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Sintered from Slip Cast Colloidally Precipitated 
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Abstract-Microstructural dependence of magnetic permeability and 
magnetic loss of Ni-Zn ferrites sintered from slip cast colloidally pre- 
cipitated ultrafine particles was investigated. A low-loss Ni-Zn ferrite 
(tan b / p , ,  = 4.92 X lo-' at 1 MHz) having nearly maximum attainable 
density, fairly uniform and small grain size, and no significant zinc 
loss, was prepared by sintering at 1100°C. There was considerable dis- 
crepancy in the permeability-grain size relation between 5 1100°C sin- 
tered ferrites and > 1100°C .sintered ferrites. The zinc loss and intra- 
granular pores in >11OO"C sintered ferrites may explain this 
discrepancy. 

INTRODUCTION 
OW magnetic loss is a principal objective in the de- L velopment of soft ferrites. In order to achieve this 

goal, it is necessary to carefully control the manufacturing 
process for obtaining the desired microstructure which in- 
cludes high density and a small, uniform grain size. How- 
ever, "high density" and "small grain size" are difficult 
to achieve simultaneously in the conventionally practiced 
sintering process without the use of additives. Recent 
works have shown slip casting of chemically coprecipi- 
tated particles to be a powerful method for obtaining ho- 
mogeneous as-cast green microstructures, which, after 
sintering, have yielded high-density , fine-grained Ni-Zn 
ferrite and barium ferrite, respectively, [ 11, [ 2 ] .  

In the present work, the primary objective was to cor- 
relate the sintering temperature and microstructure with 
the electrical and magnetic properties of fine-grained Ni- 
Zn ferrites obtained via the ultrafine particle process that 
was developed. 

EXPERIMENTAL 
The material used in preparing the specimens consisted 

of chemically coprecipitated powders with the nominal 
composition Nio,5Zno,sFe204. The powder particles were 
nearly spherical and ultrafine in size, on the order of 100 
to 300 A (this was confirmed by scanning electron mi- 
croscopy, SEM). X-ray diffraction indicated that these 
coprecipitated powders were crystalline. Toroids of 25 
mm OD, 10 mm ID, 8 mm in thickness; and pellets of 2 
mm in diameter, 10 mm in thickness were formed using 
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slip casting of maximum deflocculation slurry (i.e., one 
showing nearly Newtonian flow behavior). This maxi- 
mum deflocculation slurry, consisting of coprecipitated 
ferrite powders and deionized water, was obtained through 
proper control over the rheological properties. The slip 
behavior of this system was characterized by rheological 
measurements. The influences of process variables, in- 
cluding pH adjustment, slip solid loading, and dispersant 
(ammonium citrate) addition on the rheology, were con- 
sidered. The detailed precipitation and casting processes 
were reported elsewhere [ 11. The green bodies were fired 
in static air by heating from ambient at a rate of 15"C/min 
to selected temperatures in the range of 1000-1200°C. 
The samples were held at temperatures for 5 h and cooled 
to room temperature at an average rate of 30"C/min. 

The densities of the sintered samples were measured by 
the Archimedes method. The true powder density of 5.35 
g/cm3 was obtained using a stereopycnometer (Quan- 
tachrome, New York, USA). The sintered samples were 
sectioned and polished using standard ceramographic pro- 
cedures. Polished samples for viewing by SEM were ther- 
mally etched to make the grain boundaries visible. For 
accurate quantitative microscopy, a short etching time was 
chosen to avoid grain growth. Samples were etched for 20 
min at 50°C lower than their sintering temperatures. 
Average grain size was determined by the linear intercept 
method from SEM micrographs of the thermally etched 
polished surfaces [3]. The complex initial permeability, 
po = p' - i p " ,  was measured on the toroids at 1 MHz 
with an LCR meter (HP 4257A, USA) using a 30-turn 
winding. Electrical resistivity was measured between gold 
electrodes applied to both sides of pellet samples. 

RESULTS AND DISCUSSION 

The as-sintered density and the theoretical percent 
achieved densification, calculated relative to the 5.35 
g/cm3 measured for the powder, as a function of sintering 
temperature are presented in Fig. 1. Densification almost 
ceased at 1100°C when the sintered density reached 98 
percent of theoretical density. The ultrafine particle size 
and relatively uniform green microstructure (confirmed by 
SEM) are believed responsible for achieving this very high 
level of densification at the low temperature of 1 lOO"C, 
compared to much higher temperatures normally em- 
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Fig. I .  Plot of sintered densitj and relative density \ersus  sintering 
perature lor sample\ \intercd t o r  5 h .  

ployed with the conventional process ( - 1300°C). 
inabilitv to reach theoretical value was attributed to 

tem- 

The 
the 

ferrite particle being too fine to be completely dispersed 
in the liquid suspension and, therefore. flocculated to 
some extent by Van der Waals bonding. This slightly floc- 
culated suspension resulted in some small agglomerated 
regions distributed in the microstructure of the as-cast to- 
roids. This was confirmed by SEM. Rearrangement and 
differential microdensification processes could not. thus, 
be wholly avoided during the sintering of these slightly 
inhomogeneous packed compacts and therefore com- 
pletely dense fired bodies were not achieved. 

The microstructures of the sintered specimens shown in 
Fig. 2 indicate relatively uniform grains with the porosity 
situated solely at the grain boundaries. The use of high 
surface area colloidally precipitated ferrite powders is be- 
lieved to be responsible for the appearance of the inter- 
granular porosity 141. The observed low levels of nonun- 
iformity in grain size most likely occurred as a 
consequence of slight inhomogeneities in the powder 
compacts. Figs. 1 and 3 show simultaneous grain growth 
and densification at temperature range of 1000- 1200°C. 
At 1100°C the compact densified readily up to about 98 
percent of the theoretical maximum and the grain size in- 
creased to about 1.5 pm.  At temperatures greater than 
1100°C. significant grain coarsening occurred with the 
grain size increasing to about 2.2 p m  at 1200°C. 

The relation between the pernieability (real part an3 
imaginary part) and the sintering temperature is given in 
Fig. 4. Higher permeability values were obtained with in- 
creasing temperature for the samples sintered below 
1150°C. Magnetic permeability ( p '  ) decreased with in- 
creasing sintering temperature above 1150°C. I t  was re- 
ported that achieving high magnetic permeability in fer- 
rites requires careful optimization of many factors such as 
large, homogeneous grains, chemical homogeneity (be- 
cause of which zinc evaporation. which causes strain and 
variation in F e + j  content. has to be kept as low as pos- 
sible), and little or n o  second phase 151-171. Therefore, 
the peaking of the permeability in the 1100 to 1150°C 

Fig. 2 .  Scunniny electron micrographs of \ample\ \intcred at ditt'trent 
temperature\ l o r  5 h .  ( a )  IOO0"C. ( b )  1050°C. ( c )  1 I00'C. ( c l )  1200'C. 
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Fig. 3. Average graln size versus sintering temperature tor  sample sintered 
f o r  5 h.  
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Fig. 4. Real part and ini;iyinar) part of coinpleu ptriiicabilii! \ cr\ti\ \ i n -  

ter iny temperature t o r  \;uiiplcz \interrd t o r  5 h.  
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range might be attributed to a larger achieved grain size, 
compared to the samples sintered at 5 1 IOO'C, and less 
zinc loss, compared to samples sintered at I 1150°C. 

The imaginary (magnetic loss) part of the complex 
permeability ( p f f  ) steadily increased with increasing sin- 
tering temperature. Its increase correlated with increasing 
grain size. This phenomenon is similar to that previously 
reported [6]. The magnetic loss is related to many causes, 
e.g. ,  rotation of magnetization and domain-wall displace- 
ment. The fraction occupied by the domain-wall part will 
increase if the grain size is large; this will increase mi- 
croscopic eddy current and hysteresis losses [8]. Also, 
zinc loss would result in increased ferrous ion concentra- 
tion which will, additionally, cause eddy current loss in- 
creases. These might be the reasons why the magnetic loss 
increases much more rapidly for samples sintered at tem- 
peratures higher than 1100°C. The evidence of zinc loss 
is discussed in Fig. 5 .  It shows the X-ray diffraction pat- 
terns of samples sintered at 1100 and 1200°C for 5 h. It 
indicates that the X-ray pattern of the sample sintered at 
1200°C was shifted to higher 28 value compared to that 
of the sample sintered at 1100°C. Consequently, the lat- 
tice constant of the sample sintered at 1200°C is expected 
to be lower than that of the 1100°C sample. This differ- 
ence is believed to be associated with zinc loss at 1200°C. 
Tasaki and Ito [9] have reported significant volatilization 
of zinc in Ni,,,Zn,,,Fe20, for sintering temperatures 
higher than 1200°C leading to lowered values of the lat- 
tice constant. 

Fig. 6 shows the relation between the dc resistivity of 
sintered samples and the sintering temperature. The de- 
crease in resistivity as a result of increasing sintering tem- 
perature can be attributed to the following reasons: 1) 
When sintering temperature increases, the grain size in- 
creases and the grain boundary decreases. The decrease 
of high resistive grain boundaries results in low resistiv- 
ities of bulk samples. 2) The divalent iron content in Ni- 
Zn ferrites is expected to be increased with volatilization 
of zinc [lo].  With the increase in ferrous ions, the resis- 
tivity of the sample will decrease through the thermally 
activated hopping mechanism [ 1 I]. 

Grain boundaries generally act as pinning sites for the 
domain wall and the magnetic poles appear on the grain 
boundary surfaces. Based on Globus et al.'s equation re- 
lating the permeability with the grain size [12] and Chi- 
kazumi's wall spacing in a spherical grain [ 131, Igarashi 
and Okazaki [7] have given a relation between apparent 
permeability of the model and the grain size 

where paPp is apparent permeability, A V / V  is the volume 
change of the domain per unit volume, and r is the radius 
of the sphere of the crystallite grain. Their measured re- 
sult of permeability was proportional to (grain size)ll3 
which did not agree with their relation. The discrepancy 
was explained as arising from the domain wall being fixed 
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Fig. 5 .  X-ray diffraction patterns of sintered samples at different sintering 
temperature for 5 h.  (a) 1100°C as-sintered surface. (b) 1200°C as-sin- 
tered surface. (c) 1100°C fracture surface. (d) 1200°C fracture surface. 
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Fig. 6.  Plot of resistivity versus sintering temperature. 

also by pores located inside the grain while their relation 
applied to the case where the domain wall was fixed only 
by the grain boundary. Fig. 7 presents the measured mag- 
netic permeability for the samples sintered in this study. 
At temperatures below 1100°C the permeability was pro- 
portional to (grain size)'I2, which was in good agreement 
with their relation, while the measured permeability and 
grain size for the samples sintered at temperatures higher 
than 1100°C deviated substantially from their relation. 
This discrepancy might arise from the zinc loss of the 
samples. Furthermore, the zinc loss may cause cation va- 
cancies variation in the Fe f2 /Fe f3  ratio in the > 1100°C 
sintered samples and, consequently, may reduce the sin- 
terability and give rise to a microstructure with intragran- 
ular pores [14]. The possible pore entrapment within the 
grains in the samples sintered at temperature > 1100°C 
perhaps causes some of the deviation accounting for both 
decreased permeability and increased losses in those sam- 
ples. 

Fig. 8 shows the dependence of tan 6 / p o  (tan 6 = 
p f ' / p ' )  on the sintering temperature. It has a minimum 
value about 4.92 x at 1 MHz for the sample sintered 
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Fig. 8. Plot of tan b / p ,  versus sintering temperature. 
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at 1100°C. This value is believed to be related to an Op- 
timum microstructure which is achieved by sintering at 

loo”c. shown in Figs. 9 2 7  and 5 7  at this loo”c 
temperature, the Sample reached nearly maximum attain- 
able density, was composed of small and fairly uniform 
grain size, and showed no significant zinc loss. 

CONCLUSION 
The desired microstructure of low magnetic loss Ni-Zn 

ferrite was produced through low-temperature sintering, 
without the use of sintering aids, of a relatively homo- 
geneous green body, obtained by slip casting of colloi- 

ferrite particles. The magnetic 
permeability for samples sintered at temperatures below 
1 1 0 0 0 ~  is proportional to (grain / 2 ,  but this relation 
does not for sintered at temperatures higher 
than 1100°C due to volatilization of zinc. 
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