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Abstract 
Comprehensive knowledge of the low-cycle fatigue properties of nuclear component materials, and non-

destructive testing (NDT) techniques for fatigue damage detection are important when evaluating integrity of 

nuclear components subjected to seismic loads. For the condition monitoring of the plants, Acoustic emission 

(AE) testing can be used and we conducted AE monitoring during low-cycle fatigue tests of type 316 nuclear 

grade austenitic stainless steel. The results of fatigue tests showed that the fatigue life estimation based on the 

usage factor (UF) could be useful for this steel regardless of existence of pre-strain. The results of AE 

monitoring showed that fatigue damages can be detected by AT when UF becomes larger than 0.2-0.3 and the 

detection ability is equivalent to PT. 
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1. Introduction 
 

Since earthquakes, which may cause damages of engineering components, occur occasionally 

in Japan, accurate evaluation methods for fatigue strength properties of engineering 

components subjected to seismic loads are important. Nuclear components are one of these 

engineering components, which need the accurate evaluation. For example, when evaluating 

integrity of nuclear power plant affected by the Niigataken Chuetsu-oki earthquake of 2007, 

we require more knowledge of the low-cycle fatigue properties of nuclear component 

materials, such as austenitic stainless steels that are used for many parts of nuclear power 

plants. For the low-cycle fatigue of carbon steel, usage factor (UF) is successfully used to 

evaluate fatigue life in several papers [1-3]. Here, fatigue usage factor is determined by the 

ratio of the number of cycles anticipated during the lifetime of the component to the allowable 

cycles. However, the validity of UF in the large strain range (caused by seismic load) is still 

not well known. We have to confirm that if we can evaluate fatigue life for the components 

subjected to seismic load by UF by just adding the number of cycles caused by seismic load. 

On the other hand, non-destructive testing (NDT) is also important for the integrity evaluation 

of actual plants. At present, active NDT techniques such as ultrasonic testing (UT) and eddy 

current testing (ET) take place as in-service inspection of nuclear power plants conducted 

during plant outages. In recent years, however, condition monitoring during operation of the 

plants is considered for determining the priority of components needing inspection. Acoustic 

emission testing (AT) is one of the major passive NDT techniques and has a potential for the 

condition monitoring. A plenty of papers related to AE from high-cycle fatigue have been 

published [4-6], although, papers related to AE from low-cycle fatigue are limited.  

In this study, we conducted low-cycle fatigue tests of nuclear grade austenitic stainless steel 

with and without pre-strain, which simulates damages by seismic loads. AE monitoring was 

also conducted during the fatigue tests. Validity of UF and a potential of AT for fatigue 

damage evaluations are discussed. 

 

2. Experimental procedure 
 

2.1 Material and Specimen 
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The material used in this study was type 316 nuclear grade austenitic stainless steel 

(SUS316NG), whose chemical composition and mechanical properties are shown in Tables 1 

and 2 respectively. This material is used for recirculation system piping of BWR (Boiling 

Water Reactor). The shape of the specimen is shown in Fig. 1. The minimum diameter and 

radius of curvature at the center part of the hourglass shaped fatigue specimen were 6 mm and 

35 mm, respectively. The surface of the specimen was finished by electrolytic polishing after 

emery and buffing polishing. 

 

Table 1 Chemical composition (wt.%) 

 

C Si Mn P S Cr Ni Mo 

0.016 0.51 1.36 0.025 0.001 17.51 11.30 2.05 

 

Table 2 Mechanical properties 

 

Young’s modulus 

[GPa] 

0.2% proof strength 

[MPa] 

Tensile strength 

[MPa] 

Elongation at break 

195 287 573 0.63 

 

 
Figure 1 Shape of the specimen 

 

2.2 Fatigue testing procedure 
The strain-controlled low-cycle fatigue tests were conducted in air at room temperature using 

the MTS 810 servo hydraulic fatigue testing machine. The experimental setup and appearance 

of fatigue test are shown in Fig. 2. The specimen was fixed to the fatigue testing machine 

through two jigs on one side. A small space and a slit for the AE sensor were machined for 

one of the two jigs. The strain was calculated using the following formula assuming a 

constant volume (assuming plastic deformation). 

 

           ( )0ln2 DD−=ε · · · · · · · · · · · · · · · · · · · · · · · · · · ·   (1) 

where D0 and D denote the minimum diameter of the specimen before and during the test. 

The minimum diameter was measured using the handmade clip gauge shown in Fig. 3. The 

strain ratio was -1 for the low-cycle fatigue test and the strain rate was 0.3%/s. We 

investigated three different total strain ranges of ∆ε=0.02, 0.04 and 0.08. In order to discuss 

the validity of UF, we also carried out fatigue test at ∆ε=0.02 after applied cyclic pre-strain. 

The total strain ranges and the UF of pre-strain were ∆εpre=0.08 and 0.16 and UFpre=0.2 

respectively. With these large pre-strain values, the number of cycles to failure is small 

(<150) and we set high UFpre in this study. In addition, to observe the fatigue crack, the 

surface of the specimen was observed by a digital microscope (see right of Fig. 3) and the 

penetrant test (PT) was conducted about ten times during fatigue test. 
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Figure 2 Experimental setup and appearance of experimental setup 

 

    
Figure 3 Clip gauge used for strain measurement and appearance of attached specimen 
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Figure 4 Jigs attached to fatigue testing machine and schematic illustration of jigs 

 

2.3 AE testing procedure 
Acoustic emission signals were detected by wideband AE sensors (Physical Acoustic Corp. 

(PAC), type: WD) with a frequency range of 100-1000 kHz. AE sensors were set on each end 

of the specimen by using springs and rubber cushion as shown in Fig. 4 and 5. The sensor 

Clip gauge

Specimen

Digital micro scope 



cables were led through the slit from the jigs and connected to preamplifiers. The detected AE 

signals were digitized using a digitizer (PAC, type: PCI-2) after amplifying 60 dB using a 

preamplifier (PAC, Type: 1220A). 200 kHz high-pass filters were used to reject extraneous 

background noises. Source locations were also conducted and AE signals generated at 

reduced-part of the specimen were extracted and used for the later analysis. 
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Figure 5 Fixation method of AE sensors by using spring and rubber cushion 

 

 
Figure 6 Relationship between the total strain range and the number of cycles to failure 

 

3. Results and discussion 
 

3.1 Results of fatigue tests 
Figure 6 shows relationship between the total strain range ∆ε and the number of cycles to 

failure Nf. The Manson-Coffin law of α=0.51, C=0.96 is demonstrated by the results of the 

fatigue test. Figure 7 shows the relationship between the total usage factor (UF), and the 

usage factor of pre-strain (UFpre) calculated from the results of fatigue test. It was found that 

UF tends to decrease to less than 1.0 when large pre-strain is applied. On the other hand, it is 

reported that the range of 95% confidence intervals of the UF for the low-cycle fatigue test in 

constant strain range (with no pre-strain) are 0.7 to 1.4 [2]. When considering this large 

dispersion of the data, UF could be still valid for evaluating pre-strained components. 

 



 
Figure 7 Relationship between UFpre and UF  

 

(a) Without pre-strain (∆ε =4%)         (b) With pre-strain (∆εpre =8%, UFpre=0.2, ∆ε =2%) 

  
Figure 8 True stress-true strain curve 

 
Figure 9 Change in maximum and minimum stress with number of cycles 

 

Figure 8 shows examples of true stress - true strain curves; (a) is the example of fatigue test 

with constant strain range and (b) is the example with pre-strained fatigue test. Figure 9 shows 

changes in the maximum and minimum stresses with the number of cycles during fatigue tests. 

In the case of the constant strain fatigue tests (2, 4, 8% in the figure), rapid cyclic hardening 

occurred at the beginning of the tests, and the degree of hardening became larger when the 
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applied strain increased. On the other hand, in the case of the pre-strained fatigue test, cyclic 

softening occurred, and the degree of softening became larger when the applied pre-strain 

increased. 

 

3.2 Results of AE tests 
Figure 10 shows the example of cumulative AE hits during fatigue test without (a) and with 

(b) pre-strain. The black lines show the cumulative AE hit, and red lines and blue lines show 

the maximum and minimum stresses at each cycle, respectively. Regardless of the existence 

of pre-strain, AE counts increased rapidly in the cycles just before the specimens fractured. 

Since the maximum stress decreased at this timing, the rapid increase in AE counts may be 

caused by propagation of macroscopic cracks and merging of the cracks toward the final stage 

of the fracture. By using AE, we may detect fatigue cracks just before final fracture 

occurrences, although it seems difficult to detect the initiation of fatigue damages.  

 

(a) without pre-strain (∆ε =8%) 

 
(b) with pre-strain (∆εpre =8%, UFpre=0.2, ∆ε =2%) 

 
Figure 10 Results of cumulative AE hits during fatigue test 

 

Figure 11 shows changes in true-stress during the ∆ε =8% fatigue test (UF>0.9) and the timing 

of AE generation. Most of the AE signals are generated during load increase phase, especially 

near zero load and less signals are generated during load decrease phase.  

Figure 12 shows an example of fatigue cracks observed by digital microscope. At the center 

of Fig. 12, two fatigue cracks were merging and form a step. Figure 13 shows macroscopic 

view of the cracks and shows crack opening and closure behavior of the step. When opening, 

surfaces of the step grinded against each other. Upon closure, surfaces of the step became 

parallel just before contacting and did not grind against each other. This behavior may cause  



 
Figure 11 Timing of AE generation (∆ε =8%) 

 

 
Figure 12 Overall view of fatigue crack. 

 

  
(a) Crack opening and a part contacted (b) Crack opening 

  
(c) Crack closure (d) Crack closure and a part contacted 

Figure 13 Enlarged view of the fatigue crack in Fig. 12. 



change in AE behavior shown in Fig. 11. We focused on the timing of AE generation, and 

divided AE into two phases, increasing and decreasing phases (red line and blue line, 

respectively). Figure 14 shows the concept of these phases with stress-strain curve.  

 

σ

ε

Decrescentphase

Increscent phase

 
Figure 14 Definition of the increasing and decreasing phases 

 

  
Figure 15 Centroid frequency of AE signals (∆ε =8%) 

 (left: Increasing phase, right: Decreasing phase) 

 

Figure 15 shows relationship between cumulative AE hits and usage factor during constant 

strain fatigue test (∆ε =8%) for the increasing phase (left) and decreasing phase (right). 

Centroid frequency of AE signals are also plotted in the figures. No significant change in 

distribution of the frequency with UF was observed for decreasing phase. On the other hand, 

number of AE signals in low frequency increased with UF for the increscent phase. Figure 16 

shows centroid frequency of AE signals in increasing phase that were shown in Fig. 11. Green 

line indicates start of crack opening, which was determined by the observation using digital 

microscope. Most of AE signals were generated in the timing of crack opening, and centroid 

frequency of AE was distributed widely. This may cause the increment of low-frequency AE 

signals with UF in left of Fig. 15. Since centroid frequency of AE in initial stage of fatigue for 

the increasing phase were higher than 450 kHz, and AE caused by crack opening include low 

frequency of AE (< 450 kHz), there is a possibility that AE can used for initial fatigue damage 

detection when AE signals with low frequencies (< 450 kHz) are extracted. Figure 17 shows 

relationship between UF and normalized cumulative AE hits for the extracted AE signals in 

increasing phase. Each curve indicates the results for different strain-range conditions. 

Regardless of the strain-range conditions, normalized cumulative AE hits start increasing 

when UF becomes 0.2-0.3.  In our experimental condition, fatigue damage can be detected 

when UF becomes 0.2-0.3. It is noted that cyclic softening occurred for the pre-strained 

Increasing phase 

Decreasing phase 



fatigue test (see Fig. 10(b)), although fatigue damages of pre-strained specimens also can be 

detected when UF becomes 0.2-0.3. 

Table 3 shows the timing of the crack confirmed by PT (see Fig. 18) and digital microscope in 

UF. From this table and previous results, it is confirmed that detection ability of AT is similar 

to PT and better than micro scope observation. 

 

 
(a) SUS316NG 

Figure 16 Timing of AE generation and centroid frequency of AE generated at increscent 

phase. 

 
Figure 17 Cumulative AE hits of AE generated at increasing phase under 450 kHz. 

 

Table 3 Timing of the crack confirmed by PT and digital microscope 

 

∆ε PT Digital 

microscope 

2% 0.37 0.72 

4% 0.39 0.80 

8% 0.30 0.67 

 



 
Figure 18 Example of indication by PT (∆ε =2%, UF=0.37) 

 

4. Conclusion 
 

We conducted low-cycle fatigue tests of SUS316NG with AE monitoring. The results of 

fatigue tests showed that the UF tends to decrease to less than 1.0 when pre-strain are applied, 

although fatigue damage evaluation by using UF is still valid when accounting dispersion of 

data.  

The results of AE monitoring showed that fatigue damage can be detected by AT when UF 

becomes around 0.2-0.3. In our experimental condition, detection ability of AT is similar to 

PT and better than microscope observation. 
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