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Abstract

The authors report on a non-isothermal kinetic investigation (at constant heating rate) of the
sinteting ul manganese and nickel-zine ferritc powders prepared by coprecipilation. The kinetic
results point to the thermal compaction of the powders, which occurs mainly in the intermediate
slage of sintering. A comparative study was performed in order to determine the influence of the
sample characteristics (such as chemical nature, density and shape) and the heating rate on the ki-
netics and mechanism of the compaction.
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Introduction

In a previous paper [ 1] we reported the results of an isothermal investigution of
the sintering of a coprecipitated manganese ferrite powder [2], and subscquently per-
formed a constant heating tate non-isothermal kinetic study [3, 4] on the sintering of
coprecipitated (Ni,ZinFeaO4 and MnFc;0y4 powders. The kinctic results obtained
{rom the ditatometric data peinted to the thermal compaction of the powders, which
occurs mainly in the intermediate stage of sintering |S]. The present paper relates o
the inflluence of the sample characteristics (such as chemical nature, density and shape)
and the heating ratc on the kinetics and mechanism of the thermal compaction.

Experimental

Powders of MnFe,0, prepared from MnO, and FeS0,7H,0 [2] and of
{Ni,Zn)Fe,0, obtained from an acid solution of NiSO,;7H,0. ZnS04-6H0 and
FeSO,-7TH,0 through coprecipitation with 15% NaOH solution were used; the
B.E.T. specific arcas were 63 and 56 m> g, respectively.

The dilatomelric measurements were carried out in air on cylindrical samples
(0x5 mm) with Netzsch 402 ED differential dilatometer, and on toroidal samples
(9x6x5 mm) with Harrop TDA equipment (Table 1). The heating rate are shown in
Table 1. The linear contraction was measured in the generatrix dircction.
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Table 1 Sample characteristics and experimental cenditions

Sample Fertl Geomelical Comp.a.clion Prcsseclv‘ Hcﬂming
symbol Ferrile Lype shape of samplc prcsxsurcl sample dcrgmy.‘ mllcl'_ i
10" Pa kg m K min
Ml MnFe,0, cylindrical 1.1 2000450 2
M2 MnFe, 0, cylindrical 3.5 2200150 2
M3 MnFe,0, torotdal 1.1 2000150 5
M4 MnFe.O, toroidal 3.5 2200450 3
M5 MnFe,04 cylindrical 35 2200450 5
M6 MnFe.0, cylindrical 3.5 2200450 8
M7 MnFe,0, cylindrical 3.5 2200450 25
NI (Ni,Zn)Fe,0, cylindrical 35 2500450 2
N2 (Ni,Zn)Fe,0, cylindrical 3.5 2500150 3
N3 (Ni,Zn)Fe, 0, cylindrical 3.5 2500450 10
N4 (Ni,Zn)Fe, O, taroidal 1.1 215050 3.5
N5 (Ni,Zn)Fe,Oy toroidal 1.1 2150150 7

For a non-isothermal kinetic analysis of the compaction steps, the dilatometric
curves were processed by means of the Young-Cutler [3] equation:

L ak

n+1 -
{ALJ ' _ (14 DART? ™M (1)
Ln

where AL/L, is the relative change in sample length, 7 is the quasi-reactlion order for
compaction, A is the pre-exponential factor, F is the activation energy and 4 is the
heating rate.

Results and discussion
Cempaction of manganese ferrite powder

Analysis of the dilatometric data concerning the compressed powders of
MnFe,0,4 prepared by the wet method (samples M1-M7 in Table 1) led to the fol-
lowing lindings:

The slope of the dilatometric curve is influenced considerahly by the heating rate
(Fig. I}, by the shape of the sample and, to a lesser extent, by the initial density
(Figs 2 and 3).

The temperature ranges 200-350, S80-1000, 10001100 and 1100-1200°C re-
lale to the first step, the intermediate steps and the final step of sintering, respectively.

The intermediate sintering (580-1000°C) exhibits a complex character, the
change in the slope of the dilatometric curve heing associated with a change in the
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Fig. 1 Non-isothermal dilatometric curves of cylindrical MnFe,0, samples for various heat-
ing rate
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Fig. 2 Non-isothermal dilatometric curves of toroidal MnFe,0, samples compressed at differ-
ent pressures

compacltion mechanism. This change is influenced by the heating rate, and by the
form and initial density of the sample.

Increase of the heating rate shifts the compaction in the intermediate sintering to-
wards lower temperalures in an unusual way. This is due 10 the structural changes
which oceur in the system Mn-Fe—0O in the tcmperature range 450-1000°C, deter-
mined by the change in the oxidation state of the manganese ions; the decomposition
of the spinel MnFe,0y (¢=8.405 A) 1o 0-FeoOs (a=3.17 A) and Mn;05 (a=3.70 A),
accompanied by a decrease in the lattice constant, acts in the same sensc as the cap-
illary forces towards contraction on a macroscopic scale. In the temperature range
900-1000°C, the increase in the lattice constant due to the crystallization of Mn;0y
and Fes0y spinels (which are actually ferrite precursors) acts against the sintering
forces, braking the contraction. As the solid-state reactions are favoured by a low
heating rate, their effect on compaction on a macroscopic scale is the more notice-
able, the lower the heating rate is.

J. Therm. Anal. Cal., 56, 1999



606 MUSAT et al : THERMAL COMPACTION OF FERRITE POWDLERS

ra

1) -

2 Wz

1 - Sample M1
44 2-Sample M2

0 00 300 A0 SB0 650 725 80D 900 1000 1300
Temperature ("C)
Fig. 3 Non-isothermal dilatometric curves of cylindrical MnFe, O, samples compressed al
different pressures

For the toroidal samples (Fig. 2), a more pronounced decrease ol the contraction
i« ohserved until it vanishes in the temperature range 850-950°C. The phenomenon
may he explained through the superposition of a braking effect in the direction of the
gencratrix (the direction in which the dilatometric measurements were made) and of
the hraking elfect due to the spinel recrystallization. The braking of the conlraction
in the generatrix direction is due to a diffusion flux mainly in the radial direction
from the outer convex surface o the inner concave surface of the tore [5, 6], This el-
feet is made clear il we compare the values of the relative lincar contractions of the
inner and outer diameters with the corresponding values of the contraction in the
height of the tore.

Table 2 Values of the kinetic parameters tor compaction of the eylindrical MnFe,G, samples

Heating rate/ Temperature range/"C
Sample K mmin-! Parameter
mn 230-330 580-680 200 900 1030 1090
n 0.68 1.4 38 52
LI mol™ 44.8 134 298 368
M2 2
r* 0.9923 0.9947 0.9902 0.9928
EKI mol™ 473 733 273 372
MS 5
re 0L.Y916 0.9922 0.9989 0.9968
£/kJ mot”! 82.5 125 218 362
M6 8
¥ 0.9893 0.9932 0.9952 0.9974

r* — corrclation coclficient of linear regression
An increase of the heating rate results in an increase in the compaction degree

(Fig. 1). Through the decrease in the time for which the samples are at lower tem-
perature (500-600°C), the contribution of the surface diffusion decreases Loo. This
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mass transport without compaction, specific to the initial step ol sintering, causcs a
decrease in the specific area of the porous sample, and hence 10 a decrease in the
moving force in the intermediate sintering [5]. This ¢ffect is more important for the
powders ohtained by a wet method (with high values of specific arca) as the surface
properties have a delerminant role in compaction.

Wilh regard to the dilatometric analysis data for the cylindrical samples M2, M5
and M6 (Table 1), a non-isothermal kinetic study was carried out. Via Eq. (1), from
the slopes of the straight lines In(AL/L,) vs. Ina for T=ct, the values ol the Kinetic pa-
rameter n corresponding to various compaction steps were estimated (Table 2). The
different values of the parameter » reveal the change in the compaction mechanism
on heating. The changes in the value and in the sign of the slopes of the straight lines
IN{AL/L,} vs. Ina for T=¢r in the lemperature range 680-800°C point Lo the competi-
tion between the two phenomena which control the compaction of the MnFe,(,
powder, namely the solid-state reaction and the decrease in the solid-gas interface,
With these values of n, from the slope of the straight line In(ALA Y v, VT al a=ci,
the values of the activation energy according to Eq. (1) were calculated (Table 2).

As concerns the values of the activation energy, the following observations may
he made:

The values corresponding to the thermal compaction in the temperature range
580-680°C decrease with healing rate increase, thercby confirming surface diffu-
sion as the main mechanism in the initial compaction period.

We consider that the size of the crucibles (9x6x5 mm for the toroidal samples
and 9x5 mm for the cylindrical samples) are small enough [or significant alterations
not to be introduced into the kinctic parameter values.

The compaction of the ferrite powders in the temperature range 200-350°C was
made the subject of a kinetic investigation in which three methods used in non-iso-
thermal kinctics [7] were applied. The experimental data were processed by means
of the program VERSATILE [8]. The obtained values of the non-isothermal kinetic
parameters arc listed in Table 3.

The values of the rcaction order between 0.7 and 0.8 indicale a contracting
spherc mechanism for the compaction in the temperature range 200-350°C (accom-
panicd by the removal of water). This mechanism was also indicated for the loss of
water from these ferrite powders prepared by a wet method (the suhject of a further
paper). Obviously, taking into account a relative error of 10%, which alfects the ac-
tivation cnergy, the values of this parameter given in lines 1 and 2 of Table 3 do not
differ significantly.

For the sintering of MnFc,04 samples in the temperature range 600—1000°C, the
shapes of the dilatometric curves are strongly influenced by the heating rate, show-
ing that compaction and grain growth occur via different mechanisms. In this case,
the compaction takes place in & multicomponenl homogencous system with the su-
perposition ol a solid-state reaction with single-step nucleation and difTusion-limited
growth (600-680°C) or surface nucleation (750-800°C). In the temperature range
R00~1000"C, the compaction of the samples is controlled by the volume diffusion.

In the temperature range 1000-1100°C, the compaction of the samples and the
grain growth proceed through the same mechanism, namely grain boundary difTusion.

J Therm. Anal. Cal., 56, 1999
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Compaction of the nickel-zinc ferrite powder

Non-isothermal dilatometric curves corresponding to the compaction of the
(Ni,Zn)Fe,0,4 samples (N2-NS5 in Table 1) are presented in Figs 4 and 5. Their
analysis permits the following findings: The heating rate does not influence the form
of the dilatometric curves (Fig. 4), indicating an identical mechanism of compaction
and grain growth.

| - Sample N2 2
S0 1 2 Sumple N2

2
) 100200300 400 500 600 700 800 900 1000 1100
Temperature ("C)

Fig. 4 Non-isothermal dilatometric curves of cylindrical (Ni,Z2n)Fe,0, samples

The linear contraction increases with increase of the heating rate (Figs 4 and 5).
As the heating of (Ni,Zn)Fc,0,4 occurs without a solid-state reaction, the increase in
contraction with increase of the heating rate clearly shows that the surface diffusion
acts in the first step ol sintering of these powders.
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Fig. 5 Non-isothermal dilatometric curves of toroidal (Ni,Zn)Fe,Q, samples
For the toroidal samples, the dilatometric curves (Fig. 5) demonstrate a braking

of the compaction in approximately the same lemperalure range as in the case of
MnFe;0, (850-950°C).
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The values of the kinetic parameters # and £ in the temperature range
600-1165°C, determined frem the slope of the straight line In(AL/L,) vs. Ina, for
T=ct, and the slope of the straight line In(AL/L, vy, 1/T at a=ct, are given m'lable 4.

The data in Table 4 show that:

— the activation energy of compaction in the temperature range 600-680°C de-
creases with increase of Lhe heating rate, as a result of the decrease in surface diffu-
sion at high healing ratcs;

— the value of parameter r changes continuously, indicating the continuous
change in the mechanism which controls compaction and grain growth;

— the activation energics of compaction in the temperature range 1030-1090°C
are approximately equal at all heating rates and close to that corresponding to the
compuction of MnFe,0,4.

Conclusions

The kinetic parameters and the mechanism of thermal compaction of MnFe,0y
and (Ni,Zn).Fe,04 powders prepared by wet methods were followed in the tempera-
ture ranges 200-350, 600-1000 and 1030-1090°C.
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