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Abstract 
 

Quantitative detection of microcracks generated in alumina bioceramics for artificial joints 
was carried out by AE source characterization. Fracture toughness tests using CT specimens 
were conducted in air and water. Stable crack propagation was observed with rapid increase in 
AE signals emitted from microcracking. The combined response function of the specimen and 
measurement system was determined using pencil-lead breaks as a simulated source. AE source 
functions were obtained by inverse calculation from detected AE signals. Size and nucleation 
velocity of microcracks were determined from the source function. From these results, it was 
found that both radial and nucleation velocity of microcracks in water is larger than those in air. 
They also show excellent agreement with the results of SEM fractography. 

 
Keywords: Alumina, bioceramics, microcrack, AE source characterization 

 
Introduction 
 
 The bioceramics are suited for medical use because of their high biocompatibility [1-3]. The 
femoral head in total hip replacement is the most representative application. The lifetime of the 
bioceramics was often designed as between 10 to 15 years. However, a number of ceramic 
femoral heads have failed in human body within several years after their installation. Thus, a 
technique to assure extended lifetimes of bioceramics is urgently needed. 
 
 Conventionally, the lifetime prediction based on the K-v curve was proposed considering the 
propagation of one maincrack [4]. However, the maincrack formation may result from the nu-
cleation and coalescence of microcracks [5]. On the analogy of fatigue life in metals, the process 
to maincrack formation is considered to be dominant in the whole lifetime of ceramics. There-
fore, it is important for the assessment of long-term reliability to understand the microfracture 
processes before the maincrack formation. 
 

The purpose of the present study is to obtain the fundamental information for precise lifetime 
prediction of bioceramics. One of the authors has already quantitatively characterized mi-
crocracks of alumina ceramics in air by AE source characterization [6, 7]. In this study, the size 
and nucleation velocity of microcracks of bioceramics were characterized also in water simulat-
ing human body environment to evaluate the effect of environment on microcracking. 
 



 174  

Theoretical Aspect 
 

Figure 1 shows the model of a dislocation and displacement in an elastic solid. The dis-
placement ui(x, t) at the point x = (x1, x2, x3) and time t due to the dislocation φ(x’, t’) is  
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where νq is the q-component of the normal vector of the dislocation surface, φp is the 
p-component of the dislocation, Cpqjk is the elastic constant of the medium, A is the area of the 
dislocation surface, and Gij is Green’s function, which represents the displacement in the 
i-direction at (x, t) due to an instantaneous point force of unit impulse in the j-direction at (x’, t’) 
[8]. Gij,k’ is the derivative of Gij in the k-direction (e.g. ∂Gij/∂xk). As shown in Fig. 2, assuming 
the displacement in the x3-direction at the epicenter of the microcrack opening in the same direc-
tion and is considered as a point source (e.g. i = j = k = 3, on ∆A), equation (1) becomes 

 )t(G)t(D'dt)'tt,,(G)t(D)t,(u '3,33'3,33

t

0
3 !="#= $ x'xx  

 with )2(A)t()t(D 3 µ+!"#"$=  (2) 

where ! 3(t) is opening displacement of the microcrack, ∆A is the area of the microcrack, and 
D(t) is an AE source function of the microcrack, and !  represents time domain convolution. 
The AE source function is a step function with height of ∆D and rising time of ∆t (shown in Fig-
ure 3). By using ∆D, radius of the microcrack, a, and nucleation velocity, Vc, could be deter-
mined as 
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Vc = 2 a /Δt (4) 

where σc represents the critical stress for maincrack formation. However, when the displacement 
u3(x, t) is detected by the AE sensor, its output V(t) is 

 V(t) = G (t)! S(t)!D(t) = R(t)!D(t) (5) 

where S(t) is the response function of AE measurement system, R(t) is called combined response 
function. In order to calculate the AE source function, following time deconvolution is essential. 

 D(t) = V(t)!R-1(t) (6) 

 
 

  
Fig. 1  Model of displacement    Fig. 2  Model of microcrack   Fig. 3  Example of AE 
dislocation in elastic medium.  and epicenter displacement.     source function D(t). 
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The response function for monopole source, Rm(t), could be determined by well-defined mo-
nopole source such as pencil-lead breaking. Conversion from monopole to dipole source such as 
crack opening can be accomplished by 
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where VL is the longitudinal wave velocity. 
 
Experimental Procedures 
 
Specimens 

High purity alumina ceramics (Japan Medical Materials Co.), the material for actual artificial 
joints, was used in this study. Mechanical properties are given in Table 1. The 0.5-inch CT 
specimens were used for fracture toughness tests. To avoid the influence of reflected waves, 
thickness of the specimen was selected as 1 inch. In order to minimize the effect of water content 
on fracture process especially at the tests in air, specimens were dried in a vacuum drying oven at 
150 ºC for 2h. 

Table 1  Mechanical properties of alumina (Manufacturer’s data) 

Density 
[g/cm3] 

Purity 
[%] 

Average Grain 
Size [μm] 

Elastic Modulus 
[GPa] 

3.97 >99.9 1.4 400 
 

 

Fig. 4  Schematic diagram of the testing system. 
 
Fracture Toughness Test using CT Specimens and AE Measurement 
 

The testing system is described in Fig. 4. CT specimens were loaded at a crosshead speed of 
0.01 mm/min in air and in water and the load was measured by load cell. The specimens used for 
the tests in water have been soaked in water with ultrasonic bath for 30 minutes before the tests. 
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During the tests in water, only the portion of notch tip has been filled with water. Crack opening 
displacement (COD) of specimens were also measured by clip gage. At the same time, the 
waveforms of AE signals emitted from microcracks were detected by four piezoelectric AE sen-
sors (Pico, PAC). The AE signals were amplified by pre-amplifiers and sent to a digital oscillo-
scope, whose sampling interval was 10 ns. Preamplifier bandwidth was 100 kHz to 2 MHz. Total 
gain was 40 dB, and threshold level was 130 µV at the input of pre-amplifiers. 
 
Results and Discussion 
 
AE Source Chracterization 
 

Figure 5 shows the typical result of AE behaviors during the fracture toughness test using CT 
specimen. In Figure 5, compliance of specimen has changed with rapid increase in AE event and 
energy. Figure 6 shows the typical waveforms. Figure 6(a) shows an example of AE signal emit-
ted by a microcrack nucleation during the fracture toughness test. Figure 6(b) shows an example 
of combined response function of specimen and AE measurement system determined using pen-
cil lead breaking. Figure 6(c) shows an example of AE source function of the microcrack nuclea-
tion. Using equations (3) and (4), it was estimated that the microcrack with radius of 9.6 µm and 
nucleation velocity of 37 m/s was nucleated. 

 
Fig. 5  Typical AE behavior during the test with notch in air. 
 
Effect of Environment on the Microcracking 
 

Figure 7 shows the result of the AE source characterization. Figure 7(a) shows the distribu-
tion of radius of microcracks generated during the fracture toughness tests. Figure 7(b) shows 
that of nucleation velocity. From the tests, microcracks with radius of 6.6~1 7µm and nucleation 
velocity of 9.5~47 m/s were detected. On the other hand, in water, the radius was 13~22 µm and 
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(a) AE signal, V(t).         (b) Response function, R(t).   (c) AE Source function, D(t). 

Fig. 6  Typical waveform about microcrack nucleation. 
 
the nucleation velocity was 26~86 m/s. Therefore, it is clear that both radius and nucleation ve-
locity of microcracks formed in water are larger than those in air, which is likely due to the in-
fluence of stress corrosion cracking. 

  
(a) Distribution of radius. (b) Distribution of nucleation velocity. 

Fig. 7  The result of the AE Source characterization. 
 

Average area of microcracks characterized by AE source characterization was 3.9 x 10-4 mm2 
in air and 8.9 x 10-4 mm2 in water. On the other hand, coalescing intergranular cracks were ob-
served on fracture surface by SEM and their average areas are 1.6 x 10-4 mm2 in air and 7.9 x 
10-4 mm2 in water. Since they showed good agreement with each other, it was verified that the 
results of AE source characterization have reasonable accuracy.  

 
Conclusions 
 

Quantitative detection of microcracks in fracture process of bioceramics was conducted by 
AE source characterization, and the following conclusions can be drawn. 
 

(1) By AE source characterization, it is understood that both radius and nucleation velocity of 
microcracks in water are larger than that in air, which might be the influence of stress corro-
sion cracking. 
(2) The result of AE source characterization shows excellent quantitative agreement with that 
of observation by SEM, which verified that the results of AE source characterization have 
reasonable accuracy. 
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Although further investigation is needed for theoretical modeling of microfracture process, it 
should be emphasized that the indispensable knowledge for the reliability assessment of bioce-
ramics was obtained in this study. 
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