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Abstract

NiFe,O4 powders were synthesized by co-precipitation with ammonia solution using aqueous solution of NiCl, and FeCl; followed by hydrothermal
treatment of the precipitate. It was found that crystallization in water led to nanometric in size and isometric in shape crystallites, whereas
crystallization in sodium hydroxide solution results in particles of well defined walls. Generally, particles crystallized in water were smaller and
their particle size distribution was narrower than those crystallized in NaOH solution. Behaviour of the powders under dry compaction and sintering
strongly depended on the powder morphology. The powder crystallized in NaOH solution gave compacts of higher density and sintered density of

this powder was also higher than that of the powder processed in water.
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1. Introduction

Many ferrites with the spinel structure, MeFe,O4 (where Me:
Ni, Zn, Mn, Co, Cd or their mixtures), are extensively used in a
number of electronic devices. This is because of its high perme-
ability at high frequencies, remarkably high electrical resistivity,
mechanical hardness, chemical stability and reasonably low
cost.! They find applications in the wide range of frequencies
and from low to high permeability. Since the last decade, quite
new and interesting magnetic properties have been reported for
nanocrystalline spinel ferrites. Large magnetic moments> and
ferromagnetic or ferrimagnetic ordering® on grain size reduction
to a few nanometers was observed. Colloidal magnetic materials
have attracted a great deal of attention for technological applica-
tion and fundamental studies. These involve biology, electronics,
transport and information technology,* such as high-density data
storage devices,? ferrofluids,® magnetic resonance imaging (as
contrast agents), and magnetic refrigeration.* Moreover, nano-
metric ferrites are considered as important catalysts for CO,
and H,O decomposition’ and gas sensors for gases like lique-
fied petroleum gas, ethanol, CO and CH4.8

Much work on ferrites was carried out on microcrystalline
ceramics prepared by the standard ceramic technique, involv-
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ing high-temperature reactions between finely milled oxide (or
carbonate) powders followed by shaping and successive press-
ing and sintering.” Such method does not allow controlling fully
crystallite size and shape as well as powder properties. The spinel
ferrites have also been successfully synthesized by other type of
solid state reaction such as high-temperature self-propagating
synthesis,'? combustion synthesis,!! and thermal decomposi-
tion of citrate!? or polyethylene glycol precursor.!> Recently,
many publications have reported various preparation techniques
based on wet-chemical reactions to obtain ferrite nanopowders.
The most popular are: sol-gel methods,'* microemulsion,'’
hydrothermal-microwave'® and hydrothermal synthesis.!”~2?
Among these methods, hydrothermal synthesis has attracted
great interest because it is a promising route to produce highly
crystallized, weakly agglomerated powders having a narrow
size distribution. Several compositions were prepared by crys-
tallization under hydrothermal conditions. Simple evidence is
available to show that this process has some advantages in con-
trolling particle size, morphology and other characteristics by
adjusting reaction temperature, duration of the process, addi-
tives and other factors.?>23

Co-precipitated hydroxides or mixtures of separately pre-
pared Ni(OH); and FeO(OH) were used in hydrothermal syn-
thesis of nickel ferrite.!® The reaction was performed in of
NaOH or ammonia solutions at different pH values as well
as in pure water.!”!8 Resulting powders differed in sizes and
shapes depending on the crystallization condition. Basing on
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the presented data, it can be concluded that the kinetics of ferrite
formation as well as shape and size of its crystallites strongly
depends on several factors such as the kind of precursor, pH
value, temperature and duration of the hydrothermal process.
The aim of the present work was to study the hydrothermal
synthesis of nickel ferrite powders, the shape of their crystallites,
particle size distribution, compaction and sintering behaviour.

2. Experimental

Co-precipitation technique was applied to prepare a homo-
geneous mixture of Ni and Fe hydroxides. The starting aqueous
solutions of NiCl, and FeCls (~1 M) were mixed in appropri-
ate proportion and introduced drop wise into vigorously stirred
sodium hydroxide solution (4 M). Volume proportion of both
solutions was adjusted to give the final pH 12. The precipitated
X-ray amorphous gel was washed with distilled water, until no
reaction for chloride ions with AgNO3 was detected. Excess of
liquid phase was removed by vacuum filtration. The resulting
gel was divided into two parts. One of them was mixed with
4 M NaOH solution and vacuum filtered again. Both gels were
subjected to hydrothermal treatment at 240 °C for 8 h either in
distilled water or in the NaOH solution. The sample crystallized
in NaOH environment was washed with distilled water. The pow-
ders were dried at 60 °C for 24 h, ground in a mortar with oleic
acid as lubricant and dried again at 130 °C overnight. Uniaxial
pressing under 300 MPa allowed us to obtain green compacts
of 12 mm diameter and about 3 mm height. The samples were
sintered at 1200 °C for 1 h with 10 °C min~! rate of temperature
increase.

To estimate influence of the preparation conditions additional
2K_type factorial experiment was performed using three selected
factors. The first of them was the concentration of sodium
hydroxide; its high level was established at 4 M and the low
level at O (pure water). The two following factors were time and
temperature of the hydrothermal treatment. Their levels were
fixed at 8 and 2h and 250 and 175 °C, respectively. Specific
surface area of such powders was the controlling parameter.

X-ray diffraction using X’Pert Pro (Phillips PANalytical)
was applied to identify phase composition of the powders and
sintered materials. Observations under TEM (CM20, Philips)
gave us information about morphology of the powders and
their particle size distributions. Specific surface area (S) of the
powders was determined by the nitrogen adsorption using the
BET isotherm (Sorpty 1700, Carlo Erba). Equivalent particle
sizes were calculated using the formula: Dggr =6(0S)™ 1 where
p=5.368 gcm ™ is the theoretical density of NiFe;Oy4. Appar-
ent density of the green compacts was determined on the basis
of their sizes and weight and that of the sintered materials by
hydrostatic weighing. Relative densities were calculated using
apparent densities and p.

3. Results and discussion
XRD analysis indicates that both powders as well as sintered

materials are composed of nickel ferrite phase only. Most prob-
ably co-precipitation process results in a substance of extreme

Fig. 1. TEM micrographs of the powders hydrothermally prepared in: (a) pure
water, (b) 4 M NaOH solution, and (c¢) 2M NaOH solution.

homogeneity. Fig. 1 shows TEM micrographs of the powders.
The pictures illustrate essential influence of the hydrothermal
crystallization environment on the size and shape of the nickel
ferrite crystallites. Particles prepared in pure water are nanomet-
ric in their sizes and isometric in shape (marked H), contrary to
those crystallized in NaOH solution (marked N). In the latter case
hydrothermal crystallization resulted in particles of well defined
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Table 1
The plan and the results of the factorial experiment

Experimental factors Specific surface

area (m? g~ 1)

NaOH Time Temperature

concentration (M) (h) 0O

4 8 250 22.1
4 2 250 27.2
4 8 175 37.5
4 2 175 111.1
0 8 250 63.4
0 2 250 75.2
0 8 175 77.2
0 2 175 135.8
2 5 210 422

walls and micrometric sizes. Shapes of the particles crystallized
under the basic conditions suggest that crystallite growth occurs
in this case by the dissolution—precipitation process. This is cor-
roborated by the morphology of the powder synthesized under
conditions corresponding to the centre of the factorial experi-
ment plan—2 M NaOH, 4 h, 210 °C (Fig. 1c).

Table 1 shows the plan of the factorial experiment and results
that is specific surface area of the powders. Values of regression
coefficients, b;—only for the principal interactions, and corre-
sponding #; values are as follow:

by = —19.21;
t1 =794,

by = -21.71;
t, = 8.97;

b3 = —18.64;
t3 =7.70

Because, the critical value of the ¢ parameter for significance
level p=0.05 and degree of freedom f=2 equals 4.39, it can be
concluded that each of the investigated factors essentially influ-
ences particle size of nickel ferrite powders crystallized under
hydrothermal condition.

Fig. 2 shows particle size distribution of the powders using
the Rosin—Rammler coordinates. The powder crystallized in
water (H) is much finer and shows much narrower particle size
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Fig. 2. The powder particle size distribution using Rosin-Rammler coordinates.
Crystallization environment indicated. n, slope ratio.
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Fig. 3. Compaction diagrams. Crystallization environment indicated.

distribution than the one crystallized in NaOH solution (N).
The latter feature is evidenced by the slope ratios indicated in
Fig. 2. Mono-modal distribution occurs in the both powders. As
it should be expected the powder H shows specific surface area
§=83.5m? g~ and the powder N reveals S=25.3 m? g~ !. These
figures correspond to equivalent particle sizes Dpgr = 13.4nm
and 44.1 nm, respectively.

Fig. 3 shows relative densities of green bodies versus com-
paction pressure. In each case two straight line relationships in
semi-logarithmic coordinates occurs. Such behaviour is char-
acteristic of the powders composed of agglomerates. As it was
shown in earlier studies,?*> at the pressure corresponding to
the point of the segment intersection bonds within agglomer-
ates break. Coarser powder (N) reaches higher densities than
observed in the nanometric powder crystallized in water (H).
The breaking point in case of the powder H falls in higher pres-
sure. It indicates that agglomerates of this powder are stronger,
which agrees with the Rumpf’s?® relation. According to this
relation the agglomerate strength is inversely proportional to
the particle size.
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Fig. 4. Dilatometric curves. Rate of temperature increase 10°C min~'. Crystal-
lization environment indicated.
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Fig. 5. Sintered density vs. green density of the powder compacts sintered at
1200 °C for 1 h. Crystallization environment indicated.

Compacts for sintering studies were uniaxially pressed under
300 MPa. Their relative densities are 48.1% and 56.8% for the
finer (H) and coarser (N) powders, respectively. Fig. 4 shows
linear shrinkage of the powder compacts. It can be notice that
the nanometric powder (H) starts to shrink at lower tempera-
ture (at about 400 °C) whereas the beginning of sintering of the
coarser one (N) corresponds to about 700 °C. We observe that
the shrinkage line of the powder N is steeper than that for the
powder H. Compacts of the former powder reach higher density
at the same temperature of 1100 °C and 1h soaking (95.9%)
than the latter ones (90.5%). Such behaviour should most prob-
ably be attributed to the higher green density of the compacts
made from the coarser powder. Further investigations corrobo-
rated the essential influence of the green density on the density of
the sintered materials (Fig. 5). Nearly full densification (99.4%)
is reached by the sample of the coarser powder (N) compacted
under 300 MPa and sintered at 1200 °C for 1 h. Its microstructure
is shown in Fig. 6.

Fig. 6. Microstructure of the sample of the coarser powder (N) compacted under
300 MPa and sintered at 1200 °C for 1 h.

4. Summary

Co-precipitated nickel and iron X-ray amorphous gel sub-
jected to the hydrothermal treatment result in crystallization
of nickel ferrite particles. Morphology of the powder strongly
depends on the crystallization environment. Particles of the pow-
der crystallized in pure water are nearly spherical and nanometric
in size and their particle size distribution is very narrow. How-
ever, those crystallized in NaOH solution are much coarser, show
well defined walls and their size distribution is broader than in
the case of the former ones. Morphological differences between
the powders determine their behaviour during cold compaction
and sintering. The coarser powder densifies better during dry
compaction and sintering that the finer one. The powder crys-
tallized in NaOH solution leads to the material of nearly full
density and uniform microstructure.
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