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Abstract

Mechanical milling induced structural property modifications in Ni0.5Zn0.5Fe2O4 spinel ferrite have been studied. We have observed two

interesting phenomena (i) ‘‘temperature diffuse scattering’’ due to displacement of atoms from their mean position and (ii) appearance and gradual

evolution of (4 2 0) plane in X-ray diffraction profiles and increase in average percentage disagreement between observed and calculated intensity

ratios value, due to ‘‘preferred grain orientation.’’ Both these effects get prominent with milling time. The X-ray diffraction line intensity

calculations revealed large B-site occupancy of Zn2+-ions, mainly due to modified synthesis procedure employed. The grain orientation factor

increases from 10.6% to 18.1% on milling. It is found that milling has marked influence on various parameters: lattice constant, grain size, stress–

strain, surface area and energy.
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1. Introduction

The research in nanoscience can be framed with three aims:

to synthesize, understand and explore new nanomaterials and

the related phenomena. Nanoparticles of spinel ferrites are of

great interest in fundamental science for addressing relation-

ship between physical properties and their crystal structure and

chemistry. Due to their reduced sizes, these nanoparticles may

possess novel and/or improved properties in comparison to the

bulk materials. This has renewed interest to study different

properties of pure and mixed spinel ferrite systems in

nanocrystalline regime. A wide variety of techniques are being

used to synthesize nanostructured materials including gas

condensation, rapid solidification, electrodeposition, sputter-

ing, crystallization of amorphous phases and chemical

processing [1]. Mechanical attrition-ball milling is a technique

which has also been used widely for preparation of

nanostructured materials [2]. This has become a popular

method to make nanocrystalline materials because of its
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simplicity and relatively inexpensive equipment needed, and

the applicability to essentially all classes of materials. The

major advantage often quoted is the possibility for easily

scaling up to tonnage quantities of material for various

applications. In fact contamination problem is often given as a

reason to dismiss the method at least for some materials [1]. In

the past the effectiveness of a milling process has been assessed

in terms of changes in the particle shape, size and size

distribution. Recently, it has become apparent that in order to

characterize a powder more fully, account must be taken of the

strain content induced during the milling process. Scores of

research articles describing effect of grain size on magnetic

properties of spinel ferrites synthesized by various chemical

routes including ball milling are available in the literature. If we

concentrate only on Ni–Zn ferrite system, which is one of the

most studied spinel system, many research reports describing

magnetic, electric and dielectric properties of Ni1�xZnxFe2O4

(x = 0.0–1.0) ferrite system synthesized by various techniques

are available in the literature [3–13]. A perusal of literature

indicates that these particular aspects, i.e. mechanical milling

induced strain and its effect on structural properties of

Ni0.5Zn0.5Fe2O4 spinel ferrite have not been investigated in

detail, though all other physical properties are decisively
d.

mailto:kunalbmodi2003@yahoo.com
http://dx.doi.org/10.1016/j.ceramint.2009.10.024


N.H. Vasoya et al. / Ceramics International 36 (2010) 947–954948
dependent on structure, grain morphology and cation distribu-

tion in spinel ferrite system. We feel that this study will provide

new dimension in the area of nano-sized ferrite materials and

structure–property co relationship.

2. Experimental details

The bulk, about 20 g, spinel ferrite material with nominal

composition Ni0.5Zn0.5Fe2O4, was prepared by the conven-

tional ceramic route. The powders of a-Fe2O3, ZnO and NiO all

99.5% pure and supplied by Sigma Aldrich were thoroughly

mixed in appropriate stoichiometry, wet ground and calcined at

900 8C for 24 h. Two more cycles of grinding and heating were

used to ensure completer reaction. In pre-sintering process

powder was kept at 950 8C for 18 h and slowly cooled to room

temperature and in final sintering process powder was once

again kept at 950 8C for 12 h and cooled to room temperature at

the rate of 2 8C/min. The as prepared sample was milled up to

9 h using high energy planetary ball mill (Fritsch, Pulverisette

6) with tungsten carbide vials and balls. The milling intensity

was 600 rotations per minute, and ball to powder ratio of 8:1

was chosen. A water was added to the container to improve

particle mobility during milling. The milling process was

interrupted after selected times (3 h, 6 h and 9 h) to take out

small amount of powder, which were heated in air at 50 8C until

completely dry. The stoichiometry of the powder sample was

checked by energy dispersive analysis of X-rays (EDAX). The

samples were characterized for single phase formation and the

determination of structural parameters by X-ray diffractometry

using Cu Ka radiation at 300 K. Microstructural characteriza-

tion was performed by transmission electron microscopy

(TEM), using a TECNAIK20 (Philips) microscope operated at

200 kV. For the TEM observations, the powder was first

dispersed in amyl acetate by ultrasonication and then the

suspension was dropped on a copper grid with a carbon film.

3. Results and discussion

3.1. Energy dispersive analysis of X-rays

It is well known that the high temperature, prolong sintering

of spinel ferrite system containing cations such as Zn2+, Li+,

Cd2+, Ca2+ may results in loss of ingredient, produce oxygen

vacancies and the resultant nonstoichiometric composition

shows unexpected behaviour, that cannot be explain based on

normal stoichiometry. Thus, it was essential to check the

chemical stoichiometry of each composition. The result of
Table 1

EDAX results for un-milled sample of Ni0.5Zn0.5Fe2O4.

Element present Expected EDAX

Concentration

Ni 0.5 0.51 � 0.02

Zn 0.5 0.48 � 0.02

Fe 2.0 2.02 � 0.02

O 4.0 3.98 � 0.03
EDAX (Table 1) confirms the expected stoichiometry. No trace

of any impurity was found indicating the purity of the samples.

It is also clear that there is no loss of any ingredient, this is

mainly due to modified synthesis method employing with

sintering temperature �950 8C. The EDAX results suggest that

the precursors have fully undergone the chemical reaction to

form the expected ferrite material. The reason for making

EDAX characterization was to ratify the purity and surety of the

chemical composition.

After stoichiometric confirmation by EDAX and formation

of single phase, by X-ray diffraction pattern analysis, material

was subject to high energy planetary ball milling. Initially the

grains, most of which were a few micrometers in size, were of a

uniform nature. As milling proceeded, however, these particles

were continuously broken down, becoming irregular in shape,

and a large distribution of fine ‘chippings’ could be observed.

Prolonged treatment in the high energy planetary ball mill

produced a marked and progressive colour changes in the

Ni0.5Zn0.5Fe2O4 spinel ferrite sample. The powder, which was

initially dark brown, becomes a lighter and lighter brown during

milling.

3.2. X-ray diffraction pattern analysis

A first observation that one can made from raw X-ray

diffraction patterns (Fig. 1), is that the intensity of the

background scattering between lines increases, with milling

time. This is called the ‘‘temperature effect’’. As a result of high

energy ball milling high local temperature and pressure

generated, this may result in the displacement of atoms from

their mean position and leads to a partial breakdown of the

conditions necessary for perfect destructive interferences

between rays scattered at non-Bragg angles. This is called

temperature diffuse scattering; it contributes only to the general

background lines of the pattern and its intensity gradually

increases with 2u [14].

The room temperature (300 K) X-ray diffraction (XRD)

patterns for the as prepared (un-milled; 0 h) and the ball milled

samples for various milling times (3 h, 6 h, and 9 h) are

illustrated in Fig. 2. The X-ray diffraction lines were found to be

sharp, which makes the detection of any impurity phase easy. The

indexing and lattice constant determination was carried out using

powder-x software. All the samples are of single phase without

detectable secondary phase within the limit of X-ray detection,

which is typically 5%, and can be indexed with the face centered

cubic (fcc) spinel structure of space group Oh
7 (Fd3m).

A careful examination of X-ray diffraction profiles (Fig. 2)

revealed appearance of (4 2 0) diffraction line (which is also

allowed fcc plane) between (4 0 0) and (4 2 2) planes for 3 h

milled sample and its evolution with further milling time. It is

found that (4 2 0) plane is totally absent for un-milled sample

while its relative intensity increases from 2.5% for 3 h milled

sample, 3.67% for 6 h milled sample to 8.28% for 9 h milled

sample (Fig. 2). Here, it is important to note that (4 2 0) plane is

generally not observed in X-ray diffraction patterns of spinel

ferrite systems prepared by usual ceramic technique or fine

particle ferrite systems synthesized by chemical routes. To best



Fig. 1. X-ray diffractograms (raw data) for un-milled and milled samples of

i0.5Zn0.5Fe2O4 spinel ferrite.

Fig. 2. X-ray diffraction patterns (fitted) of Zn0.5Ni0.5Fe2O4 spinel samples, at

300 K.
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of our knowledge this is first observation of mechanical milling

induced grain orientation in ferrite system. Earlier, for pure

NiFe2O4 [3] and ZnFe2O4 [4] compositions, ball milled for

about 40 h, (3 3 1) plane between (4 0 0) and (4 2 2) has been

observed with very low intensity, but no emphasis was given.

We feel that, appearance and gradual development of (4 2 0)

plane for milled samples, is due to mechanically activated grain

orientation. Each grain in a polycrystalline aggregate normally

has a crystallographic orientation different from that of its

neighbours. Considered as a whole, the orientations of all the

grains may be randomly distributed in relation to some selected

frame of reference, or they may tend to cluster, to a greater or

lesser degree, about some particular orientation or orientations.

Any aggregate characterized by the latter condition is said to

have a preferred orientation, or texture, which may be defined

simply as a condition in which the distribution of crystal

orientations is nonrandom.
The degree of grain orientation in the sintered ceramics can

be monitored by X-ray diffraction, using the X-ray orientation

factor proposed by Lotgering [1]. As the amount of orientation

increases, the 0 0 l X-ray diffraction peak increase and the non-

0 0 l peaks decreases in intensity. Lotgering orientation factor is

given by L( f) = ( p � p0)/(1 � p0), where p and p0 are the ratios

of the sums of intensities of the 0 0 l and h k l peaks for the

oriented and non-oriented patterns, respectively. We have

observed expected variation of 0 0 l and h k l peak intensity

with orientation factor L( f). The L( f) is found about 10.6% for

3 h milled sample, for 6 h sample 15.7% and 18.1% for 9 h

milled sample.

The lattice constant values were determined with an

accuracy of �0.002 Å for different samples and are given in

Table 2. It is found that lattice constant increases for un-milled

samples to 6 h milled sample while for 9 h milled sample it

shows sudden decrease.



Table 2

Lattice constant (a), ionic radius (r), grain size (D) for different samples of Ni0.5Zn0.5Fe2O4 spinel ferrite.

Ni0.5Zn0.5Fe2O4 sample a (Å) � 0.002 Å rA (Å) rB (Å) ath (Å) D FWHM (degree) FWHM (radian) � 10�4 Cos u

�0.002 Å

0 h milled 8.4250 0.660 0.6675 8.3484 1.0 mm – – –

3 h milled 8.4290 0.660 0.6675 8.3484 70 nm 0.1436 25.0470 0.95302

6 h milled 8.4390 0.665 0.6650 8.3494 55 nm 0.1715 29.9188 0.95329

9 h milled 8.4140 0.660 0.6675 8.3484 45 nm 0.2067 36.0555 0.95275

In Scherrer’s formula: l = 0.15418 nm, b = 0.088 (=1.3955 � 10�3 radian) were taken.
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The change in lattice constant in general, be explained on the

basis of (a) change in cation distribution (b) grain size effect,

due to mechanical milling. Both these effects have been

studied, for detailed investigation.

3.2.1. Cation distribution determination

In order to determine the distribution of cations among

available tetrahedral (A-) and octahedral (B-) sites of spinel

lattice, X-ray diffraction line intensity calculations were carried

out using the formula suggested by Burger [15]:

Ih k l ¼ jFh k lj2PmL p

where Ih k l is the relative integrated intensity, Fh k l the struc-

ture factor, Pm the multiplicity factor and Lp is the Lorentz

polarization factor (=1 + cos22u/sin2u cos u).

According to Ohnishi and Teranishi [16], the intensity ratios

of planes I(2 2 0)/I(4 4 0) I(4 0 0)/I(4 2 2), and I(2 2 0)/I(4 0 0)

are considered to be sensitive to the any change in cation

distribution. The ionic configuration based on site preference

energy values proposed by Miller [17] for individual cations in

Ni0.5Zn0.5Fe2O4 composition, suggests that Zn2+ and Ni2+ ions
Table 3

Comparison of X-ray diffraction line intensity ratios for Ni0.5Zn0.5Fe2O4.

Ni0.5Zn0.5Fe2O4 milling time Cation distribution

A-site B-site

0 h Zn0.5Fe0.5 Ni0.5Fe1.5

Zn0.4Ni0.1Fe0.5 Ni0.5Zn0.1Fe1.5

Zn0.4Fe0.6 Ni0.5Zn0.1Fe1.4

Zn0.3Fe0.7 Ni0.5Zn0.2Fe1.3

Zn0.2Fe0.8 Ni0.5Zn0.3Fe1.2

Zn0.1Fe0.9 Ni0.5Zn0.4Fe1.1

Zn0.21Fe0.79 Ni0.5Zn0.29Fe1.21

Zn0.19Fe0.81 Ni0.5Zn0.31Fe1.19

3 h Zn0.2Fe0.8 Ni0.5Zn0.3Fe1.2

Zn0.25Fe0.75 Ni0.5Zn0.25Fe1.75

Zn0.18Fe0.82 Ni0.5Zn0.32Fe1.18

6 h Zn0.2Fe0.8 Ni0.5Zn0.3Fe1.2

Zn0.24Fe0.76 Ni0.5Zn0.26Fe1.24

Zn0.25Fe0.75 Ni0.5Zn0.25Fe1.25

Zn0.26Fe0.74 Ni0.5Zn0.24Fe1.26

9 h Zn0.25Fe0.75 Ni0.5Zn0.25Fe1.25

Zn0.2Fe0.8 Ni0.5Zn0.3Fe1.2

Zn0.22Fe0.78 Ni0.5Zn0.28Fe1.22

Zn0.18Fe0.82 Ni0.5Zn0.32Fe1.18
preferentially occupy A- and B-sites respectively whereas Fe3+

ions occupy A- and B-sites.

An attempts to match the calculated values of plane ratio to

observed ones with well accepted cation distribution:

(Zn0.5
2+Fe0.5

3+)A[Ni0.5
2+Fe1.5

3+]BO4
2� [18,19] surprisingly

fails to large extent (Table 3). Similarly, presence of Ni2+ions

up to 20% on A-site [20] and Zn2+ ions up to 50% on B-site do

not serve the purpose. We have found that for un-milled sample

�60% of Zn2+-ions occupy B-site, with fairly good matching

between observed and calculated intensity ratios value

(Table 3). It is found that for 3 h and 9 h milled sample 60%

of Zn2+ and for 6 h milled sample 50% of Zn2+ ions are present

on the B-site. This is rather unexpected. It is worthwhile to note

that as expected, Ni2+ ions occupy only B-site while occupancy

of Fe3+ to the B-site varying from 60% to 62.5%, for 0 h to 9 h

milled sample.

We feel that this is mainly due to modified synthesis

procedure employed here for Ni0.5Zn0.5Fe2O4 composition.

The percentage occupancy of Zn2+ ions (�60%) on B-site in the

present case is much higher than that reported earlier by Oliver

et al. [8]. It has been reported that for as produced powders of
Ið2 2 0Þ
Ið4 4 0Þ

Ið4 0 0Þ
Ið4 2 2Þ

Ið2 2 0Þ
Ið4 0 0Þ

Obs. Cal. Obs. Cal. Obs. Cal.

0.283 8.898 0.328

0.283 8.898 0.328

0.407 5.059 0.577

0.554 2.976 0.981

0.760 0.724 1.706 1.774 1.667 1.645

0.916 1.053 2.771

0.706 1.868 1.562

0.742 1.685 1.732

0.726 1.776 1.648

0.663 0.638 1.713 2.298 1.746 1.273

0.762 1.601 1.828

0.730 1.781 1.650

0.659 2.189 1.342

0.525 0.642 1.940 2.305 1.227 1.275

0.625 2.427 1.21

0.460 2.293 1.269

0.622 0.523 2.020 1.771 1.641 1.643

0.497 1.964 1.481

0.550 1.597 1.822
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ZnFe2O4 prepared through the low temperature (200 8C)

supercritical sol gel drying method about 21% of Zn2+ cations

and for 10 h milled sample 45% of Zn2+ ions occupy B-site

[8,21]. It is consistent with 64% of Zn2+-ions occupy B-site for

14 h milled sample of ZnFe2O4 [7]. The large redistribution of

zinc cations into octahedral sites may be attributed to the

ascendance in importance of simple geometric considerations

over crystal energy and bonding effects in determining the site

occupancy in these structurally disordered materials. Since

ionic radius of Zn2+ ion (0.74 Å) is larger than the tetrahedral

interstitial site dimension, the strong preference of Zn2+ ion for

A-site was originally considered anomalous under equilibrium

conditions. Later on the crystal energy calculations established

that the tetrahedral site occupancy of zinc had a very high

electrostatic stability [22]. It is, however, expected that the

static structural disorder introduced by mechanical activation

diminishes the relevance of the electrostatic energy compared

to that of the large zinc ionic radii for site occupancy

determination [8].

It is important to note that average percentage disagreement

between observed and calculated intensity ratios value varies

from 3.3% for un-milled sample to 5.9% for 3 h milled sample,

12.6% for 6 h and 9.5% for 9 h milled sample. This can be

explained on the basis of grain orientation with milling. This is

due to the fact that the cos u portion of the Lorentz factor is

valid only when the crystals making up the specimen are

randomly oriented in space preferred orientation of the crystal

grains causes radical disagreement between calculated and

observed intensities and, when such disagreement exists,

preferred orientation should be the first possible cause to be

suspected [1]. This variation is quite consistent with the

variation of strain (Table 4) with milling time.

In order to explain lattice expansion from 8.4250 Å for un-

milled sample to 8.4390 Å for 6 h milled sample, we have

calculated the value of the mean ionic radius per molecule of

the A- and B-sites, (rA and rB, respectively), using the cation

distribution for both the samples, using the relation [23]:

rA ¼ ½CAZnrðZn2þÞ þ CAFerðFe3þÞ�

rB ¼ ð1=2Þ½CBZnrðZn2þÞ þ CBNirðNi2þÞ þ CBFerðFe3þÞ�

where r(Zn2+), r(Ni2+) and r(Fe3+) are the ionic radii of

Zn2+(0.74 Å), Ni2++(0.69 Å) and Fe3++(0.64 Å) respectively,

while CAZn, CAFe are the concentration of the Zn2+ and Fe3+

ions on A-site and CBZn, CBNi, and CBFe are concentrations of

Zn2+, Ni2+ and Fe3+ ions on B-sites, respectively. It can be seen

that (Table 2) rA for un-milled sample is smaller than rA for 6 h

milled sample, due to replacement of larger Zn2+ ion from B-

site to A-site, at the same time replacement of smaller Fe3+ ion
Table 4

Stress–strain parameters for milled samples.

Ni0.5Zn0.5Fe2O4 sample Dd
d � 10�4 Tensile stress � 105 C

3 h milled 03.145 192.3 1

6 h milled 29.800 1839.8 13

9 h milled 27.680 1734.2 12
from A-site to B-site, reduces rB for 6 h milled sample. Of

course, relative change in rA is greater than rB, but theoretically

contribution of rB is H3 times greater than rA to the lattice

constant value, thus overall increase in lattice constant value

due to redistribution of cations is seems to be negligible.

It is known that there is a correlation between the ionic

radius and the lattice constant. The lattice constant can be

calculated theoretically by the relation suggested by Mazen

et al. [24].

ath ¼ 8=3
p

3½ðrA þ R0Þ þ
p

3ðrB þ R0Þ�

where R0 is the radius of oxygen ions (1.32 Å). It is found that

theoretically estimated lattice constant value (ath) as well as

previously reported experimental lattice constant values of

8.3937 Å [18], 8.3705 Å [25], 8.387 Å [12], etc. is much

smaller than presently found experimental value of lattice

constant. This may be due to presence of larger Fe2+(0.74 Å)

in the system. The formation of ferrous ion is quite probable in

such systems. Apart from the phase identification, lattice

parameter and grain size determination, X-ray diffraction

pattern can also be used to study the lattice strain. The Bragg

reflection peak (3 1 1) along with the corresponding Bragg

angle (u) and inter planer spacing (d) values, for all the samples

is shown in Fig. 4 for comparison purpose.

It is found that the diffraction line shifts to lower angle for

3 h and 6 h milled samples with reference to un-milled sample

while it shifts to higher angle for 9 h milled sample but does not

otherwise change in intensity, as shown in Fig. 3. These

observations suggest uniform strain has been produced due to

mechanical milling in the samples. In the present case increase

in lattice constant value from un-milled to 6 h milled sample

may be due to the strong internal strains introduces during

mechanical treatment causing increase in plane spacing d,

results in the unit cell expansion and therefore in the 2u
positions of the diffraction lines. The formation and presence of

Fe2+-ions may also be the reason for lattice expansion, as Fe2+–

O bond length for A- and B-site is 1.995 Å and 2.12 Å

respectively, while Fe3+–O bond length is 1.865 Å and 2.02 Å

for A- and B-site, respectively [18].

3.2.2. Grain size determination

The average grain diameter (D) for ball milled samples was

calculated from the broadening of the respective high intensity

(3 1 1) peak using the Debye Scherrer formula:

D ¼ Kl

B cos u

Here, l is the wave length of the Cu Ka radiation

(=0.15418 nm), constant K (=0.9), is related both to the
ompressive stress � 105 Tensile strain OR compressive strain � 10�4

41.8 01.573

16.1 14.900

30.0 13.840



Fig. 3. X-ray diffraction peak (3 3 1) for different Ni0.5Zn0.5Fe2O4 samples.

Fig. 4. Transmission electron micrograph for 3 h milled sample of Ni0.5Zn0.5-

Fe2O4.

Fig. 5. Strain graphs for 3 h, 6 h, and 9 h, milled samples of Ni0.5Zn0.5Fe2O4

spinel ferrite.
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crystallite shape and the way in which B and D are defined. B is

the contribution to the XRD peak width due to the small size of

crystallites in radians. The contribution must separate out from

the measured line width Bm which includes instrumental

broadening b, always present irrespective of the particle size.

For this, one can record XRD pattern of a well crystallized,

bulk, standard material such as silicon powder under identical

geometrical conditions and measure the peak width b. The

broadening parameter B is obtained from the relation:

B ¼ ðB2
m � b2Þ1=2

The average grain size reduces from 70 nm for 3 h milled

sample to 45 nm for 9 h milled sample (Table 2). Size of the

grain decreases as the milling time increases because the kinetic

energy generated by the series of collisions among balls is

transferred to the system. The grain size when calculated at

different u values was at variance, indicating the presence of

strain.

While X-ray diffraction (XRD) pattern analysis gives the

crystal structure and average grain size, transmission electron

microscopy (TEM) shows the grain morphology and its size

distribution. Fig. 4 shows typical transmission electron

micrograph of the 3 h milled sample. The grain size estimated

from TEM is slightly greater than the grain size estimated from
XRD for all the samples. This is because X-ray diffraction gives

the information of crystalline region only and the contribution

from the amorphous grain surface does not contribute. On the

other hand TEM gives the complete picture of the nanopar-

ticles.

It follows that for 3 h and 6 h milled samples, there would be

unpaired electronic orbital at the outer surface of each particle.

This roughly parallel array of surface dipoles would repel each

other and result in a larger value of the equilibrium lattice

constant than in the bulk crystal [26]. The probable reason for

reduction in lattice constant value for 9 h milled sample could

be the presence of lattice defects and its influence on the

nanoparticles, especially on the surface.

3.3. Stress–strain determination

The variation in strain (Dd/d), equivalent to a fractional

variation in plane spacing, has been calculated for milled

samples by taking into account ‘d’ spacing value of most

intense (3 1 1) peak and given in Table 4. This value of Dd/d

however, includes both tensile and compressive strain and must

be divided by two to obtain the maximum tensile strain alone, if



Table 5

Strain (e), bulk density (r), surface area (S) and equivalent surface free energy for different samples of Ni0.5Zn0.5Fe2O4 spinel ferrite.

Ni0.5Zn0.5Fe2O4 sample e � 10�4 (W–H) he2i1/2 � 10�5 D (W–H) r (g/cm3) S (m2/g) Equivalent surface free energy (10�3 cal/g)

0 h milled – – 2.5 mm 4.53 0.53 0125.6

3 h milled 1.0 7.07 80 nm 4.50 16.67 3950.8

6 h milled 3.2 22.62 58 nm 4.37 23.67 5609.8

9 h milled 4.3 30.40 48 nm 4.38 27.40 6493.8
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these two are assumed equal. The maximum strain so found can

than be multiplied by the Young’s modulus (E) and bulk

modulus (B) respectively, to give the maximum stress present.

Initially, the strain rapidly increases from 3 h milled to 6 h

milled sample and then slowly decreases for 9 h milled sample

(Table 4). Earlier, for many metals it has been observed that,

the strain rises with decreasing grain size, reaches a maximum

and then decreases to low values for the smallest nanocrystal-

line grain sizes [1], as in the present case. Stress relaxation may

be responsible for the maxima. In the early stage of ball

milling, the strain increases due to the increasing defect

density.

The grain size and microstrain developed during the milling

process were also deduced from the X-ray diffraction line

broadening (B) using the analysis described by Williamson and

Hall (W–H) [27]

B cos u ¼ eð4 sin uÞ þ l

D

where B (FWHM in radian) is measured for different XRD lines

corresponding to different planes, e is the strain developed and

D is the grain size. The equation represents a straight line

between 4 sin u (X-axis) and B cos u (Y-axis). The slope of line

gives the strain (e) and intercept (l/D) of this line on the Y-axis

gives grain size (D).

Fig. 5 shows 4 sin u! B cos u lines for all the three milled

samples. All exhibit the scatter of points known as a

‘deviation pattern’ which is typical of a deformed face

centered cubic materials [28]. The grain sizes calculated from

this graph is in reasonable agreement to those calculated from

Scherrer’s formula. Strain continues to increase with an

increase in milling time. Since the strain effect is cumulative

with time it probably occurs initially in the surface regions of

the grains, but as milling proceeds and the grains become

smaller, strain becomes evident throughout each grain. The

root mean square (rms) atomic level strain he2i1/2 within the

particles are also included in Table 5. Strain values are also

consistent with those calculated from d-spacing values. The

grain size determined from W–H formula is slightly higher

than those calculated using Scherrer’s formula (Table 2). The

difference in the values is due to the fact that in Scherrer’s

formula strain component is assumed to be zero and observed

broadening of diffraction peak is considered as a result of

reducing grain size only.

Attempt has been made to calculate surface area (S) and

equivalent surface free energy for all the samples. Assuming all

the particles to be spherical, the specific surface area in meter
square per gram is given by:

S ¼ 6000

Dr

where D is the diameter of the particle in nm and r the density

of the particle in g/cm3. The specific surface area (Table 5) of

the particle increases as the grain size decreases.

The surface free energy calculated assuming the grains to be

spheres with a surface energy of 1000 erg/cm2 [29], increases

with decreasing grain size. In the case of nanoparticles, surface

atoms are not bonded to the maximum number of nearest

neighbours, and are therefore in a higher energy state than the

atoms at interior positions. The bonds of these surface atoms

that are not satisfied give rise to a surface energy. In the field of

nanomagnetism this surface energy plays very crucial role.

4. Conclusions

Summing up the study on the mechanical milling induced

structural modifications in Ni0.5Zn0.5Fe2O4 spinel ferrite, leads

to conclude that:

(i) milling induced strain displaced atoms from their mean

position, results in ‘‘temperature diffuse scattering’’ effect.

(ii) the appearance and evolution of (4 2 0) plane for milled

samples as well as increase in average percentage

disagreement between observed and calculated intensity

ratio values with milling time is due to preferred

orientation of grains.

(iii) occupancy of Zn2+-ions at B-sites for all the samples is

about 50–60% confirmed by X-ray intensity calculations

mainly due to modified synthesis procedure employed.

(iv) maximum stress and strain have been observed for 6 h

milled sample after that it levels off, the parameters like

lattice constant, grain size, surface area and surface energy

are greatly influenced by milling.

Based on above facts it is clear that mechanical milling

induced strain and its effect on structural properties leads to

some interesting phenomena. These may help to understand

other physical properties in depth.
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