with increasing Mg concentration.

From Eq. 2, this leads to decreasing in li as Mg-concen-

tration increases which is in agreement with the results

reported by Yue et al. [4] and Rezlescu et al. [26]. This

effect probably due to the replacement of Cu2? ion of

magnetic moment (=1 lB) by the non-magnetic Mg2? ion

[27], as both of them prefer the occupation of B-site [28].

On the other hand, the value of K (-2.5 9 10-4)

for MgFe2O4 composition is lower than that of CuFe204

(-6 9 10-4) [29, 30] leading to increasing of li as Mg-

concentration increases. Thus, the obtained behavior of li

versus Mg-concentration reveals that the effect of both

M and D is more dominant than that of K.

From Table 1, it is clear that the average crystallite size

was decreased by irradiation for all Mg-concentrations.

This also, according to Eq. 2, caused a decrease in per-

meability of all the samples as shown in Fig. 4a. Similar

behavior was reported for Co–Zn–Ce and Mg–Ti–Er fer-

rites irradiated by c-rays [16, 18]. Furthermore, the mag-

netization decreased by irradiation for all the investigated

samples. This could be attributed to the transformation of

Fe3? ions of magnetic moment (5 lB) to Fe2? of lower

magnetic moment (4 lB), due to the effect of radiation.

Whereas, it is known that the anisotropic field in ferrites

results from the presence of Fe2? ions (cf. [27] p. 250),

which is formed mainly during the sintering process [31]

and its concentration increased by irradiation. Thus, as a

summary, c-rays irradiation decreased li of all the samples

due to decreasing in M and D and increasing of K. More-

over, the irradiation increases the porosity and the internal

strain as reported in [18], which are considered obstacles

for the domain-wall motion leading to decreasing the initial

permeability.

Figure 5 presents curves of the measured values of li as

a function of sample temperature T (�C) for both unirra-

diated and irradiated samples. It was found that the curves

are for typical multidomain grains showing a sudden drop

in li at TC. The Curie temperature (TC) of each investigated
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sample is determined by drawing a tangent for the curve at

the rapid decrease of li. The intersection of the tangent

with the T-axis determines TC. From Fig. 5, it is observed

that the rate by which li decrease with temperature at TC

after irradiation was lower than that before irradiation. This

could be explained as follows: the sharp decrease of li with

temperature at TC reflects the homogeneity of the sample

which can be expressed as Dli/DT at TC [32, 33]. From

Table 1, one can note that the values of Dli/DT for irra-

diated samples are lower than that of unirradiated ones,

therefore, the homogeneity of irradiated samples are less

than that of unirradiated ones. There are two factors lead-

ing to this result: (1) the increase of the porosity and

internal strain due to irradiation. (2) The decrease of the

average grain size and consequently increasing of the

number of grain boundaries.

The composition dependence of TC for unirradiated and

irradiated samples is shown in Fig. 4b. It is clear that TC

decreases with increasing Mg-concentration before and

after irradiation which is in agreement with previously

reported data [4, 19]. After irradiation the value of TC was

decreased for all Mg-concentrations. For the sample of

x = 0.0, the irradiation caused a significant decrease in its

Curie temperature from 195 to 165 �C. The variation of TC

with both composition and irradiation could be explained

using the pair model. According to this model, the

exchange energy between the magnetic moments in A and

B sites, which determines the Curie temperature, decreases

when the magnitude of the magnetic moments decreases

and the separating distances between them increase (cf.

[27], p. 147). Thus, the behavior of TC versus Mg-con-

centration could be attributed to the decrease in the mag-

netic moments by replacing the magnetic Cu2? ions by the

non-magnetic Mg2? ions. Also, the Curie temperature

decreased due to irradiation as a result of the decrease of

magnetic moments (as noticed in magnetization) and the

increase of the separating distances between the moments

(as indicated by lattice parameters). For the sample of

x = 0.0, irradiation caused significant lattice distortion

observed clearly by the XRDP for that sample and conse-

quently it was of the highest decrease in TC and li values

among the all samples.

Conclusion

X-ray diffractographs for the ferrite samples with chemical

formula MgxCu0.5-xZn0.5Fe2O4 (where x = 0.0, 0.2, and

0.4) assured the cubic spinel structure for all investigated

samples with some modifications in the value of relative

intensity due irradiation. Both lattice parameter and

porosity of the investigated samples increased after irra-

diation. As a result of the irradiation process, there was

disimprovement in the magnetic properties. Where, the

values of magnetization, initial permeability, and Curie

Table 1 Values of magnetization, crystallite-size, and |Dli/DT| for MgxCu0.5-xZn0.5Fe2O4 ferrite samples before and after irradiation

x M (kA/m) at H = 2 (kA/m) D (nm) |Dli/DT|

Unirradiated Irradiated Unirradiated Irradiated Unirradiated Irradiated

0.0 8227 8190 160 144 97 73

0.2 7412 7293 155 140 114 99

0.4 5604 5152 134 92 134 125
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Fig. 5 Temperature dependence of initial permeability of Mgx

Cu0.5-xZn0.5Fe2O4 (x = 0.0, 0.2, and 0.4) before and after irradiation
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temperature in addition to the homogeneity were decreased

by irradiation. A significant decrease in the values of li (up

to 54%) and TC (up to 30 �C) for the sample with x = 0.0.

These results reveal that the structure and the magnetic

properties in the investigated system of Mg–Cu–Zn ferrites

are highly affected by irradiation.
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