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Effect of glass addition and quenching on the relation 
between inductance and external compressive stress 
in Ni-Cu-Zn ferrite-glass composites 
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The stress-inductance characteristic of ferrite-glass composites has been studied with 
special emphasis on the effect of heat treatment and glass chemistry. The stress-inductance 
relation of Ni-Cu-Zn ferrite has been greatly improved by incorporating glass and by 
quenching from high temperature. The effect of quenching temperature on the 
stress-inductance characteristic is discussed in terms of the bending strength and fracture 
mode of the composites, and creep and microcrack formation during quenching are 
proposed as responsible factors. 

1. Introduction 
This work was undertaken to improve the stress-in- 
ductance characteristics of ferrite cores. In practical 
application, ferrite cores are sometimes bonded 
with resin or moulded in resin. Under these condi- 
tions, external stress is applied to the ferrite cores, 
resulting in degradation of the core magnetic proper- 
ties [1, 23. Hence, ferrite-glass composites have been 
developed as stress-resistant cores [3, 4]. However, 
there are many problems to be solved in this area, 
among which is the effect of thermal residual stress on 
the stress-inductance relation, on which our work has 
been focused. Quenching multiphase materials gener- 
ates residual thermal stress, the amount of which de- 
pends mainly on the differences in the properties of the 
constituent phases. Thus, ferrite-glass composites ex- 
hibit behaviour different from glass-free ferrite cores. 
In view of these considerations, we studied the 
stress-inductance relation as a function of material 
and processing parameters. 

N i - C u - Z n  ferrite cores containing 0 - 1 0 v o l %  
PbO-SiO2 glasses with different softening points were 
heat-treated and subjected to inductance measure- 
ment under a compressive stress up to 400 kgfcm-2. 
The 3-point bending strength was measured and frac- 
ture surfaces were examined by SEM. Results in- 
dicated that glass played an important role in retain- 
ing thermal residual stress when creep was operative. 

2. Materials  and m e t h o d s  
Ferrite cores containing 0 10 vol % glass were pre- 
pared by the conventional ceramic method. Two types 
of cores, rod and toroid, were used depending on the 
purpose of the experiment. Rod cores were used for 
studying the effect of compressive stress on induc- 
tance, since the stress is loaded in the direction normal 
to the magnetic flux [5]. For inductance measurement 
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in the absence of external compressive stress, toroids 
were employed because of the closed magnetic circuit 
leading to inductance larger than that for rod cores. 

2.1. Sample p r e p a r a t i o n  
A calcined Ni Cu-Zn  ferrite powder containing CuO, 
NiO, ZnO and Fe203 in a molar ratio of 7:19:25:49 
was admixed with a PbO-SiO2 glass powder, 
kneaded with 3 vol % polyvinyl-alcohol (PVA), and 
then granulated. The granule was pressed into rods 
and toroids under 1 t cm 2 for 3 s. The glass composi- 
tion and the softening point [6] are shown in Table I. 
The glass flits (each less than 3 lam) were made by 
quenching melts in water and milling with a ball mill. 
Pressed specimens were fired at 1000 ~ for 3 h and 
then slow-cooled at 300 ~ h -  1. No crystallization of 
glass was observed. These specimens were subjected to 
heat treatment and other measurements. The slow- 
cooled specimens were heated between 300 and 900 ~ 
for 12 min and quenched in air. 

2.2. M e a s u r e m e n t s  
Inductance was measured with an LCR meter with 
a drive current of 0.5 mA and 100 kHz. The drive 
current was in the region in which the magnetization 
of specimens is reversible, and where the initial per- 
meability is almost constant regardless of the drive 
current [7]. The initial permeability was essentially 
constant up to 3 MHz. The number of windings was 
15 for toroids. A rod specimen was inserted into a coil 
and the inductance was measured with external com- 
pressive stress from 0 to 400 kgfcm 2 

The maximum load was measured at a loading rate 
of 20 mmmin-1  and 3-point bending strength was 
calculated by 

~ 3 b  = 3PL/2wt2 (1) 

0 0 2 2 - 2 4 6 1  �9 1995 Chapman & Hall 



TABLE I Composition and softening point of glass 

PbO SiO2 Softening 
(mol %) (mol %) point (~ 

Glass A 60.0 40.0 417 
Glass B 28.8 71.2 680 

T h e r m ~  ~ ~ f /Furnace 

~ ~Ferrite rod 

I I R~176 dete~tindiaplaceme n g 

Figure 1 Apparatus for creep testing at high temperature. 

where ~3b is the 3-point bending strength, P is max- 
imum load, L is the distance between lower fulcrums, 
and w and t are the width and thickness of the speci- 
men, respectively. Temperature and humidity were 
controlled because the specimen could have been frac- 
tured by stress corrosion [8]. 

The fired specimen was polished to the dimensions 
19.96x2.0x 85.50mm and subjected to Young's 
modulus measurement by the dynamic method at 
room temperature. A specimen polished to dimen- 
sions 10.28 x 3.00 x 47.10 mm was placed in a furnace 
as shown in Fig. 1, load was applied to it by the 
4-point method, and then vertical displacement was 
detected with a rod connected to the bottom of the 
specimen. The specimen was heated to 900~ at 
300 ~ min-  1, and held there for 30 min. 

3. Results and discussion 
3.1. Stress-inductance relation 
The role of glass in improving the stress-resistant 
properties of ferrite-glass composites was studied by 
analysing the effect of external stress on the magnetic 
permeability of slow-cooled rod specimens. The effect 
of residual stress was also studied using specimens 
quenched from different temperatures. Fig. 2 shows 
the effect of external compressive stress on the induc- 
tance change for slow-cooled glass-free and glass-con- 
taining specimens. These curves will be referred to as 
"stress-inductance relation" in this paper for the sake 
of convenience. In Fig. 2 the ordinate indicates the 
inductance change with reference to the inductance 
without external stress, since inductance of each speci- 
men is different, thus making comparison difficult. 
The effect of glass addition on the stress-inductance 
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Figure 2 Effect of external compressive stress on inductance 
change. Glass A content: O, 0; A, 3.23; 7q, 6.52 vol %. 

relation is obvious; only 3.23 vol % of glass makes the 
ferrite magnetically insensitive to the external stress. 
The stress-insensitivity improved on further addition 
of glass. Another point to note is that the curves for 
glass-containing specimens have a maximum in the 
compression region. The glass-free specimen may have 
a maximum in the tension region, the existence of 
which, however, has not yet been confirmed. 

Apparently, it was assumed that the observed effect 
of glass on the stress-inductance relation should be 
correlated with the Young's modulus of glass-contain- 
ing ferrites. However, the results of Young's modulus 
measurement as shown in Fig. 3 did not conform to 
our prediction; the Young's modulus decreased with 
increasing glass addition, implying an increased sensi- 
tivity to the external stress. The observed decrease in 
Young's modulus can be attributed to the presence of 
pores in the specimens. 

Fig. 4 illustrates the effect of quenching on the 
stress-inductance relation for 3.23 vol %-glass con- 
taining specimens quenched from different temper- 
atures. Essentially quenching effect on the stress- 
inductance relation is not observed for the quenching 
temperature up to 700~ Quenching from 900~ 
however, resulted in an improved stress-inductance 
relation. Furthermore, the curve has a maximum at 
a higher compressive stress. Similar results were ob- 
tained for specimens containing 1.54 and 6.52 vol %- 
glass. 

The above results imply that thermal residual stress 
is responsible for the stress-inductance relation. 
Therefore, we tried to confirm this point from fracture 
experiments. 

3.2. Effect of quenching on bending 
strength 

Fig. 5 shows the bending strength of glass-free and 
3.23 vol % glass-containing specimens as a function of 
quenching temperature. The effect of glass addition 
is remarkable for quenching temperatures higher 
than 600~ For  glass-free specimens the bending 
strength decreases with decreasing quenching temper- 
ature to 800~ and then increases at 1000~ For  
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Figure 3 Effect of glass addition on Young's modulus of ferrite. 
Glass A, O; glass B, z5. 
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Figure 4 Effect of quenching temperature on the stress-inductance 
relation. O: slow cool, quenched from zS, 500~ [], 700~ 
0, 900 ~ Dashed line: glass-free ferrite; solid line: 3.23 vol % glass 
A-containing ferrite. 

has a bending strength higher than that of the slow- 
cooled specimen. 

In order to analyse the behaviour observed with 
glass-containing specimens, fracture mode was ob- 
served by SEM. Examination of fracture surfaces re- 
vealed that slow-cooled specimens were characterized 
by intragranular fracture, but that quenched speci- 
mens were characterized by mixed-mode fracture 
(Fig. 6); the fractional area of intergranular fracture 
increased with increasing quenching temperature. 
Moreover, the central area of the specimens was char- 
acterized by intragranular mode regardless of the 
quenching temperature. These findings suggested that 
the observed decrease in bending strength is closely 
associated with the microcrack formation in grain 
boundary areas during quenching, and that the extent 
of the microcrack increases with a rise in quenching 
temperature. 

For  glass-containing specimens, the sharp increase 
in bending strength at quenching temperatures above 
600~ is probably due to the behaviour of glass, 
because the fracture mode was intergranular regard- 
less of the quenching temperature. Therefore, we 
studied the creep behaviour. 

Fig. 7 illustrates the deformation of rod specimens 
as a function of temperature as they were heated at 
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Figure 5 Effect of quenching temperature on the 3-point bending 
strength. Glass content: O, 0; [], 3.23 vol %. 

glass-containing specimens, on the other hand, the 
minimum bending strength was observed at a quench- 
ing temperature of 600 ~ and further increase in 
quenching temperature resulted in increased strengths. 
It is to be noted that the 1000~ specimen 
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Figure 6 SEMs of fracture surfaces of glass-free specimens quen- 
ched from 900~ illustrating (a) intragranular fracture and (b) 
intergranular fracture. 
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Figure 7 Effect of glass addition on the displacement as a function 
of temperature. A, glass A-containing ferrite; B, glass B-containing 
ferrite; C, glass-free ferrite. 



a rate of 300 ~ h-1 while being loaded. The glass- 
free specimen did not creep until a temperature of 
900~ was reached. Addition of glass decreased the 
temperature of creep onset; creep started for the glass 
A-containing specimen at a temperature lower than 
that for the glass B-containing specimen. This is 
explained by the difference in the softening points 
(see Table I). 

Summarizing the above findings it can be concluded 
that quenching from the temperature region in which 
microcrack formation is suppressed results in reten- 
tion of thermal residual stress. The increased bending 
strength for the glass-containing specimen quenched 
from 900 ~ supports this view. When quenched from 
below 700 ~ however, the thermal stress is dissipated 
in forming microcracks. The improved stress-induc- 
tance relation for the 900~ specimen 
is probably explained by these factors. The progres- 
sive decrease in bending strength observed for glass- 
free specimens with increasing quenching temperature 
can be interpreted in terms of increased microcrack 
formation. A slight increase in bending strength 
for the 1000~ specimen (Fig. 5) is pos- 
sibly explained by densification during the heat 
treatment. 

3.3. Effect of glass composition 
Exactly the same experiments as above were conduc- 
ted using glass B. The effect of glass composition will 
be discussed with emphasis on the difference arising 
from the chemistry of glass. Fig. 8 shows the effect of 
glass content on the stress-inductance relation for 
glass B-containing specimens. In comparison with the 
results for glass A in Fig. 2 the inductance changes at 
high compressive stresses shifted upward progress- 
ively with increasing glass content. On the other hand, 
a small amount of glass A is sufficient to make the 
specimen stress-insensitive. This behaviour is prob- 
ably due to the difference in chemistry, as will be 
discussed later. 

Fig. 9 illustrates the effect of quenching temperature 
on the stress-inductance relation. Quenching from 
900~ did not modify the relation significantly in 
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Figure 8 Effect of external compressive stress on inductance 
change. Glass B content: O, 0; A, 2.17; m, 4.34; O, 8.68 vol %. 
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Figure 9 Effect of quenching temperature on the stress-inductance 
relation O; stow cool, quenched from A; 500~ C]; 700~ �9 
900~ Dashed line: glass-free ferrite; solid line: 2.17 vol % glass 
B-containing ferrite. 

comparison with the case for glass A (Fig. 4). Similar 
results were obtained for 4.34 and 8.68 vol % glass 
additions. As a matter of fact, the specimen containing 
8.68% glass gave essentially a flat stress-inductance 
curve. 

The results of bending strength measurements 
yielded curves similar to those for glass A in Fig. 5. 
Here, it must be noted that minimum bending 
strength was observed at 800~ approximately 
200 ~ higher than that for glass A. Such a difference 
can be explained by the difference in the softening 
point between glasses A and B. Indeed, this point of 
view was supported by the creep behaviour shown in 
Fig. 7. Also, the results in Fig. 8 can be explained along 
these lines: a relatively small amount of glass is suffi- 
cient for covering ferrite grains for a glass having a low 
softening point, whereas a larger amount of glass is 
required for extensive coverage with a glass having 
a higher softening point. We assumed that the behav- 
iour of glass is governed by the viscosity rather than 
by the interaction between glass and ferrite. Another 
point to note with regard to the effect of quenching is 
that the bending strength of the specimen quenched 
from 900 ~ was lower than that of the slow-cooled 
specimen, implying that a larger part of the thermal 
residual stress was dissipated in microcrack forma- 
tion. Thus, in glass B-containing specimens, creep 
plays a minor role relative to glass A-containing 
specimens. 

4. Conclusions 
1. The stress-inductance characteristic is improved 

by incorporating glass and by quenching from high 
temperature. 

2. The improvement in the stress-inductance char- 
acteristic is explained by thermal residual stress. Re- 
sults of bending strength measurements support this 
view. 

3. Glass chemistry, especially the softening point, 
determines the magnetic behaviour of ferrite- 
glass composites under the influence of compressive 
stress. 
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