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Abstract 

 
This paper discusses the feasibility of AE technique for monitoring of fatigue damage of high 

strength bearing steel. We studied AE source mechanism in fatigue process using the waveform 
and source simulation analyses. The steel specimens, subjected to four-point cyclic bending, 
produced a few but strong AE signals just before the final fracture. Fractographic study showed a 
change of fracture type from transgranular (TG) to intergranular (IG). Crack volume was esti-
mated by source simulation of AE as approximately 10-16 m3. Another fatigue fracture test of a 
compact tension (CT) specimen also showed a change of fracture type from TG- to IG-fracture at 
around Kmax of 8 MPa√m, above which both the fast crack propagation and high AE generation 
rates were detected. The source simulation analysis indicated simultaneous IG fracture of neigh-
boring few grains as the source of AE for fatigue test of the CT specimen.   
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Introduction 

 
A consideration of ultra-high-cycle fatigue of more than 107 cycles is becoming important for 

maintenance of infrastructure [1]. This type of fatigue is called as giga-cycle fatigue, producing 
fatigue failure at stress lower than the fatigue limit determined by the conventional fatigue test 
up to 107 cycles. High-strength steels have been reported to exhibit a distinct knee point within a 
cycle range of N = 105-106 and the curve has another knee point in the long-life region of N >107 

[2, 3]. This “duplex S-N curve”, consisting of two different curves, is observed for long-term cy-
clic loading, and suggests that the endurance limit by the conventional fatigue concept cannot 
provide the safety design data for mechanical structures. Many researchers [4] have studied the 
fracture mechanisms in high-cycle range. Although the monitoring technique of fatigue crack is 
urgent in infrastructure, it has not been performed well so far. Development of the monitoring 
method is also an important issue. 

 
We studied feasibility of acoustic emission (AE) as a method of fatigue damage monitoring 

of a bearing steel (SUJ2). Both the smooth rectangular bend specimens and compact tension (1/2 
CT) specimens were used for studying fatigue crack initiation and propagation. The mechanism 
of fatigue damage was also investigated by waveform and source simulation analyses of AE sig-
nals. 

 
Test Specimen and Experimental Procedures 

 
The specimen used is a high-carbon chromium bearing steel (JIS G4805), which is com-

monly used for bearing components. The steel grade is designated as SUJ2. Chemical composi-
tion and mechanical properties of the specimen were shown in Tables 1 and 2, respectively. 
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Table 1 Chemical composition of SUJ2 (mass%). 

 
Table 2 Mechanical properties of SUJ2. 

 
 

 
Fig. 1 AE monitoring system for four point cyclic bending test. 

 
Fig. 2(a) Experimental setup for fracture mechanics test. (b) CT specimen with AE sensors. 

 
Smooth rectangular bend specimens and compact tension (1/2 CT) specimens were prepared 

for studying the fatigue crack initiation and propagation.  Figure 1 shows a monitoring system 
of AE from smooth rectangular specimens subjected to four-point cyclic bending test. AE signals 
are monitored by two small sensors (PAC, type Pico: resonant frequency of 450 kHz) mounted 
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on the compressive surface. Outputs of the sensors were amplified 40 dB by preamplifiers and 
fed to a personal computer via a high-speed A/D converter. In order to eliminate the 
low-frequency noise due to cyclic loading, the output signal via an adding-circuit and a high-pass 
filter was used as a trigger signal. Figure 2(a) shows an AE monitoring system for the CT speci-
men. The signal of channel 4 via the addition circuit and high-pass filter was used as trigger 
channel. Three sensors were used for monitoring the crack growth process as shown in Fig. 2(b). 
The length of fatigue crack was also monitored by the back-face strain compliance technique 
according to the ASTM standard. 

 
Fatigue Fracture Mechanism of Smooth Specimen 

 
Fatigue test at a constant load range (ΔP) was performed under the condition of maximum 

stress (σmax) of 1000 MPa, stress ratio (R) of 0.1 and cyclic frequency (f) of 10 Hz. This speci-
men suffered fatigue failure at Nf of 4.9 x 104 cycles. We detected eight AE signals before the 
final fracture. Figure 3 shows typical AE waveforms detected. This specimen produces Lamb 
wave AE signals with symmetric (S-) and anti-symmetric (A-) modes. Weak first packet, indi-
cated by arrows, was found to be the first component of the S0-mode Lamb, traveled at sheet ve-
locity of 5367 m/s. It is noted that the polarities of the first S0 wave are the same (negative) for 
both sensors, indicating the Mode-I type fracture.      
 

 
Fig. 3 Typical AE waveform detected during ΔP-constant test, Event count (E.C.7). 

 
Fig. 4 Source location of AE detected during ΔP-constant test. 
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Fig. 5 Experimental setup to determine the experimental transfer function for source wave analy-
sis of AE from smooth rectangular specimen subjected to four-point bend test. 

 
Location of AE sources were estimated using the arrival time differences of the first 

S0-waves between channels 1 and 2 and the sheet velocity. Figure 4 shows the source locations 
in the longitudinal direction of the specimen. The origin of abscissas (axial distance) is set at the 
left edge of the specimen. Both the inner span and final fracture location are indicated by vertical 
two lines. The vertical axis represents the number of cycle. Four AE signals (E.C. 2, 5-7) were 
located near the final fracture surface, and three AE signals (E.C. 1, 3, 4) were slightly far from 
the final failure.       

 
In order to study the dynamics of micro-fractures, source wave analysis was attempted. Here, 

the fracture dynamics were estimated by waveform matching of the So-packet [5]. In order to 
estimate the source parameters (rise time ΔTr and crack volume  ΔV), the overall transfer function 
was first determined using the method shown in Fig. 5. We excited the Lamb wave AE by a thin 
compression-type PZT element glued to the end surface of a half-length specimen and a steel 
block. This simulates the Mode-I crack with Burgers (crack opening) vector in the direction of 
specimen axis. Figure 6(a) shows the waveform detected by AE sensor mounted on the same 
distance from the final fracture in the four-point cyclic bending. Out-of-plane vibration of the 
PZT element was separately measured by a laser interferometer and converted to a time transient 
function of crack volume: Abj(t) in Fig. 6(b). Here, bj(t) designates the opening distance and A 
the contact area of the PZT element. A source wave of the Mode-I artificial fracture was given 
by a sinusoidal ramp function with rise time, ΔTr, and crack volume, ΔV, as shown in Fig. 6(c). 
The overall transfer function to the Mode-I crack opening was obtained by the time-domain 
Gauss-Zeidel deconvolution of the detected waves (a) by the source wave (c), and is shown in 
Fig. 6(d).  
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Fig. 6 Processing to determine the experimental transfer function. (a) Detected wave, (b) 
Out-of-displacement of PZT element, (c) Source wave of Mode-I artificial fracture, (d) Experi-
mental transfer function for Mode-I fracture. 

 
Fig. 7 Overlapping of simulated waveform on the detected Lamb wave under ΔP-constant test. 

 
Figure 7 shows both a simulated wave (broken line) and a wave (solid line) detected during a 

fatigue test. The waveform was calculated repeatedly by changing the source parameters; ΔTr 
and ΔV so that it matches the first wave of the S0-mode. This simulation analysis was conducted 
for all the signals detected in a fatigue test. Figure 8 shows the ΔV distribution as a function of 
number of cycles. Crack volume (ΔV) appears to increase gradually with increasing the number 
of cycle (N).  Figure 9(a) shows the fracture origin of the fractured specimen. We observed a 
semi-circular transgranular (TG) fracture and intergranular (IG) fracture further outside. Other 
specimens showed a similar surface morphology as schematically illustrated in Fig. 9(b). A mi-
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cro crack was initiated at the origin near the tensile surface and propagated in TG and then IG 
manner. We, however, could not determine what is the AE source in this fatigue test. Therefore, 
we attempted another fatigue test to study quantitatively the relation of crack growth rate and AE 
behavior using a CT-specimen. 

 
Fig. 8 Volume of micro cracks as a function of number of cycles during ΔP-constant test. 

 

 
Fig. 9(a) SEM of fracture surface. (b) Schematic illustration. 

 
AE Source Mechanism 
  

Fatigue crack growth test was performed using the method shown in Fig. 2. We performed 
two common types of fatigue test. These are ΔK-increasing and ΔK-decreasing tests. Cyclic fre-
quency (f) and stress ratio (R) were controlled at 20 and 0.1 Hz, respectively. Figure 10 shows 
the relationship between crack growth rate and maximum stress intensity factor (Kmax). The solid 
line indicates the predicted crack growth rate for the high-strength steel proposed by Rolfe and 
Barsom [6]. Our data agreed well with the predicted rate in the second stage, but the crack 
growth rate increases at Kmax larger than 8 MPa√m. Cumulative AE counts are also shown by 
dashed line in this figure, but the count data of ΔK-decreasing test was not shown, since only a 
few AE signals were detected. Total event counts reached 587 during ΔK-increasing test. The AE 
counts increased rapidly at K larger than Kmax of 8 MPa√m, when the crack growth rate acceler-
ated.  
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Fig. 10 Relationship between crack growth rate and maximum stress intensity factor with cumu-
lative count of AE detected from a CT specimen. 
 

 
Fig. 11 Typical AE waveforms detected during fatigue crack growth of ∆K-increasing test. 

 
Figure 11 shows typical waveforms of AE signals detected in the ΔK-increasing test. First 

sharp wave was found to be longitudinal wave traveling at 5657 m/s. Figure 12 shows 
two-dimensional AE source locations (x) during the fatigue test between Kmax of 14.2 and 15.7 
MPa√m. Sources were located near the fatigue crack.  Location accuracy is relatively poor, 
since not all sensors detect AE with enough amplitude.  

 
Figure 13(a) and (b) show the SEM photos of fracture surface during ΔK of 4 and 13 MPa√m. 

This shows a change of fracture mode from TG-fracture to IG-fracture with increasing the Kmax. 
The ratio of IG-area was measured as shown in Fig. 14. Generation rate (counts/cycle) of AE 
was shown in the right vertical axis. The IG-fracture ratio increased rapidly after Kmax of around 
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Fig. 12 Source location of AE signals detected in ∆K-increasing test. 

 
Fig. 13 SEM of fracture surface. (a) Kmax of 4 MPa√m. (b) Kmax of 13 MPa√m. 

 
9 MPa√m, when the crack growth rate accelerated as shown in Fig. 10. These results revealed 
that AE signals were produced by IG-fatigue fracture. 

 
Dynamics of Fatigue Fracture 

 
Source wave analysis was conducted using the method of Fig. 5 in order to clarify the dy-

namics of IG cracking. Figure 15 shows an experimental setup for the determination of transfer 
function. We utilized a pulsed YAG laser [7] for this test. A pulse from the laser was focused 
into the slit filled with silicone grease to generate the breakdown of the grease. This can simulate 
the Mode I crack, since the expansion with opening vector in the loading direction occurs in a 
limited space. We detected the AE by a small PZT sensor and a laser interferometer. The latter 
measured the out-of-plane displacement of the P-wave and we utilized it to determine the source 
wave of the breakdown. Figure 16 shows a procedure for waveform simulation. First, we ob-
tained the source wave of the laser breakdown by the deconvolution of detected out-of-plane 
displacement, Fig. 16(b), with the theoretical Green’s function of the second kind, Fig. 16(a).  
The overall transfer function of the system was next obtained by the deconvolution of the PZT-
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Fig. 14 Intergranular area ratio as a function of Kmax with AE generation rate during  

∆K-increasing test. 

 
Fig. 15 Experimental setup to determine the experimental transfer function for source wave 
analysis of AE signals from a CT specimen during ∆K-increasing test. 
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Fig. 16 Procedure to determine the overall experimental transfer function and crack volume ΔV. 
(a) Green’s function, (b) Overlapping of out-of-displacement due to silicone grease breakdown 
and a simulated wave, (c) Source wave of Mode-I artificial fracture with selected values of ∆Tr 
and ∆V, (d) Detected wave of AE sensor, (e) Experimental transfer function for Mode-I fracture. 
 
detected waves, Fig. 16(d), by the source wave Fig. 16(c), adjusting rise time and ∆V. The over-
all transfer function is obtained as Fig. 16(e). Finally, the source waves of AE signals produced 
by fatigue crack were estimated by the manner similar to that shown in Fig. 7.  

 
Figure 17 shows the estimated crack volume as a function of Kmax. Solid line indicates the 

IG-crack volume of a single grain. Here, the crack opening displacement (COD) was assumed to 
be 0.3 µm from the relationship of stress intensity factor and COD [8]. Crack volume: ΔV was 
found to increase with increasing Kmax. These values correspond to the results of smooth rectan-
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gular specimen as already shown in Fig. 8.  Crack volume ΔV are mostly larger than those es-
timated for single grain fracture. Typically, two to three grains fracture, but at higher Kmax values, 
ΔV was as high as 10-times the single grain ∆V. This suggests that fatigue crack propagates 
along some grains at one cycle and emits strong AE. Therefore, fatigue crack grows faster as 
shown in Fig. 10. AE sources were concluded to be IG-fracture. These results tell us that AE 
technique can be useful for the detection of IG cracks in the third-stage fatigue before the final 
fracture.   
 

 
Fig. 17 Volume of micro cracks as a function of Kmax under ΔΚ-increasing test. 

 
Conclusion 

 
We studied fatigue fracture behavior of a high-strength steel by AE technique. Source phe-

nomena and source dynamics of AE signals were examined by fracture surface observation and 
waveform simulation analysis of AE signals . Results are summarized below.   

 
1. High-strength steel subjected to four-point cyclic bending test suffered fatigue failure. The 

steel suffered the TG-fracture at the origin followed by the IG-fracture. A few strong AE 
signals were detected just before the final fracture. Source wave analysis estimated small fa-
tigue crack of crack volume ΔV = 10-16 m3. 

2. The fracture mode of fatigue crack changes from TG-fracture to IG-fracture at Kmax of 8 
MPa√m. Fatigue test at higher K values produced faster crack propagation and higher AE 
generation. AE sources were located near the fatigue crack. IG fatigue fracture was found to 
produce strong AE.  

3. Source wave analysis indicates that the fatigue crack progresses along a few grain bounda-
ries during one cycle (IG-crack) and emitted strong AE. AE technique was found to be use-
ful for the detection of IG crack before the final fracture. 
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