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The effect of microstructure on residual 
stress-producing and -releasing mechanisms 
in ceramics processing 
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Laboratory of Materials Science, Faculty of Science and Technology, Keio University, 
Yakohama 223, Japan 

A new non-destructive method has been developed for determining the internal stress of 
ferroelectric and ferromagnetic ceramic materials by comparing the relative changes in the 
permeability of the materials. The first experimental data of the relationship between the 
residual stress and the microstructure of the ceramic material has been obtained by this 
method. Residual stress-producing and -releasing behaviours in Ni-Cu-Zn ceramics 
processing depends on the microstructure of these materials. The experimental results show 
that more residual stress is produced in quenching and released in annealing for a sample with 
a lower density, smaller grain sizes and a higher pore fraction. Whether or not the residual 
stress in a quenched Ni-Cu-Zn ceramic sample is released back to its initial as-sintered state 
through an annealing process depends upon the microstructure. The stress produced by air- 
quenching was almost completely released by the annealing process when the relative 
densities of the samples were lower than 83%. However, the stress-releasing effect decayed 
rapidly with increasing density when the relative densities of the samples were higher than 
94%. On the other hand, the residual stress in the Ni-Cu-Zn ceramics rose very rapidly when 
the air-quenching temperature was higher than 830 ~ The stress was estimated by 
considering the effect of magnetostriction on the initial magnetization process in the materials. 
A simple theoretical model has been developed to interpret the results. 

1. I n t r o d u c t i o n  
The residual stress in ceramic materials affects not 
only their electric and magnetic properties but also 
their mechanical properties. Mechanical properties 
are important for the use of ceramic materials in solid- 
state applications, such as integrated circuit substrate, 
piezoelectric sensors, and magnetic cores. The idea of 
the ceramics engine also demands a maximum reduc- 
tion of the internal stress of ceramic materials under 
different working temperatures and heating-cooling 
rates. As a result of modern applications of ceramic 
materials, there is a much greater need to take into 
account the relationship between residual stress and 
the microstructure of ceramic materials. However, 
generally speaking, the average grain size of ceramic 
materials is greater than the wavelength of X-rays, so 
one looses the accuracy of the determination of lattice 
spacing by X-ray diffraction (XRD). Therefore, it is 
very difficult to determine the residual stress of ce- 
ramic materials by XRD which is widely used in metal 
stress analysis. This situmion results in some difficult- 
ies in understanding the relationship between micro- 
structure and residual stress in ceramic materials. 

We investigated the effect of the microstructure 
on stress-producing and -releasing mechanisms of 
Ni-Cu-Zn magnetic ceramic materials by comparing 
relative changes in the permeability of the materials 
before and after quenching, as well as, before and after 
annealing, and estimated the difference in the micro- 
structure through scanning electron microscope 
(SEM) observations. In particular, we investigated the 
effects of microstructure properties such as density 
and pore fraction on the stress-producing and 
-releasing processes, and the relationship between 
residual stress and quenching temperature in 
NI-Cu-Zn ferrite processing. Since the magnetic and 
non-magnetic ceramic materials are both processed 
by sintering and have many properties such as micro- 
structure, grain boundaries, and pore fraction in com- 
mon, the results of this experiment are very important 
in ceramics processing. We are not only interested in 
the residual stress in Ni-Cu-Zn ceramic material in 
particular, but also in the residual stress in ceramic 
materials in general. The residual stress was deter- 
mined by a calculation based on the assumption that 
the magnetization process for initial magnetization 
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was a rotation process. This assumption had been 
confirmed by our previous experimental findings [1]. 
The data obtained by this experiment is the first data 
on the relationship between residual stress and micro- 
structure of the ceramic material. 

2. Experimental procedure 
Fig. i illustrates the basic structure of the experiment. 
The residual stresses were produced by an air-quen- 
ching process and then released by an annealing 
process. The stress was calculated from the relative 
changes of the permeability of the sample with respect 
to its initial unstressed state, to be discussed in the 
following pages. 

2.1. Sample preparation 
Pre-sintered powder containing CuO, NiO, ZnO and 
Fe203 in a molar ratio of 6:12:33:49 was mixed with 
1 wt % polyvinyl alcohol (PVA) and pressed for one 
rain at a different pressure for each sample. The size of 
the pressed sample was 7: 11 : 45 mm (t: h: w). The 
samples were toroidal to eliminate the demagnetiza- 
tion effect. Each sample was sintered at a different 
temperature between 1000 and 1150~ in order to 
obtain a different microstructure. The cooling process 
was divided into several steps to minimize the residual 
stress produced by the cooling process. The sintering 
procedure is shown in Fig. 2a. 

2.2. Air-quenching process: stress-producing 
The sintered samples were heated again to 900 ~ at a 
heating rate of 150 ~ h-  1, the same as was used in the 
sintering process. Each of them was held at a different 
temperature (= quenching temperature, up to 900 ~ 
for 30 min and then taken into a room temperature 
air-pumped zone. We found that it was difficult for the 
sintering process to occur in Ni-Cu-Zn materials for 
a heating temperature lower than 950 ~ so that the 
quenching temperatures Were designed to be up to 
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Figure 1 The block diagram of the experiment. ~q and ey a are 
corresponding to the residual stresses after quenching and 
annealing, respectively. The stresses are estimated by comparing the 
relative changes in the permeability of the samples, gq and g, are the 
permeabilities of the as-quenched and as-annealed samples, 
respectively, go is the permeability of the samples just after sintering. 

900~ to avoid the changes of magnetic properties 
due to the growth of the grains. The residual stress was 
created by this quenching process because the differ- 
ent cooling rates inside and outside of the materials 
brought about the temperature gradient, which res- 
ulted in strain in the materials. Since there are many 
pores and grain boundaries in ceramic materials, the 
ceramic materials are much different from single crys- 
tals. The residual stress in a single crystal is mainly 
caused by dislocations o r  phase transitions in the 
crystal. However, in comparing the number of 
dislocations on the surface of a grain with the number 
of dislocations in the grain for ceramic materials, there 
is a much greater number of dislocations on the sur- 
face of the grain. Consequently, the stress in ceramic 
materials strongly depends on the microstructure of 
the materials such as grain size, pore fraction and 
grain boundaries. There is no such effect for single 
crystals. Although a different cooling rate might result 
in phase transitions in the material, XRD analysis 
indicated that both the quenched and the annealed 
samples have the spinel structure, the same phase as 
the as-sintered sample. In comparing the quenched 
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Figure 2 (a) The sintering procedure. The sample was sintered at a designated temperature between 1000 and 1150 ~ in order to obtain a 
different microstructure for each sample. (b) The air quenching and the annealing procedures. The maximum quenching temperature was set at 
900 ~ to avoid the changes in magnetic properties due to the growth of grains. The cooling steps in the annealing were the same as those in the 
sintering procedure. 1776 



and annealed samples with the samples before quen- 
ching, no phase transition was detected. 

2.3. Annealing process: stress-releasing 
The air-quenched sample was heated again at a heat- 
ing rate of 150~ -~ and held at a designated an- 
nealing temperature for 30 rain, then cooled by the 
same process as in sintering. The annealing procedure 
is illustrated in Fig. 2b. The highest annealing temper- 
ature was set at 900~ the same as the highest 
quenching temperature. 

3. Stress evaluat ion 
It has been revealed by our experiments that the 
magnetization of N i - C u - Z n  ceramic materials in a 
weak field is a rotation process [1]; therefore it is 
possible to estimate the residual stress by an analysis 
of this process [2, 3]. 

Generally speaking, for an unstressed sample, the 
magnetization vector is along the easy-magnetization 
direction of the material when the applied field is zero. 
The easy-magnetization direction for the N i - C u - Z n  
ferrite with a cubic structure is (1 0 0). To simplify the 
problem, we assume that the direction of the stress 
produced by quenching on a toroidal sample is ap- 
proximately parallel to that of the applied field. Let 
the angle between the easy-magnetization direction, 
(100 ) ,  and the magnetization of the materials be ~b, 
and the angle between the applied field and the ( 1 0 0 )  
direction is 0, as shown in Fig. 3. According to ferro- 
magnetism theory, the total energy of the system is 
given by 

E - 3/2L~cycos2(0- qb) + Klsin2qbcos2qb 

- HMscos(0 - dp) (1) 

Where Ls is the magnetostriction of the material, Kz 
the magnetic anisotropic constant of the material, Ms 
the saturation magnetization, and o the stress parallel 
to the direction of the applied field H. At an equilib- 
rium state, OE/Od~ = 0 yields 

H = Klsin(4qb) - 3X~osin2(0 - qb) 
(2) 

2M, sin(0 - qb) 

Since M = Mscos (0 - qb), then the magnetic suscept- 
ibility • is 

~M ~M ~ ~q~ 
~ a -  ~ n  -- ~ O H -  M s s i n ( 0 -  q b ) ~  (3) 

and 
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Figure 3 The magnetization process of the materials under a stress 
o parallel to the applied field //. For the initial magnetization 
process, the applied field is very small so that the magnetization 
vector tends to stay in the easy-magnetization direction (100)  for 
cubic structure materials. The direction of the applied field is always 
parallel to the tangential direction of the circle in the plane slicing 
the toroidal samples. 

which yields 

~H 2K 1 - 3~,s osin 2 0 
- ( 5 )  

~d~ Mssin 0 

For real polycrystals, the grains are randomly ori- 
ented. Therefore, sinZ0 has to be replaced by the 
average value of the sin20 = 2/3. Thus, substituting 
the above results into Equation 3, we get the initial 
magnetic susceptibility 

M~ 
• - ( 6 )  

3(K1 - Lscr) 

Since the initial permeability is ~t = 4rt• + 1, and for 
high permeability materials, p >> 1, we get approx- 
imately 

~tT/~to = (K~ - \ C r o ) / ( ~  - ~scr~) (7) 

Where ~t o is the measured permeability of the sintered 
sample. Pr, which depends on the residual stress in the 
measured sample, can be the measured permeability of 
either the quenched or the annealed sample. ~r  can 
be the residual stress of either the quenched or the 
annealed sample. We assume that in an as-sintered 
sample the cesidual stress cr o was largely reduced by a 
well-designed cooling process, so that the stress in the 
as-sintered sample during the magnetization process is 
approximately equal to the stress due to the magne- 
tostriction of the material. That is 

I~,r ~ ~.~E (8) 

where E is the Young's modulus of the material. K z of 
the material was about 10 2 Jcm -3, the magnetostric- 

OH [2K 1 cos(4qb) + 3Lscr cos2(0 - qb)]sin(0 - qb) + �89 1 sin(4qb) - 3X s o sin2(0 - qb)] cos(0 - d~) 
(4) 

~qb M~ sin2(0 - qb) 

Since we consider only the initial magnetization pro- 
cess, the applied field is very small, so the angle 
between the magnetization and ( 1 0 0 )  is very small; 
that is 

qb(H ~ 0) --* 0 

tion was -3 .4  x 10 -6, and E was about 10 ll N m  -z. 
Since K >> kz E, finally we get 

= - - (po / I - t r -  1)/ks • 102pa (9) 
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Thus the residual stress in the quenched or annealed 
sample can be calculated from go and gr, the meas- 
ured permeabilities of the sample before and after 
quenching or annealing. 

4. Results and discussion 
Fig. 4 indicates that the residual stress depends on the 
air-quenching temperature. The stress in the as-quen- 
ched samples increased sharply for a quenching tem- 
perature greater than 830 ~ Cracks were frequently 
found in the samples when the quenching temper- 
atures were higher than 1100 ~ The stress at which 
the material fractures was determined to be about 
35 MPa by a mechanical test. This was very close to 
the result obtained by magnetic measurements, shown 
in Fig. 4. This result indicates that our assumptions 
and approximations were reasonable. 

Fig. 5 shows the dependence of residual stress upon 
relative density for the as-quenched Ni -Cu-Zn  ferrite 
when the quenching temperature was fixed at 900 ~ 
Fig. 6 is a scanning electron microscopy (SEM) ob- 
servation of the relationship of density to microstruc- 
ture. The residual stress was decreased by increasing 
the relative density, lowering the pore fraction and 
raising the grain sizes of the materials. This result may 
be explained by considering the different heat ex- 
pansion coefficients corresponding to different densit- 
ies of the materials. In general, there are gas phases, 
such as pores, in ceramic materials. Let us consider a 
quasi-stat ic  process of changing the temperature of a 
material without forming a fracture. Assume the vol- 
ume expansion coefficient of the grains is 13g, the 
volume expansion coefficient of the pores is [3p, and 
the average volume expansion coefficient of the mater- 
ial is 13r. Also assume all stresses applied to the grains 
are either pure tensile or compressive stresses. So, for a 
quasi-s tat ic  infinitesimal change of the temperature of 
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Figure 4 The residual stress and quenching temperature 
dependence of the N i - C u •  ceramic materials. The samples were 
sintered at 1200 ~ for 2 h and then cooled by the cooling procedure 
illustrated in Fig. 2a. Each sample was  heated again and held at the 
designated quenching temperature for 30 rain, then cooled by an air 
pump.  The permeability of the unstressed as-sintered sample was 
1300. 
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Figure 5 The residual stress produced by quenching depends on the 
density of the material. The quenching temperature was fixed at 
900 ~ 

the system, the stress applied to the ith grain is 

~Yoi = K o ( 1 3 r -  [~o)AToi (10a) 

The stress applied to the air-phase in the j th pore is 

~,j = Kp(13,- 13,)ATpj (10b) 

Where •g and Kp are the elastic constants of the grains 
and pore (or gas) phases, respectively. A Tg i is the 
temperature change of the ith grain, and ATpj is the 
temperature change of the j th pore. The stress in 
the sample is an internal force and therefore its sum- 
mation should be zero under an equilibrium state, 
that is 

Ng Np 

Z%,Av., + E%AV s = 0 (11) 
i ,/ 

yielding, 

Ng Np 

i = 1  j = l  

Ng Np 

= K,([3, - [~o)AT Z Vo, + Kz,(~, - [3p)AT ~. Wj = 0 
i j 

(12) 

Where we have assumed that the number of grains 
and pores are N o and Np, respectively, and V0i is the 
volume of the ith grain, and Vpj the volume of the jth 
pore. Since we have assumed that the change of the 
temperature was approximately a quasi-stat ic  equilib- 
rium process, we replaced AToi and ATpj by AT, the 
change of the temperature of the system in the above 
calculation. Let 

Ng 

v. = v., (13) 
i = l  

Np 

Vp = E Vpj (14) 
j = l  

Substituting the above two equations into Equa- 
tion 12 we get 

= + (15)  
 :ov. + K,v  



Figure 6 SEM of Ni-Cu-Zn ceramic materials. Low density corresponds to a high pore fraction and small grain sizes. (a) The sample was 
pressed at 3.9 GPa and sintered at 1000 ~ The average grain size and the relative density of the sample are 2 pm and 83%, respectively. (b) 
The sample was pressed at 6.5 GPa and sintered at 1050 ~ The average grain size and the relative density of the sample are 4 pm and 97%, 
respectively. 

Considering that the volume fraction of the pores in 
the material is very small, and that the elastic constant 
of the grains is much larger than that of the gas phase, 
we get 

fir = ([3~176176 + PPKvW) 1 - K q ~ /  (16) 
K 0 Vg 

In the above calculation, we expanded [3, in a Taylor 
expansion and then neglected the terms 

('.W 
 0v. (17) 

for n _> 2. On the other hand, since the volume ex- 
pansion coefficient of the gas is greater than that of the 
grains, finally we get 

[3, = [30 + c v . / v ~  (18) 

where 

c = ( [ 3 p -  [3o)~p/~:o > 0 

From the term expressed as C Vp/V o in Equation 18, we 
see that the average heat expansion coefficient of the 
materials is increased linearly by increasing in the 
volume fraction of pores when V o >> Vp is satisfied. We 
have obtained some results which can be used for the 
explanation of the experimental results as follows: As 
a result of the fact that the heat conductivity of any 
solid is larger than that of any gas, the conductivity of 
the material is lowered by increasing its pore fraction. 
Heat transfer is restricted by the pores, bringing about 
larger temperature gradients in the material in both 
the cooling and heating processes for lower density 
samples. On the other hand, as we have derived in 
Equation 18, for V o >> W, the higher the pore fraction, 
the higher the thermal expansion coefficient. Con- 
sequently, larger local stresses would be created for the 
samples with higher pore fractions because the stress is 
proportional to the temperature gradient and the 
expansion coefficient. In fact, during the quenching 
and heating processes, the expansion coefficient of the 
sample is no longer independent of the temperature. It 

can be shown that 
Np 
Z 

[3r ~- [3o + C j 
Z Z,,A 

i 

However, [3, is still related to the pore fraction and 
temperature gradient of the material. The qualitative 
conclusion in reality will not be changed from that of 
the simple model. In conclusion, higher residual stres- 
ses correspond to higher pore fractions and lower 
densities. Thus, the experimental results of the quen- 
ched samples shown in Figs 5 and 6 are explained. 

It is interesting that whether the residual stress in 
the quenched sample is released back to its initial state 
(as-sintered state) or not by the annealing process 
depends on its microstructure. Fig. 7 shows the experi- 
mental results. The stress produced by the air-quen- 
ching process was almost completely released for the 
sample with relative density of 83%. The releasing 
effect decayed sharply when the relative density was 
higher than 94%. 

Fig. 8 gives similar results with respect to the an- 
nealing temperature. The results may be understood 
by the following interpretation: In general, high tem- 
perature provides a large driving force to lower the 
energy by reducing dislocations in materials. There- 
fore, for a certain heating period, the dislocations of 
the materials may be reduced by raising the heating 
temperature. On the other hand, higher pore fractions 
result in more dislocations on the grain boundaries, 
and smaller grain sizes bring about higher surface 
energies of the grains. These cause higher potential 
energies on the grain boundaries. Therefore, the re- 
duction in the number of dislocations during the an- 
nealing process is greater for lower density samples 
than for higher density samples. And since a heavy 
dislocation corresponds to a high microstress, redu- 
cing this potential energy brings about the stress- 
releasing process during the annealing process. 
Another explanation for the results, is that, since the 
direction of the thermal stress due to heating is oppo- 
site to that of the stress due to the cooling process, the 
stress due to heat expansion in the annealing process 
accelerates the release of stress produced by the air- 
quenching process. Consequently, lower density sam- 
ples correspond to larger stress-releasing forces in the 
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Figure 7 The residual stress is more easily released by the annealing 
process for samples with lower densities. The releasmg effect decays 
rapidly when the relative density of the material is higher than 94%. 
The annealing temperature was fixed at 900 ~ the same as the 
quenching temperature. 
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Figure 8 The stress releasing effect versus the annealing 
temperature of the materials. The samples were quenched at 900 ~ 
Samples A and B were sintered at 1000 and 1050 ~ with relative 
densities of 83 and 98%, respectively. 

annealing process. The results shown in Figs 7 and 8 
can now be understood. 

As we mentioned previously, the stress obtained by 
the magnetic measurement agrees with the result of a 
mechanical test. If there was any phase transition 
(even in a very small fraction), the permeability of the 
materials would be decreased much faster than the 
observed result shown in Fig. 4. In addition, no phase 
transition could be found from XRD. Consequently, 
we do not consider the stresses due to the phase 
transitions here. 

was investigated by a non-destructive stress evalu- 
ation method using magnetic measurements. Both the 
residual stress-producing and -releasing processes oc- 
cur more easily in the samples with lower densities, 
smaller grain sizes and higher pore fractions. 

2, Whether or not the residual stress in the quen- 
ched sample is released back to its initial as-sintered 
state by an annealing process depends on the micro- 
structure of samples. For  the N i - C u - Z n  ceramic ma- 
terial, the stress due to the air-quenching was almost 
completely released by the annealing process for the 
samples with relative density lower than 83%, while 
the stress-releasing effect decayed rapidly for the sam- 
ples with relative densities higher than 94%. 

3. The residual stress in the N i - C u - Z n  ceramic 
materials rose very sharply when the air-quenching 
temperature was higher than 830~ This result is 
very useful for minimizing the stress produced by the 
cooling process in the preparation of the materials. 

4. A simple theoretical model has been developed to 
analyse the experimental data. It has been shown that 
higher heat expansion coefficients and lower heat con- 
ductivities correspond to lower densities and higher 
pore fractions for Vg >> Vp. Lower densities not only 
produce higher residual stresses in quenching pro- 
cesses, but also, during annealing processes, provide 
larger releasing forces opposite to the residual stress 
produced by quenching. 

5. Assuming that the magnetization process of the 
N i - C u - Z n  ferrite is a rotation process, the stress was 
estimated by comparing the relative changes in the 
permeabilities of the unstressed and stressed samples. 
The stress obtained by the magnetic measurement 
agrees with the result of a mechanical test. The method 
used in our experiment provides a new non-destruc- 
tive method of internal stress evaluation for ferroelec- 
tric and ferromagnetic ceramic materials. 
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