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The decrease in the fracture strength of alumina ceramics at room temperature has usually been 
assumed to be caused by the effect of stress corrosion. However, at high temperatures, a viscous 
deformation will occur due to a glass-like phase which exists in the grain boundary. A study of the 
relation of the fracture strength of an alumina ceramics smooth specimen at room temperature to 
the visco-elastic property was performed. Mechanical tests and visco-elastic analysis, has shown 
that the fracture strength of this kind is controlled by the visco-elasticity. 

1. I n t r o d u c t i o n  
The decrease in the fracture strength of alumina ce- 
ramics at room temperature has generally been as- 
sumed to be caused by the effect of stress corrosion [1, 
2]. On the other hand, a viscous deformation will 
occur at high temperatures due to a glass-like phase 
which exists in the grain boundary. 

The relationship between the fracture strength of an 
alumina ceramics smooth specimen at room temper- 
ature and its visco-elastic property, has been studied. 
Using mechanical tests and visco-elastic analysis, it 
has been shown that the fracture strength of this kind 
is controlled by the visco-elasticity. 

2. Materials and specimens 
The specimens used were 96% and 92% purity 
alumina ceramics with the chemical composition 
shown in Table I. Specimen dimensions were 60 mm 
(length) x 10 mm (width)x 1 mm (thickness) for 96% 
alumina ceramics and 70ram (length) x 4 m m  
(width) x 1.5 mm (thickness) for 92% alumina ce- 
ramics. 

3. Dynamic fatigue test and 
interpretation 

A dynamic fatigue test was carried out using the four- 
point bending method at different crosshead speeds 
(0.03 25 mm ra in - l )  at room temperature in air and 
water, respectively. The major span of the specimen 
was 30 mm and the minor span was 10 ram. 

In Fig. la and b the fracture strength is plotted 
against the logarithm of stress rate for 96% and 92% 
alumina ceramics, respectively. The results are shown 

in Fig. 2 as obtained by the least square method. 
Fig. 2 shows that fracture strength increases almost 
linearly with the logarithm of stress rate [3, 4]. It 
should be noted that the fracture strength is lower in 
water than in air and that the gradient of the straight 
line is much smaller in water than in air for each 
material of different purity. 

To determine the mechanism of this behaviour, first 
let us consider whether or not the controlling mechan- 
ism may be a reaction rate process, such as corrosion 
cracking as is usually assumed. If the rate-controlling 
mechanism is the reaction rate process, whatever the 
detailed mechanism may be, the rate of atomic re- 
arrangement, m, can be written in the simple form 

m = A exp (1) 

where H is the activation energy, ~ the activated 
volume, ~ the applied stress, T the absolute temper- 
ature, k Boltzmann's constant and A the frequency 
factor. By treating the process as a stochastic one, then 
we can obtain the fracture strength, %,  from the 
following equation [5] 

dm 
- -  m 2 (2) 

dt 

T A B L E I Chemical composition for an average grain diameter of 
2.33 #m 

AI2O 3 96% 92% 
SiO 2 } 7% 
CaO 4% 1% 
MgO 
Grain diameter 4.33 #m 2.33 #m 
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Figure 1 Experimental data on dynamic fatigue strength of alumina 
ceramics versus the logarithm of stress rate in (a) air, and (b) water. 
(�9 96% alumina, (0 )  92% alumina. 
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Figure 2 The relationship of dynamic fatigue strength versus the 
logarithm of stress rate of alumina ceramics (96% and 92% purity) 
in ( ) air and ( - - - )  water determined by the least squares 
method from the data in Fig. la and b. 

for the case of constant rate of stress application, i.e. 
= 6t, where dr is the applied stress rate. From Equa- 

tions 1 and 2, we obtain the fracture strength, cyc, as 

(L - log dr + ~ + l o g ~  + l o g ~  (3) 
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Experimentally, for the case of glass, the gradient of 
the curve of fracture strength, go, against log dr is 
much smaller in air than in water, the fracture strength 
itself in air being higher than in water. This gradient 
characteristic may be explained by assuming the ac- 
tivation volume ~, is much larger in air than in water, 
as can be seen from Equation 3. On the other hand, 
from the present experimental data as shown in Fig. 2, 
the gradient of the curve in water is much smaller than 
in air. Therefore, the rate-controlling mechanism for 
fracture of this type might not be a reaction rate 
process mechanism, such as corrosion cracking. Thus 
an attempt has been made to analyse the behaviour 
based on a visco-elastic model. 

4 .  A n a l y s i s  b a s e d  o n  a v i s c o - e l a s t i c  
m o d e l  

Simulation analysis was performed by using a visco- 
elastic spring model shown in Fig. 3a. The basic equa- 
tions of this model are expressed by 

O" = E 3 s  3 

= E1(82 4- en)  + E 2 e 2  (4) 

den (5) 
E2~e = q dq 

and total strain is 

z = ~2 + ~3 + ~n (6) 

Substituting Equations 4 and 5 into Equation 6, we 
have 

e n - exp t eexp - - t  dt 
q q jo 

+ C o e x p ( -  ~ t)  (7) 

where A =  1~(El +E2+E3), B = E 2 x E 3 ,  C = E 2  
(El + E3), and Co is an arbitrary constant. 

The strain rate, V, in the dynamic fatigue test is 
expressed by the following equation 

e = vt (8) 

The initial condition is 

,1 = 0 for t = 0. (9) 

Substituting Equations 8 and 9 into Equation 7, e n is 
expressed as 

Bnv / AC 0 
~ n -  B V ( t - ~ )  + ~ e x p ~ -  rl 

(10) 

Therefore, from Equation 10, the stress, c~, is obtained 
as follows 

{ B~-~BVqI l l  
o = E3 v t -  t + ~ -  s  f2 

(1 - A q  1 AC 

N 

Fig. 3b shows the calculated result from Equa- 
tion 11 assuming the critical strain criterion, 
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Figure 3 (a) The visco-elastic model. (El, E2, E3 are values of 
Young's modulus,  r 1 is the viscosity.) (b) Characteristics of dynamic 
fatigue strength versus strain rate calculated by simulation based 
on the visco-elastic model as shown in (a). E1 = 1 0 N m m  -z, 
E 2 = 2 0 N m m  2, E3 = 5 N m m - 2 .  

where E l =  1 0 N m m  -2, E 2 = 2 0 N m m  -2 and 
E 3 = 5 N m m  -2, and q =0.5,  10 and 100 N s m m  -2, 
respectively. Fig. 3b shows that for a high coefficient of 
viscosity (q = 100 Ns ram-2)  the visco-elastic spring 
model is approximately equal to the model consisting 
of elastic springs El ,  E2 and E 3 ,  and fracture strength 
is almost constant and independent of strain rate. 
On the other hand, when rl decreases greatly 
(q = 0.5 Ns ram-2),  the visco-elastic spring model be- 
haves as a spring model which consists of E~ and E3 

connected in series. In this case, fracture strength 
becomes lower, but it is also independent of strain 
rate. When viscosity assumes an intermediate value 

(q = 1 0 N s m m - 2 ) ,  the fracture strength increases 
with increase in strain rate. This behaviour corres- 
ponds to a strain-rate dependence. 

From Fig. 3b it has been found that the character- 
istic dependence of fracture strength, cyc, on viscosity 
varies within the range of the value of viscosity. That  
is, it can be seen that the characteristic of the gradient 
of fracture strength, crc, of alumina ceramics being 
smaller in water than in air, as shown in Fig. 2b, 
corresponds to the case when the viscosity is smaller in 
water than in air, as shown in Fig. 3b, similar to the 
examples for q = 10 and 0.5 Ns mm-2,  

5. Stress re laxat ion test  and results 
A four-point bending method, similar to the dynamic 
fatigue test, was used. Initial strain was applied at the 
value which causes an equivalent stress of two-thirds 
the bending strength under 1 MPa  s-  1 stress rate. The 
time sequence of this test was 5000 s. 

The results from the stress relaxation test are shown 
in Fig. 4 for 96% alumina ceramics in air and in water. 
The characteristic of stress relaxation is more remark- 
able, and at the same time the stress relaxation time 
becomes shorter in water than in air. 

By using the Maxwell model, the relaxation elastic 
m o d u l u s ,  Er ,  for this case can be expressed as 

E r _ E1 exp - + exp - 

+ ~ - e x p  - + . . .  (12) 

where q is relaxation time which is given by, 
q = r h / E i ,  where r h is viscosity and E~ is Young's 
modulus. For this case we obtain: 
in air 

Er 

E 
5.98 x 10 -3 exp - 

+ 7.17 x 10 - 3 e x p  - 

+ 9.87 x 10-1 exp 1 x 106. 

(13) 
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Figure 4 Results of the relaxation test on alumina ceramics (96%) in 
( ) air and ( -  - - )  water. 

3 3 4 9  



in water 

Er 

E 
- - + 9.27 

x 10-3 exp - 

+ 9.81 x 10 -1 exp 1 x 106 

As can be seen from Equations 13 and 14, the second 
and third terms are much smaller than the first term, 
and can be neglected. Thus, in air and water the stress 
relaxation times, Zai r and "Cw.te,, become, respectively, 
Z a i  r = 5 . 0  S and "/Jwater = 3.8 s, where 

lqair 
"Eai r -- (15) 

E 

and 

1~wate r - -  r l w a t e r  ( 1 6 )  

E 

6.  I n t e r n a l  f r i c t i o n  t e s t  a n d  r e s u l t s  
Fig. 5 shows the resonance apparatus. The experi- 
mental apparatus and method are essentially similar 
as the method of measuring Young's modulus as given 
in a previous paper [3]. The sine wave generated by an 
oscillator was amplified to drive a transducer which 
consists of an electric magnet. In this case, the thin 
steel plate was adhered to both ends of the specimen, 
to which the magnetic sinusoidal stress was applied 
indirectly. The two node points of the specimen were 
fixed by threads during vibration of both free ends. 
The value of the internal friction was obtained from 
half the maximum amplitude in resonance vibration 
using the following equation 

1 v 2  - -  V1 
(17) 

- -  31/2 V 0 

where v0 is the resonance frequency and vl and v2 are 
the frequencies at which the amplitude becomes half 
the maximum, respectively. 

From the resonance characteristics, the internal 
friction, 0O, was found to be 4.14x 10 .4  in air and 
4.42 x 10 .4  in humid air. This shows that internal 
friction is larger in humid air than in air, as shown in 

(Digital m e t e r ) - - - ~  

I Displacement ) 
Specimen k, converter 

Driving ~ Driving ) 
transducer i L transducer) 

~scittoscope) 

Figure 5 Schematic  i l lustration of the appara tus  used for the inter- 
nal friction test. 

Fig. 6. It may be explained as follows: internal friction 
is expressed by Equation 18 [6]. 

OC 1 ~ - ( l ) 2 T  2 (18) 

where m is the frequency rate and �9 the stress relaxa- 
tion time. In this experiment, m is about 600 Hz (Fig. 
6) and x is approximately one order second and, hence, 
m~ > 1. In this way, Equation 18 reduces to 

1 
oc - -  (19) 

cot 

Equations 15, 16 and 19 show that internal friction, ~, 
increases with decreasing z or viscosity, 1"1. Thus the 
difference between stress relaxation time in air and in 
humid air can be understood as caused by the differ- 
ence between their viscosities. 

Furthermore, in Fig. 7 the value of Thumi d a i r / ' ~ a i r  is 
plotted against the purity (weight per cent) of alumina, 
calculated from the data obtained from the internal 
friction test using Equation 17 and calculated using 
Equation 19. It can be seen that %umidair/rai, or 
r l humida i r / qa i r  decreases with increase in amount of 
added materials, that is, a decrease of A1203 in the 
alumina ceramic material from 99.5% to 92%. Prob- 
ably the glass-phase material added may have contrib- 
uted to the increase of internal friction or the decrease 
of viscosity in water. 

7. D i s c u s s i o n  
The fracture strength of alumina ceramic material 
increases with increasing stress rate or strain rate [1, 2, 
4]. Usually this characteristic has been interpreted as 
being caused by stress corrosion under water [4, 5]. 
However, the corrosion reaction is controlled by the 
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Figure 7 The relation of Thuml d air/Tair to the purity of the alumina ceramics. 
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reaction rate process mechanism. However, the stress- 
rate dependence of dynamic fatigue strength of an 
alumina ceramic smooth specimen at room temper- 
ature is smaller in water than in air. On the other 
hand, if we assume that the rate-controlling process of 
fracture under these conditions is the reaction rate 
process, then the gradient of the curve of fracture 
strength, c~c, against log O is much smaller in air than 
in water as shown in Fig. 8. This is not in agreement 
with the present experimental data as shown in Fig. 2. 
Instead, a theoretical analysis of behaviour by a visco- 
elastic model proposed, is in good agreement with the 
data. 

The model may also be supported by the stress 
relaxation test and the internal friction test. From 
these experimental results and the theoretical analysis, 
the alumina ceramic material is supposed to have 
a visco-elastic property at room temperature. Dy- 
namic fatigue characteristics of the smooth specimen 
at room temperature can be explained on the basis of 
a visco-elastic effect which is supposed to come from 
the glass-like phase in the grain boundary involved in 
the component added to alumina ceramics, which 
shows the visco-elastic behaviour. 

By controlling the structure, in particular the grain 
boundary, it may be possible to overcome the brittle- 
ness and to improve the ductility and processability at 
room temperature of a smooth body. This char- 
acteristic may be revealed not only in smooth ma- 
terials, but also in material having short cracks. In the 
case of a material with long cracks, the corrosion 
effect may also be involved due to the high stress 
concentration induced at the crack tip, as shown 
in Fig. 8. In our experiments, we used thin speci- 
mens with, say, large surface area compared with the 
volume, for dynamic fatigue tests and stress relaxation 
tests, 60 mm (length) x 10 mm (width) x 1 mm (thick- 
ness); for internal friction tests, 120 mm 
(length) • 10 mm (width) x 1 mm (thickness). This may 
be the reason why the characteristic is prominent in 
the present case. 
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Figure 8 Schematic illustration of dynamic fatigue strength c versus 
logarithm of stress rate or strain rate for glass materials. 

8. Conclusion 
Although alumina ceramics are brittle materials, the 
fracture strength at room temperature was found to be 
affected by the visco-elastic property of the glass-like 
phase in the grain boundary. Especially for a smooth 
specimen, this effect becomes a much more controlling 
factor, rather than the effect of corrosion. The exist- 
ence of this property will make it possible to improve 
the processability by controlling the glass-like phase 
in the grain boundary. 
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