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bstract

 Ni–Zn ferrite precursor powder was synthesized by co-precipitation upon adding ammonia to an aqueous solution of the precursor iron, nickel,
nd zinc nitrate salts. The powder was calcined at a range of temperatures (200–1200 ◦C) and the crystalline phase evolution was assessed by X-ray
iffraction coupled with Rietveld refinement. Intermediate phases (NiFe2O4 and Fe2O3) with increasing crystallinity coexisted in the system up
o 1000 ◦C. The required Ni0.8Zn0.2Fe2O4 phase could only be attained at 1200 ◦C. The magnetic properties measured using a vibrating sample

agnetometer revealed high magnetization saturation level (∼59 emu/gm) above 400 ◦C. The coercivity showed a steady decrease with increasing

eat treatment temperature, leading to a change from a hard to soft magnetic state. The BET specific surface area and the SEM morphology were
ound to be dependent on calcination temperature, atmosphere (air or N2) and on the milling procedure.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Ni–Zn ferrite with the spinel structure is a versatile tech-
ological material due to its high-resistivity and low-Eddy
urrent losses, and is particularly suitable for high-frequency
pplications. Ni–Zn ferrites have been commercially used in
pplications including recording heads, antenna rods, loading
oils, microwave devices and the telecommunication field.1,2 In
he typical ion configuration for Ni–Zn bulk ferrites (for low Zn

oncentration), Ni and Zn ions occupy B-site and A-site posi-
ions respectively. The incorporation of divalent zinc into the
-site leads to a substantial increase of the magnetization in
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he ferrimagnetic state, from 2.34 �B per formula unit in pure
i ferrite to 3.65 �B per formula unit in 20% substituted Zn

errite.3

The microstructure and magnetic properties of Ni–Zn ferrites
re highly sensitive to composition, sintering conditions, grain
ize, the nature and amount of any additives and impurities and
he preparation methodology. Therefore, the chemical composi-
ion and processing methods are critical factors that determine
he physical properties of ferrites. Recently, many publica-
ions have reported various “bottom up” preparation techniques
ased on wet-chemical reactions to obtain ferrite powders.
he most popular are: sol–gel methods,4–6 microemulsion7

ydrothermal-microwave8 and hydrothermal synthesis,9–11 and
o-precipitation.12–14 The wet chemical synthesis of highly reac-

ive powders has proved to be one of the most effective routes
o decrease the reaction temperature to obtain ferrites. Co-
recipitation and sol–gel methods produce homogeneous, fine
nd reproducible precursor ferrite powders, i.e., metal oxides are
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Table 1
Samples’ codes and respective post synthesis procedures for NiZn ferrite pow-
ders obtained by co-precipitation.

Sample code Preparation conditions

Sample 1 NiZn ferrite calcined at 400 ◦C in air before milling
Sample 2 Sample 1 after deagglomeration in a mortar
Sample 3 Sample 1 planetary milled in ethanol
Sample 4 Sample 3 heat treated again at 400 ◦C but in N2 atmosphere

t
f
p
m
p
c
t
t
t
a
t
p
(
a
a
c
s
a
i

i
b
B
N
d
6
e
m
w
a
p
o
p
p

a
i
o
t
a
S
J
t

470 S.M. Olhero et al. / Journal of the Euro

rstly obtained by chemical synthesis without ferrite formation
nd, subsequently, high temperatures are needed to promote their
hemical reaction to form different kinds of ferrites.10,12,15 From
he thermal dynamics viewpoint, it is well established that den-
ification is enhanced by using fine-grained powders exhibiting
igh surface free energy. However, increased diffusion activity
n strongly curved surfaces is a feature of an individual particle
nly, whereas the densification activity describes the interaction
f a multitude of particles, and the high surface of particles is
lso a strong driving force for agglomeration. The formation of
gglomerates resulting in inhomogeneous pore size distribution
ay considerably retard densification and increase the average

rain size of sintered bodies.16

The synthesis of ferrites by using “top-down” methods, such
s high energy mechanical milling, has been also reported.17–20

his means that besides deagglomerating the starting compo-
ent precursor powders, the milling energy might also induce
he formation of new crystalline phases and change the surface
haracteristics of the ferrite powders. The effects of morphologi-
al/chemical changes occurring during milling on the dispersion
bility of ferrite powders have not been reported so far. Thus,
he present study aims at synthesising Ni–Zn ferrite parti-
les in two steps: chemical co-precipitation of corresponding
recursor oxides and their chemical reaction at high temper-
ture. The precursor powder mixture heat treated at 400 ◦C
as selected to evaluate the effects of other physical treatments

milling/atmosphere of heat treatment) on the crystalline phase
ssembly, the physical characteristics of the powders, including
he magnetic properties. This temperature (400 ◦C) represented

 good compromise between incipient magnetic properties and
 low degree of powder agglomeration.

. Experimental  procedure

The synthesis of the ferrite precursor powder was performed
y the co-precipitation method using high-purity nickel nitrate
exahydrate [Ni(NO3)2

•6H2O, Sigma Aldrich, Germany],
inc nitrate hexahydrate [Zn(NO3)2.6H2O, Sigma Aldrich,
ermany] and iron nitrate nonahydrate [Fe(NO3)3

•9H2O,
igma Aldrich, Germany] as starting materials. Ammonia solu-

ion (ammonium hydroxide solution, ca 25% NH3, Sigma
ldrich, Germany) was also used as precipitating agent. The

ationic reagents corresponding to 0.25 mol of Ni0.8Zn0.2Fe2O4
errite were weighted separately, dissolved in a beaker contain-
ng about 0.9 L of de-ionized water and then transferred to a
olumetric borosilicate glass flask, adding the necessary water
o complete the total volume of 1 L. This cationic solution was
eated to 80 ◦C under continuous mechanical stirring, and then
mmonia solution was slowly added to set the pH at around
.5. The synthesis conditions (temperature, pH and mechani-
al stirring) were kept constant for 2 h in order to complete the
eaction. The precipitated powder was filtered and washed twice
ith distilled water and then dried at 80 ◦C for 48 h.

The thermal behaviour of the dried powder from room tem-

erature up to 1200 ◦C was assessed by DTA/TG analysis
SETARAM, Labsys, Caluire, France) using a heating rate of
0 ◦C/min. Based on the results observed, powder samples were

M
p
u

hen calcined at 200, 300, 400, 600, 800, 1000 and 1200 ◦C
or 1 h, to study the effects of heat treatment on crystalline
hase evolution. Heat treatments were carried out in a Ther-
olab furnace with a heating rate of 5 ◦C/min to achieve the

reset temperature, followed by a dwelling time of 1 h and then
ooled to room temperature at the rate of 5 ◦C/min. A calcination
emperature of 400 ◦C was then selected to study the effects of
he heat treatment atmosphere and deagglomeration method of
he powders on their properties. This temperature represented

 good compromise between the incipient magnetic proper-
ies and a low degree of powder agglomeration. Accordingly,
owder samples were treated as follows: (i) air atmosphere;
ii) air atmosphere + hand deagglomeration in a mortar; (iii) air
tmosphere + planetary milling for 4 h in ethanol; and (iv) air
tmosphere + planetary milling for 4 h in ethanol, followed by
alcination in nitrogen atmosphere at 400 ◦C for 1 h; (v) the
ame as (iv) + hand deagglomeration in a mortar. Sample codes
nd the respective experimental conditions used are presented
n Table 1.

Qualitative and quantitative analysis of crystalline phases
n the resultant Ni–Zn ferrite powders were determined
y X-ray diffraction (XRD) analysis using a conventional
ragg–Brentano diffractometer (Philips PW 3710, Eindhoven,
etherlands) with Ni-filtered Cu-K� radiation. X-ray diffraction
ata were recorded in 2θ  range = 5–100◦ (step size 0.02◦ and

 s of counting time for each step). The phase fractions were
xtracted by Rietveld-RIR (reference intensity ratio) refine-
ents, using GSAS software and EXPGUI. The background
as successfully fitted with a Chebyshev function with a vari-

ble number of coefficients depending on its complexity. The
eak profiles were modeled using a pseudo-Voigt function with
ne Gaussian and one Lorentzian coefficient. Lattice constants,
hase fractions, and coefficients corresponding to sample dis-
lacement and asymmetry were also refined.

The specific surface area was determined by the nitrogen
dsorption BET method using a Surface Area Analyzer (Gem-
ni, Micromeritics, USA). Density and particle size distribution
f the powders were measured by using helium gas picnome-
er (Accupyc Quantachrome, Florida, USA) and laser scattering
nalyser (Coulter LS 230, Buckinghamshire, UK), respectively.
canning Electron Microscopy (SEM, Hitachi S-4100, Tokyo,
apan) was used to analyse the shape and state of agglomera-
ion of Ni–Zn ferrite particles treated under different conditions.

agnetization measurements were made on a Vibrating Sam-

le Magnetometer (VSM, Cryogenics, UK) at room temperature
sing a field up to 10 T.
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Table 2
Surface area (BET) and D50 of the NiZn ferrite powders calcined at different
temperatures from 300 to 1200 ◦C.

Calcination temperature
in air atmosphere (◦C)

Specific surface
area (m2/g)

D50 (�m) Density (g/dm3)

200 149.07 22.96 2.417 ± 0.05
300 99.57 26.88 5.132 ± 0.184
400 (Sample 1) 76.82 29.48 5.351 ± 0.107
600 13.13 46.75 5.345 ± 0.162
800 0.251 75.22 5.349 ± 0.251
1000 0.111 191.5 5.360 ± 0.051
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ig. 1. XRD patterns of Ni–Zn ferrite powder calcined at different temperatures
n the ranges of 200–600 ◦C (a); and of 800–1200 ◦C (b).

.  Results  and  discussion

.1.  Thermal  behaviour  of  the  precipitated  precursor
errite powder

The DTA/TG curves of the precipitated powder after being
ried at 80 ◦C (not shown) revealed an almost linear weight
oss rate from approximately the drying temperature (80 ◦C) to
bout 240 ◦C, which can be attributed to the gradual dehydra-
ion of the precipitated species (likely amorphous hydroxides).
hen, a sudden weight loss accompanied by a strong exother-
ic effect occurred at around 250 ◦C. Such exothermic effect

an hardly be attributed to the transformation from amorphous
o crystalline matter. In fact, Fig. 1a reveals that the degree
f crystallinity changed only slightly when the heat treatment
emperature increased from 200 to 300 ◦C. This strong exother-

ic effect can be attributed do the decomposition of residual

mmonium nitrate according to the reaction (1)21,22:

H4NO3 →  2 N2(g) +  2H2O(l) +  O2(g) (1)

i
w
o
p

200 0.078 258.2 5.365 ± 0.020

The explosive properties of ammonium nitrate are well
nown, which become much more evident at elevated
emperatures.21,22

After the sudden decomposition of ammonium nitrate
emains, the TG curve retook approximately the same slope
s before, suggesting that the dehydration process contin-
ed at about the same rate, becoming almost complete up to
00 ◦C. Practically, no further weight changes could be regis-
ered beyond 500 ◦C.

The XRD patterns of Ni–Zn ferrite powders calcined for 1 h
n air atmosphere at temperatures from 200 ◦C to 600 ◦C and
rom 800 ◦C to 1200 ◦C are shown in Fig. 1a and b, respec-
ively. Broad peaks of intermediate phases (NiFe2O4 and Fe2O3)
ould be identified at 200 ◦C, becoming gradually sharper as the
eat treatment temperature was increased. The peak broaden-
ng observed for the samples treated at the lower temperatures
eflects the ultra-fine nature of the crystallites and the presence
f amorphous material. The required phase, Ni0.8Zn0.2Fe2O4,
ould only be attained at 1200 ◦C, indicating that the free
ematite existing at lower temperatures gradually reacted during
intering, particularly for T  ≥  1000 ◦C. The complete transfor-
ation into Ni–Zn ferrite phase at 1200 ◦C is consistent with the

esults obtained by other authors.23

Density and average particle/agglomerate size (D50) data
f the Ni–Zn ferrite powders calcined at different tempera-
ures in air atmosphere are presented in Table 2. As expected,

50 increases as the heat temperature increases, a reflection
f an increasing agglomeration trend. The powder calcined at
00 ◦C presents a much lower (less than half) density in com-
arison to the theoretical density of Ni–Zn ferrite and other
hases present (NiFe2O4 = 5.372 g/cm3, Fe2O3 = 5.267 g/cm3

nd Ni0.8Zn0.2Fe2O4 = 5.324 g/cm3). This can be attributed to
ts high hydrated state as could be deduced from the results of
hermal analysis. The density of the sample calcined at 400 ◦C
eaches a value similar to that of Ni–Zn ferrite, which then
emained almost constant with further increasing the heat treat-
ent temperature.
Performing quantitative XRD analysis of the crystalline

hases in this system is tricky because the diffraction peaks of
he expected Ni–Zn ferrite phase (Ni0.8Zn0.2Fe2O4) are approx-
mately coincident with those of NiFe2O4 and Ni–Zn ferrites

ith other Ni/Zn ratios. This applies particularly to the spectra
btained at lower calcination temperatures that include broad
eaks. This dilemma has been also reported by other authors who
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ig. 2. Observed (crosses), calculated (continuous line), and difference curve
rom the Rietveld refinement of the Ni–Zn ferrite calcined at 1200 ◦C.

bserved a shift of X-ray reflections towards small angles with
ncreasing zinc content.24 The authors attributed this behaviour
o the increase in the crystallographic cell dimensions with
ncreasing zinc content. However, this 2-theta shifting can only
e observed if sharper peaks are present. Therefore, Rietveld
efinement was used in the present work as a tool to assess the
ualitative and quantitative information about the crystalline
hases formed as a function of the heat treatment tempera-
ure. Table 3 presents the quantitative analysis of the crystalline
hases present in all the samples calcined at different tempera-
ures as obtained from XRD analysis combined with the Rietveld
IR technique. Fig. 2 shows the fit of a measured XRD pattern
f the Ni–Zn ferrite calcined at 1200 ◦C by using the GSAS
XPGUI software.

The calculated diagram (Fig. 2) is based on crystallographic
tructure models, which also take into account specific instru-
ent and sample effects. The parameters of this model have been

efined simultaneously using least-squares methods in order to
btain the best fit to all measured data. By least squares refine-
ent, a so-called figure-of-merit function R has been defined,
hich describes the residual (agreement) between observed and

alculated data. It is noteworthy that many different statisti-
al R  factors have been proposed for judging the quality of

 Rietveld refinement. The R  factors show the mean devia-
ion from the model in per cent. The “profile R-factor”, Rp,
nd “weighted profile R-factor”, Rwp, for all the refinements
re presented in Table 3. The values of Rwp as obtained in
he present investigation are well within the limits of experi-
ental accuracy. The difference plot in Fig. 2 does not show

ny significant misfits. As is evident from Table 3, the crys-
alline phase, Ni0.8Zn0.2Fe2O4, is only formed after calcination
t 1200 ◦C, and even then is mixed with NiFe2O4. Increasing
he reaction time from 1 h to 4 h at this temperature (1200 ◦C)
urther promoted the thermal reaction and resulted in a signif-
cant increase of the amount of Ni0.8Zn0.2Fe2O4, as expected.
iFe2O4 and ZnFe2O4 were always present as the main crys-
alline phases, especially in the samples calcined at the lower
emperatures, in which they reach together a crystalline fraction
f ∼90%. These two phases are not distinguishable from the
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SAS program since they present similar cell parameters and
ell volumes, but a mixture of both is likely to be formed. Fe2O3
as also present as a secondary phase, the fraction of which

ncreased up to 800–1000 ◦C, being accompanied by a concomi-
ant decreasing amount of NiFe2O4/ZnFe2O4. The Fe2O3 phase
hen disappeared with the temperature further increasing.

It is important to mention that the accuracy of the phase
nalysis is less for heat treatment temperatures below 600 ◦C,
ecause of the low crystallinity of the samples. Moreover, the
act that only about 82% of the planed ferrite composition has
een achieved after sintering at 1200 ◦C for 4 h might be related
o small deviations from stoichiometry due to partial evapora-
ion of zinc and niquel in the form of ZnO and NiO. To ascertain
his, we have determined the weight loss underwent by the pre-
ursor powder within the temperature range of 600–1200 ◦C.

 total weight loss of 0.9% was found. Even assuming that all
he mass lost was solely due to evaporation of ZnO, this would
orrespond to 12.15% loss of total ZnO in the system.

According to the XRD results, the material is mostly amor-
hous when calcined at low temperatures, becoming increasing
rystalline as the heat treatment temperature is increased. The
mount of the amorphous phase was only qualitatively deduced
rom the peak broadening effects. Quantitative phase analysis
sing the common internal standards tested (Al2O3 and LaB6)
ould not be performed due to the close matching of XRD peaks
f the standards and samples at the same 2-theta values. For
alcination temperatures up to 1000 ◦C the NiFe O /ZnFe O
2 4 2 4
nd Fe2O3 phases coexisted with some amorphous material, and
ietveld analysis did not show any relevant local deformation

n these phases at the atomic level, as the relative changes in

t
t
S
a

Fig. 4. SEM micrographs of the NiZn ferrite powders calcined at 400 ◦C in en
ig. 3. Variation of saturation magnetization of (NiZn)Fe2O4 with calcination
emperature (particle size).

heir lattice parameters were limited to ∼1%. Average crystal-
ite sizes of the calcined samples have been calculated from XRD
iffraction peaks and increase gradually from 1.5 nm at 200 ◦C
o 8.6 nm at 600 ◦C. A substantial increase to 39.3 nm occurred
pon heat treating at 800 ◦C, followed by a further increase to
3.4 nm up to 1200 ◦C.

The effect of heat treatment temperature on magnetic proper-
ies was investigated through isothermal magnetization at room

emperature (300 K) up to an external field of 10 T (Fig. 3).
amples calcined in the temperature range of 200–600 ◦C show

 steady increase of magnetization with magnetic field, without

vironment and nitrogen atmosphere and milled in different conditions.
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Table 4
Results of Rietveld RIR quantitative analysis (wt.%) for Ni–Zn ferrite powder
calcined at 400 ◦C (O2 or N2) and subjected to different milling conditions.

Sample code (see Table 1) Specific surface area (m2/g) D50 (�m)

1 76.82 29.48
2 85.82 5.120
3 131.83 1.505
4
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the powder (irrespective of dry or wet milling) seems to change
the apparent partition of NiFe2O4 and Fe2O3 phases from about
91% to about 95% of NiFe2O4. Considering the low energy
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eaching saturation even at 10 T. A clear saturation at low fields
in the range above 0.5 T) is only observed in samples calcined at
r above 800 ◦C. The magnetization at maximum field increased
ith calcination temperature reaching values of ∼50–60 emu/g

2.1–2.5 �B per formula unit), with small variations in the range
f 400–1000 ◦C. A detailed analysis reveals that the magnetiza-
ion field is higher for the sample calcined at 600 ◦C with a slight
ecreasing trend with further increasing the calcination temper-
ture up to 1000 ◦C. Finally, a large increase in the saturation
agnetization to ∼80 emu/g (3.4 �B per formula unit), was reg-

stered for the sample calcined at 1200 ◦C. These changes can
e understood relating to the progressive phase modifications
nd crystallite average sizes with increasing calcination temper-
ture. The initial increase of magnetization value reflects mostly
he reduction of structural disorder and grain/crystallite growth,
tepping when values reach the Ni ferrite value (2.3 �B per for-
ula unit) at calcination temperature 600 ◦C. The further slight

ecreasing trend correlates well with an apparent increase of the
mount of antiferromagnetic Fe2O3 phase (Table 3). Finally, the
udden jump in the magnetization to ∼80 emu/g confirms that
nly at 1200 ◦C the required crystalline phase, Ni0.8Zn0.2Fe2O4
with expected 3.65 �B per formula unit) is formed and dom-
nates, but still containing some amount of Ni ferrite phase.

oreover, the absence of clear saturation at lower applied fields
elow 800 ◦C calcination temperature correlates with the smaller
rystallite size below 10 nm, which leads to a substantial surface
o volume ratio with inherent surface magnetization disorder and
rustrated magnetic interactions.

A more quantitative analysis of results is made difficult
rom the interplay of phase composition modifications and crys-
allinity effects, particularly at intermediate temperatures. At
00 ◦C the magnetization may be masked by the amount of amor-
hous phase, while within the temperature range 600–1000 ◦C
t might be affected by the increasing amounts of antiferromag-
etic Fe2O3 in the system. As a result, the measured coercive
eld does not present a clear trend with calcination temperature,
emaining in the range 0.009–0.0250 T (90–250 Oe), the lowest
alue being obtained in the sample calcined at 1200 ◦C, corre-
ating also with the formation of Ni–Zn ferrite. The expected
alues for Ni ferrite and Ni–Zn ferrite are 0.019 and 0.005 T,
espectively. The highest value is found in the sample calcined at
00 ◦C. For a pure material, due to change in effective anisotropy,
ne might expect an initial increase with crystallite size and a
urther decrease as the multi-domain region is reached.25

.2.  Effects  of  heat  treatment  atmosphere  and  of
eagglomeration procedure

The quality of ceramic processing strongly depends on
he powders, namely, on particle/agglomerate size and par-
icle/agglomerate size distribution, specific surface area, etc.
hese characteristics, in turn, are dependent on the thermal his-

ory and eventually, on the heat treatment atmosphere. Based

n these considerations and on the results presented above, the
emperature of 400 ◦C was selected to study the effects of heat
reatment atmosphere and of deagglomeration procedure on the

agnetic and surface properties of the particles.
F
m

 99.57 2.454

Table 4 presents the specific surface area and average particle
ize data of the Ni–Zn ferrite powder calcined at 400 ◦C in air
tmosphere (Sample 1) and subjected to different milling proce-
ures (Samples 2 and 3) and to a further calcination step under
itrogen atmosphere (Sample 4) as reported in Table 1. From
hese data, it can be concluded that Sample 1 consists of coarse
gglomerates with average diameter of about 30 �m, which are
orous as can be deduced from the relatively high specific sur-
ace area (∼77 m2/g). Deagglomeration decreases the average
article/agglomerate size and consequently increases specific
urface area, as expected. It can also be deduced that wet milling
n ethanol is more effective than dry milling in the mortar. A par-
ial reagglomeration occurred upon further heat treating Sample

 in a nitrogen atmosphere to obtain Sample 4. The changes
eported in Table 4 are consistent with the morphological fea-
ures of the different powders (Samples 1–4) presented in Fig. 4.
ample 3 is the finest one, followed by Sample 4.

Fig. 5 shows XRD patterns of the Ni–Zn ferrite powder cal-
ined at 400 ◦C in air atmosphere (Sample 1) and submitted to
ifferent milling procedures (Samples 2 and 3) and to a fur-
her calcination step under nitrogen atmosphere (Sample 4) as
eported in Table 1. Their quantitative analysis evaluated by
ietveld refinement (without considering the amorphous frac-

ion) (Table 5) confirms that crystalline NiFe2O4 and Fe2O3
hases have been formed. Table 5 shows that deagglomerating
2-Theta (º)

ig. 5. XRD patterns of NiZn ferrite powder calcined at 400 ◦C (O2 or N2) and
illed in different conditions.
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Table 5
Surface area (BET) and D50 of the NiZn ferrite powders calcined at 400 ◦C in air and nitrogen atmosphere and milled under different conditions.

Sample code (see Table 1) 1 2 3 4

NiFe2O4/ZnFe2O4 (wt.%) 90.8 (0) 95.7 (0) 94.1 (0) 94.8 (3)
Fe2O3 (wt.%) 9.20 (1) 4.30 (1) 5.99 (3) 5.2 (4)
Total 100 100 100 100
χ2 1.134 1.539 1.113 1.342
Rwp 0.0132 0.0116 0.0131 0.0144
Rp 0.0105 0.0090 0.0106 0.0113
a(NiFe2O4) (Å) 8.3644 8.3574 8.3442 8.3502
a
c
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m
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t

o
o
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(Fe2O3) (Å) 5.0685 

(Fe2O3) (Å) 12.9202 

eatures of both milling procedures used, these changes might be
ore apparent than real. This suggests that Sample 1 might con-

ist of particles having a kind of core–shell structure and its XRD
nalysis reflects more preferentially the outer part composition.
his hypothesis is supported by the XRD results presented in
ig. 6. These results reveal that the XRD peaks became sharper
pon deagglomeration, with the difference being better noticed
or the lower heat treatment temperatures. Such differences are
robably induced by the contact with air atmosphere. As a mat-
er of fact, heat treating the Sample 3 in nitrogen atmosphere to
btain Sample 4 did not change the crystalline phase composi-
ion, as can be seen in Table 5.

The present results show that the smallest particle sizes were
btained for the sample wet milled in ethanol followed by the

ne dry deagglomerated in a mortar. The higher efficacy of wet
ersus dry milling of solids has been already proved.26 The
nhanced effectiveness of wet milling was explained by the
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ig. 6. XRD patterns of the ferrite powders calcined at different temperatures
efore and after hand milling in a mortar.

t
a
D
∼
e
T
n
6
t
a
f
i

4

b
t
c
n
m
t
o
N
w
4
i
d

e

5.0496 5.1169 5.0387
12.3674 12.8567 12.3306

aturation of unsaturated bonds on the surface of the material
y liquid molecules, with the liquid layers around the grains
avouring the disintegration of the material.27 The data reported
n Table 4 together with the micrographs shown in Fig. 4 sug-
est that the specific surface area and morphological features
f powders calcined at 400 ◦C are essentially dependent on the
illing/deagglomeration procedure used and less on the heat

reatment atmosphere.
The saturation magnetization data of the Samples 1–4

resented in Fig. 3, show that original sample has lowest mag-
etization due to the highest amount of Fe2O3, which then
ncreases for about 16% upon milling (Samples 2 and 3) and fur-
her calcination under nitrogen atmosphere (Sample 4). These
esults suggest that the saturation magnetization is sensitive to
he state of agglomeration of the powder (milling procedure)
nd also to the amount of Fe2O3 (Table 5). The average size,
50, decreased from about 30 �m for Sample 1, to ∼5 �m and
1.5 �m for the Samples 2 and 3, respectively, upon deagglom-

rating the powder in a mortar or wet ball milling in ethanol.
hese values are much larger than crystallite sizes (which did
ot change appreciably with these procedures remaining within
.1–6.9 nm), so they are not expected to have direct influence on
he magnetization of the intrinsic materials. However, milling
nd further annealing might promote zinc incorporation in the
errite, (even at low levels at the surface) leading to the observed
ncrease of magnetization.27

.  Conclusions

Precursor Ni–Zn ferrite fine powders were easily synthesized
y co-precipitation. The heat treatment conditions (tempera-
ure, atmosphere) and the method used to deagglomerate the
alcined powders play important roles in determining the mag-
etic properties and the state of agglomeration. Crystallinity and
agnetization were both enhanced by increasing calcination

emperature. The required phase, Ni0.8Zn0.2Fe2O4, appeared
nly at 1200 ◦C, although other magnetic phases such as
iFe2O4/ZnFe2O4 together with the antiferromagnetic Fe2O3
ere formed at temperatures between 300 ◦C and 1000 ◦C. At
00 ◦C magnetic NiFe2O4/ZnFe2O4 phases and Fe2O3 were

dentified but the amount of amorphous matter having a similar
ensity as the magnetic phases seems to prevail.

The mild milling conditions used were not expected to influ-
nce the crystalline phase assemblage, although the apparent
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hase fractions were different, probably due to the lack of
omogenization in a kind of core–shell structure induced by
he contact with air atmosphere. Moreover, wet milling is more
fficient in reducing particle size than hand deagglomeration in a
ortar. Using a nitrogen atmosphere has no significant variations

n the amount of phases formed.
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