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1. INTRODUCTION 
     In practical application, many structural components 

are subjected to stresses of variable amplitude loading 

(VAL). Most of the fatigue data have been obtained due 

to cyclic loads under constant amplitude but in almost 

all engineered systems the operating condition leads to 

variable amplitude loading [1-3]. It is suggested by 

number of author’s that variable stress cycle could be 

more damaging than constant stress cycle.  Prediction a 

start of fatigue crack which has been initiated in a grain 

starts propagating is important for the life maintenance 

of machines subjected to cyclic loads. Techniques 

based on dislocation damping which decreases the 

vibration responses have been investigated quite 

intensively [4-13]. Fatigue fracture originate from a 

specific location including initiation and propagation 

periods. The detection of fatigue damage before fatigue 

crack development using nondestructive technique, 

local measurement plays an important role. In the 

previous research, a method for evaluating low-cycle 

fatigue crack growth using ultrasonic back reflection 

intensity on the evolution of PSBs were proposed [14] 

and also authors made clear the effect of plastic strain 

range on the ultrasonic back reflection intensity 

behavior under constant plastic strain range condition 

of low cycle fatigue in stainless steel of nuclear grade 

SUS 316NG [15]. Crack growth starts to take place 

from a specific location without affecting the other 

region.  

      

 

 

 

     In the present study, the dependence of ultrasonic 

back-reflection on variable loading at the location where 

fatigue crack growth starts in stainless steel was 

evaluated and different method to predict the remaining 

life for start of crack growth were proposed. 

 

2. MATERIALS AND METHOD 

    The material used in this experiment was an austenite 

stainless steel (JIS-SUS316NG) [16]. The chemical 

composition and mechanical properties are given in 

Tables 1 and 2, respectively. Specimen configuration is 

shown in figure 1. Figure 2 shows the microstructure of 

the test specimen and the average grain diameter is 100 

μm (by linear intercept method).  

  

Table 1: Chemical compositions [wt.%] 

 

Cr Ni C N Mn Si S 

17.4 11.9 0.02 0.07 1.69 0.31 0.002 

P Mo Cu B Co As Fe 

0.023 2.25 0.11 0.009 0.19 0.004 Bal 

 

 

         Table 2:  Mechanical Properties 

 

E (GPa) ν σ0.2 (MPa) σB (MPa) 

190 0.25 261 583 
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      Strain-controlled fatigue tests were performed using 

a hydraulic material testing machine (MTS810) applying 

plane bending loading. The stress ratio was -1, and 

loading frequency was 1 Hz. In order to evaluate the 

change in ultrasonic back reflected wave from the 

boundary of crystal grain, the ultrasonic wave which is 

generated from the pulser impinges the material surface 

at an angle larger than the critical angle. The transducer 

was used  in  this  study   has   a   central     frequency   of  

100 MHz of focal length is 12.5mm in water, the scan 

pitch  5 μm, and the angle of incidence 30°. The outline 

of ultrasonic apparatus and propagation path are shown 

in Fig. 3 and Fig. 4 respectively. The leaky reflected 

surface wave by the grain boundaries was received by the 

same transducer as shown in Fig.4. The transducer 

receives the ultrasonic back-reflected wave from the 

reflection off the crystal grain boundary. The maximum 

intensity Amax of the back-reflected wave is normalized 

by the initial value A0 as the reference value and the ratio 

Amax/A0 is used to monitor changes in back-reflection 

intensity.  

 

 

         Fig 1. Specimen configuration [unit: mm] 

 

   

     

            Fig 2. Microstructure of tested material 

 

    Under variable loading condition, the high plastic 

strain range p
h  is applied with 

hN  cycles followed 

by cyclic loading of the low plastic strain range 

p
l until fracture. The detailed variable loading 

conditions are listed in Table 3. 

 

 

 

 

 

 

       

      Fig 4. Propagation of ultrasonic wave 

 

Table 3: Variable loading conditions  

Specimen 
p

h  
hN  p

l  

1 0.0024 200 0.0019 

2 .005 100 0.0024 

3 0.0096 100 0.003 

     

3. EXPERIMENTAL RESULTS AND DISCUSSION 
     Figure 5 shows the decreasing behavior of brightness 

of the ultrasonic measurement and corresponding change 

in optical microscope image at crack initiated location. 

Inhomogeneous distribution of brightness in the 

ultrasonic microscope images indicates the back 

reflection intensity from grain boundaries. This figure 

shows the decrease in back reflection intensity before the 

start of crack growth. From this result, a decrease in 

brightness at rectangular mark location appears with 

increase in fatigue cycle and large decrease appears at 

crack initiation and same time the length of the slip band 

start to increase which is the pin point of start of crack 

growth. From experiments result, it is shown that the 

number of cycles to start of crack growth is decreased 

compared with the result under the constant plastic strain 

Fig 3. Ultrasonic apparatus 
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range of 
p 0.0019   and 

p 0.0024  [15] which 

shows effect of high amplitude cycling. 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1 Prediction Methods of Start of Crack Growth 

     The number of cycles before the onset of crack 

growth can be predicted using 

              SC SU SCN N N ...................(1)   

  where Nsu and Nsc are the number of cycles at start of 

decrease in ultrasonics and the number of cycles of start 

of crack growth respectively. suN can be measured using 

the ultrasonic method, is the average number of fatigue 

cycle from where a decrease in ultrasonic starts and 

scN can be calculated using one of the following three 

methods i.e. i) Linear approximation explained in details 

in previous work [14] , ii) PSB damage method ( PSBD  

model) and iii) method using cumulative plastic strain. 

3.1.1 PSBD  model 

 PSBD  is defined as follows, 

  PSB PSB p N

f

N
D D 1 exp 1 exp . ..(2)

N


    
         

     

 

where PSBD ,  , N  are the empirical values under 

constant plastic strain range tests.  

When 
h

v NN  PSBD  is calculated directly using above 

equation. fN  is the number of cycles to failure under 

constant plastic strain range of p
h . Let PSB

hD  be the 

value of PSBD  when p
h

p   and hN N .  When   

h
v NN  , PSB

l
PSB

h
PSB DDD       

where PSBh
l

PSBv
l

PSB
l DDD  , PSBv

lD  is the value of 

PSBD  when p
l

p    and vNN  . PSBh
lD  is the 

value of PSBD  when p
l

p    and 
hNN  . fN  in 

this case is the number of cycles to failure under 

constant plastic strain range of p
l . The method how 

to estimate 0max / AA  from PSBD  is the same as we have 

reported earlier [15]. 

 

3.1.2 Constant Cumulative Plastic Strain Method  

      The cumulative plastic strain under variable loading 

may be determined by the following equation, 

 

             )NN(2N2 h
vp

lh
p

h
p                  (3) 

 

     The constant cumulative plastic strain method states 

that the crack growth will start  when the cumulative 

plastic strain increment from SUN  to vN  reaches a 

critical cumulative plastic strain. When 
h

SU NN  , 

 

                 C)NN(2 SUvp
l                                      (4) 

 

     Critical cumulative plastic strain C is independent of 

plastic strain range under constant plastic strain range. 

Under variable load condition, SUN is small that is the 

start of decrease of ultrasonic back reflection will be 

early and the start of crack growth will also be early 

(small vN ). C can be calculated using above equation. 

When p
h  is not so large, large SUN  and large vN  at 

crack growth start will give the same constant, C. So the 

effect of cycles under the high plastic strain range could 

be included through dependence of SUN  on the high 

plastic strain range. The experimental and predicted 

value start of crack growth using linear approximation, 

DPSB model and cumulative plastic   strain   method   is   

shown   in figure 6 for  Δε
h
p=0.0096 and  Δε

l
p=0.003 

and found that most of the crack initiated locations 

predicted values of start of crack growth using Dpsb 

model are very close to the experimental one. The 

ultrasonic method is effective for the prediction of start 

of crack growth (Nsc) under variable amplitude 

condition because, detected SUN  under the variable 

load conditions reflects the combined damage due to 

 

Fig  5. Ultrasonic and optical micrograph of slip bands, 

and growing crack from the crack initiated  along   the 

slip bands. The    horizontal    direction corresponds to 

the loading direction.   
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the high plastic strain range and the low one. The local 

SUN  which is measured at a specific location gives the 

prediction of the location. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Predicted SCN  under variable load condition using 

constant cumulative plastic strain method with start of 

ultrasonic decrease SUN  seems to achieve a good 

correspondence with the experimental results which is 

shown in figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Predicted life to start of crack growth under 

variable loading of different pairs and experimental 

results. The plotted plastic strain range in variable 

loading test is the low one. CPS stands for Cumulative 

Plastic Strain model.   

 
4. CONCLUSIONS 

     (1) The predicted value of start of crack growth, Nsc 

using constant cumulative plastic strain achieve a good 

correspondence with the experimental results.  

 

(2) The Nsc under variable loading is shorter than 

corresponding one under constant low plastic strain 

range tests. 

 

5. ACKNOWLEDGEMENT 
      The authors express gratitude to the Ministry of 

Education, Science, Sports, and Culture, of the 

Government of Japan for providing financial support 

during this research work and also to the LCF committee 

in The Japan Welding Engineering Society supported by 

Tokyo Electric Power Company, Tohoku Electric Power 

Co., Inc., Chubu Electric Power Co., Inc., Hokuriku 

Electric Power Company, The Kansai Electric Power Co,. 

Inc., Hokkaido Electric Power Co., Inc., The Chugoku 

Electric Power Co., Inc., Shikoku Electric Power Co., 

Inc., Kyusyu Electric Power Co., Inc., The Japan Atomic 

Power Company and Electric Power Development Co., 

Ltd. 

 
6. REFERENCES 

1.   Miner, M.A., 1945, “Cumulative damage in fatigue”, 

      Trans ASM Journal of Applied Mechanics, 12 (3),  

      159-64. 

2.   Tubby, P.J., Razmjoo, G.R., Gunney,  T.R.,   Priddle, 

      E.K., 1996, “Fatigue of welded joints under variable 

      loading”,    In  OTO94804,   HSE  Books,   Sudbury. 

3.   Tilly, G.P., “Fatigue of land based structures“, 1985 

      International Journal of Fatigue, 7(2), 67-78. 

4.   Koehler, J.S.,1952, “Imperfection in Nearly Perfect  

      Crystals”  John  Wiley & Sons, Inc.,  NewYork   pp. 

      197-216. 

5.   Kenderian, S., Berndt, T.P.,  Green, R.E., Djordjevic,   

      B.B., 2003, “Ultrasonic monitoring  of   dislocations  

      during   fatigue  of   pearlitic   rail   steel”, Materials 

    Science and Engineering A,. 348, pp. 90-99. 

6.   Granato,   A.,  and   Lücke, K.,   1956,     “Theory of  

      mechanical damping due to dislocations” Journal of  

      applied physics,  27, pp. 583-593. 

7.   Granato, A., and Lücke, K.,   1956,   “Application of    

      dislocation theory to internal friction   phenomena  at  

       high frequencies” Journal of applied physics, 27, pp. 

      789-805. 

8.   Hirao, M., and   Ogi.   H.,   1997, “Electromagnetic    

      acoustic resonance  nd materials characterization”  

      Ultrasonics,  35, pp. 413-421. 

9.   Ogi, H., Hamaguchi, T., Hirao, M.,   2000,   “In-situ 

      monitoring of ultrasonic attenuation during rotating  

      bending fatigue of carbon steel with electromagnetic  

      acoustic     resonance” Journal    of      Alloys    and 

      Compounds,  310, pp. 436-439. 

10.  Hirao, M., Ogi, H., Suzuki, N., Ohtani, T., 2000, 

       “Ultrasonic attenuation   peak   during fatigue of  

       polycrystalline copper” Acta Materialia,  48, pp.  

       517-524. 

11.   Ohtani, T., Ogi, H.,    Minami, Y.,    Hirao, M., 2000,  

        “Ultrasonic   attenuation      monitoring   of   fatigue 

        damage in low carbon steels with     electromagnetic  

Fig  6. Comparison experimental result with simulation 

in    crack    initiated   location  for  Δε
h

p= 0.0096  and  

Δε
l
p=0.003. 

Variable Δεp 

Constant Δεp 

Experimental  

CPS model 

 Dpsb model  
NSC  

NSU  

 

Plastic strain range 

N
u

m
b
er

 o
f 

cy
cl

es
 



© ICME2011                                                                                                                                                                                   AM-004 5 

        acoustic resonance (EMAR)” Journal of Alloys and  

    Compounds, 310, pp. 440-444.  

12.  Ogi, H., Hamaguchi, H., Hirao, M., 2000 “Ultrasonic  

       attenuation peak in steel and aluminum alloy during   

       rotating    bending    fatigue”   Metallurgical     and  

       Material Transaction A ,31,  pp.1121-1128. 

13.  Ohtani, T., Ogi, H.,  Hirao,  M., 2001,  Transactions  

       of the Japan Society of Mechanical Engineers,  . 67 

       pp. 454-461 (in Japanese). 

14.  Islam M.N. and Arai Y., 2009, “Ultrasonic back  

       reflection evaluation of crack growth from PSBs in 

       low cycle fatigue of stainless steel under constant  

       load amplitude” Material Science and Engineering    

       A 520, pp. 49-55. 

15.   Islam, M.N., Arai Y., Wakako A., 2010, “Effect of   

        plastic strain range on prediction of the onset of  

        crack growth for low cycle fatigue of SUS316NG 

        studied using ultrasonic back reflection”  Journal of   

        solid Mechanics and Materials Engineering,4. 

16.   Stainless steel alloys specification'. JIS G4304,   

        Japan industrial Standard 2002. 

 

7. MAILING ADDRESS 
 

Islam Md. Nurul 

Assistant Professor 

Department of Mechanical Engineering,  

Rajshahi University of Engineering and Technology, 

Bangladesh. 

E-mail:  nurul93213@yahoo.com 
 

. 

 
 


