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Abstract Experimental investigation is first carried out on the fatigue property of notched friction welded
(FW) joints of mild-carbon steel under constant amplitude loading. The fatigue life of notched specimen of
FW joints can be expressed as the function of equivalent stress amplitude AcGeq 1.€.

N, = C[Agezq/gHﬂ) _ (Ao-eqv)[zh/(HH) 172, where C and (Ac.qv)m are respectively the fatigue resistant coefficient and the

threshold expressed by equivalent stress amplitude below which no crack initiates at the notch root and Ni—
oo, and n is the strain-hardening exponent. C and (AGeqv)m are found to follow the log-normal distribution.
According to the physical meaning and their probability distribution of fatigue resistant coefficient C and
threshold (Ac.qv)m in the fatigue life expression, a new method is proposed to simulate the fatigue test and the
probability distribution of fatigue life of notched FW joints of mild-carbon steel under variable amplitude
loading and checked by test results on notched FW joints under a programmed block loading spectrum. It is
shown that both the simulated fatigue life and the test result of fatigue life of 45 steel notched friction welded
joints under variable amplitude loading follow the log-normal distribution, and the two distributions agree
well with each other, which is important and essential for the life estimation and the reliability assessment of
FW joints under variable-amplitude loading.

Keywords: probability distribution, simulation, fatigue life, variable amplitude loading, friction welding, Monte
Carlo approach

1. Introduction

Since considerable amount of mechanical elements including the friction welded (FW) structures work
under cyclic loading of variable amplitude, it's of practical importance in the design and reliability
assessment of mechanical elements to investigate experimentally the probability distribution of fatigue life
under variable amplitude loading(VAL). Some work has been devoted to the cyclic fatigue of FW joints[1],
nevertheless, the fatigue test under VAL is often very difficult, expensive and time consuming, and the
probability distribution under VAL is then determined based on the fatigue test under VAL with relatively
small sample size. Obviously there exist some limitations in the experimental investigation. In order to
guarantee the safety and reliability of mechanical elements in service, it is imperative to develop the
simulation model and method for fatigue life under VAL with big sample size.

In the present study, the fatigue tests under constant-amplitude loading (CAL) and analyses on the
results are carried out on the notched friction welded joints of 45 carbon steel, which is similar to the AISI
1045 steel and used for half-shaft and cam shaft of car. Then, according to the physical meaning and their
probability distribution of fatigue resistant coefficient and threshold in the fatigue life expression[2,3],
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attempts are made to find an approach for simulating the fatigue life and its probability distribution of 45 steel
notched FW joints under VAL, the simulated results are compared with the test results under VAL.

2. Experimental Procedure

Hot rolled bars of 16 mm diameter of 45 carbon steel in normalized condition were taken as the test
material. The composition (wt. %) of 45 steel is as follows: 0.51C, 0.22Si, 0.65Mn and balance Fe. The
experimentally measured tensile properties of this steel are: ultimate strength o, = 703 MPa, yield strength o
= 441MPa, elongation 619 = 15.3%, reduction in area y=50.7%, and strain-hardening exponent n=0.134.

The friction welding process was performed on C25 type continuous driving friction welding machine.
The welding parameters used are: heating pressure 130 MPa, heating time 1.4 sec, forge pressure 270 MPa
and forge holding time 4 sec. The fracture of the joint in tension was found at the base metal and the tensile
properties are found almost the same as those of the base metal. The as-welded joints were then turned and
optically ground into standard fatigue specimen with notch at the welding interface. Consequently, before
ground the specimen were corroded to display the welding interface. The stress concentration factor of the
notched specimen is determined from ref.[4] to be K=2.0 as shown in Figure 1.

The fatigue tests were carried out on the rotating bending fatigue machine. The loading frequency was
50 Hz and the stress ratio was -1. The fatigue life was defined as the number of cycles to failure of the notched
FW joints. The fatigue tests under constant-amplitude loading were performed at five cyclic stress levels with
10 specimens for each stress level to obtain five groups of fatigue test data. The fatigue tests under
variable-amplitude loading were performed according to the programmed block loading shown in Figure 2.

Figure 1 Sketch of the notched fatigue test specimen of FW joints.
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Figure 2 Sketch of the block loading
3. Fatigue Test Results under CAL and Analysis

Expression for Fatigue Life

Theoretical analysis[2] and experimental results[3,5-7] indicate that the fatigue crack initiation (FCI)
life of notched specimen of metals and welds can be expressed as the function of equivalent stress amplitude
AGqu,
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In eqn(2) AS, R are the nominal stress range based on the net section and the stress ratio, respectively; K is
the stress concentration factor. In eqn (1) C and (Ac.q)m are, respectively, the FCI resistant coefficient and
the threshold expressed by equivalent stress amplitude, and n is the strain-hardening exponent.
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Figure 3 Test and fitting results of fatigue life

The fatigue test results of 45 steel notched FW joints under CAL are shown in Figure 3. As it may be
seen from Figure 3, most data for fatigue life are beyond 10° cycles. Moreover, multiple cracks initiate
surrounding the notch root and coalesce to form a large crack, which was observed on the fracture surface.
Therefore, it may be thought that the FCI life occupied the dominant part of the fatigue life. In this case, eqn(1)
can be approximately used to fit the test data of fatigue life N¢. Replacing N; in eqn(1) with N¢ and making the
logarithmic transformation, eqn(1) becomes

— _ 2/(1+n) __ 2/(14n)
long =logC 210g[AGeqv (Ao, ), "] 3)

Eqn(3) represents a straight line with a slope of -2 on a logarithmic scale, i.e., logN¢ vs.
log[Ac?"™ —(Ac )2 ]scale. By using a trial and error approach to write a computer program for

eqv eqv

eqv

linear regression analysis, whose flow chart is shown in ref.[2], the values of C and (AGcqy)m can be obtained
with the condition that the slope is within the range of -2+0.002.
By substituting the values of C and (Ac.q)m so-obtained back into eqn(1), the expression for fatigue life
of 45 steel notched FW joints can be reached :
N, =2.179 x10"[Ac.* —411.7"7%]7 4)

eqv
where n= 0.134 for the base material is taken as that for FW joint. Regression analysis gives the value of
linear correlation coefficient r=0.9213 much higher than 0.28, the critical value for all data. This means that
eqn(1) can be applied to successfully fit the test data of the fatigue life of 45 steel notched FW joints. Figure
3 shows the fatigue life curve drawn according to eqn(4).

Probability distribution of fatigue life, the constants C and (AGeqv)n

The test data for the fatigue life at each cyclic stress in Figure 3 are respectively plotted on the normal
probability paper as shown in Figure 4(a), where the mean rank is taken as the estimated value of the failure
probability, Prof the population[8]. Transforming the failure probability into the standard normal deviate, U,
a straight line between logNr and U, can be obtained. The values of linear correlation coefficient between
logNr and Uy, at each given equivalent stress amplitude given by regression analysis is much higher than the
critical value of linear correlation coefficient given in ref.[8]. It shows that the fatigue life of 45 steel notched
FW joints follows the usual log-normal distribution. Further examination by using Sharpiro-Wilk approach[8§]
leads to the same conclusion.



According to the approach in ref.[3,5], taking each one from the rearranged five groups of test data at
five different stress levels in sequence can form 10 sets of fatigue test data. Using eqn(3) to fit so obtained 10
sets of fatigue test data respectively, 10 pairs of C and (Ac.q)m values can be obtained, where the values of
correlation coefficient are higher than the critical value of the correlation coefficient [8]. It suggest that eqn(1)
can be successfully applied to fit the test data of each set of fatigue life of 45 steel FW joints.

The so-obtained values of C and (Aceqy)m are rearranged according to the increasing order and plotted
on the normal probability paper as shown in Figure 4(b) and (c). The values of the correlation coefficient
given by the above-mentioned regression analysis are much higher than the critical value. Further
examination by Shapiro-Wilk method shows that C and (Ac.q )m of 45 steel notched FW joints follow the
log-normal distribution. The logarithmic mean value and standard deviation of C are 14.3405 and 0.0982, and
those of (Aceqv)m are 2.6120 and 0.0222. It is also found that (AGeqy ) follows the normal distribution as well.
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Figure 4 Probability distribution of (a) fatigue life N¢, (b)log C, (c) log (AGeqv)m and (d) (AGeqy)m of 45 steel
notched FW joints on normal probability paper

4. The principle and method for simulating fatigue life test under VAL

Investigations[2,6] show that C and (Ac.q,)m are material constants determined by the crack forming
mechanism and tensile properties and follow certain probability distribution. Analyses on many fatigue test
results indicate that C and (AGcqy)m follow the log-normal distribution. Therefore, the probability distribution of C
and (Ac.q)m can be used to represent the probability distribution characteristics of fatigue properties of the
material, if only the probability distribution of C and (Ac.qy)n is known, the corresponding fatigue properties
of the material can be settled consequently.

Based on the above consideration and results, and regarding the famous hypothesis of Weibull on the
S-N curve of individual [9], the following model for fatigue test procedure can be developed:

1) The distribution of C and (Ac.q)m can be used to represent the distribution characteristics of
fatigue properties of the material, i.e., for a definite material, its fatigue curves with different
survivabilities ( P-S-N curves) are determined.

2) Each individual specimen has a corresponding S-N curve, which is one member of the P-S-N
curves family, i.e., different fatigue specimen is assumed to be distinguished by different
combination of C and (AGeqy)ih.

3) The scatter of the fatigue life results from the difference between the fatigue specimens, i.e., from
the random sampling of individual specimen from the population of specimens, or from the random
selection of P-S-N curve from the family of P-S-N curves of the material.

It is pointed out that for the notch elements of metals with non-continuous hardening characteristic
such as 45 steel and its welds, the so-called overloading effect factor, z.=0, in this case, Miner’s rule and the
expression for the fatigue life can be directly applied to predict the fatigue life and cumulative fatigue damage
of notched elements of metals with non-continuous strain-hardening characteristic under VAL. According to
the above model and the research result, the simulation for the fatigue test result under VAL can be carried
out following the below procedures to write a computer program:
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1) According to the approach in ref.[5,6], determine the probability distribution and its characteristic
parameters such as logarithmic mean value and standard deviation of C and (AGeqy)m from the
results of group fatigue life test under different constant amplitude loading.

2) Adopt Monte Carlo approach to produce 10000 simulating values of C according to the logarithmic
mean value and standard deviation of C, then rearrange the so-obtained 10000 C according to the
order of increasing value.

3) Adopt Monte Carlo approach to produce 10000 simulating values of (AGeqv)m according to the
logarithmic mean value and standard deviation of (AG.q)m, then rearrange the so-obtained 10000
(AGeqv)m according to the order of increasing value.

4) Take each one from the rearranged C and (Ac.q)m in sequence to get 10000 pairs of C and (AGeqy)in
values and constitute the family of 10000 P-S-N curves, which forms the parent specimens.

5) Randomly sample n pairs of C and (Aceqy)m from the above obtained 10000 pairs to represent n
specimens, then substitute the n pairs of C and (AGeqy)m Into equation (1) to yield n expressions of
S-N curves.

6) Transform the nominal stress spectrum into the equivalent stress amplitude spectrum by
substituting the values of K, AS and R (see Figure 2 ) into eqn(2).

7) Calculate the fatigue life N¢; (j=1,2....,5) at each level of Ac.q in the equivalent stress amplitude
spectrum by substituting the equivalent stress amplitude into one of the so obtained expressions of
S-N curves, which corresponds to a fatigue test specimen.

8) Calculate the cumulative fatigue damage of one load block according to Miner’s rule, Do=2n;/Ng; ,
where n; is the number of cycles at stress level j in load spectrum.

9) Obtain the fatigue life expressed by load blocks Ny when the total fatigue damage accumulation
reaches 1.0, i.e., Ny=1.0/D.

10) Repeat step 7) to step 9) to obtain the fatigue life N, under VAL corresponding to the sampled n
specimens.

11) Make statistical analysis on the n fatigue life N, under VAL to determine the probability
distribution and its corresponding characteristics of fatigue life under VAL.
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Figure 5 Probability distribution of the simulated and test fatigue life of 45 steel notched FW joints
5. Simulation results of probability distribution of fatigue life under VAL and substantiation

By following the above procedures and considering the logarithmic mean value and standard deviation
of C and (Ac.qy)m obtained in section 3, the simulation of fatigue life of notched 45 steel FW joints under
VAL shown in Figure 2 can be carried out. The so-obtained 30 values of Ny, are rearranged according to the
increasing order and plotted on the normal probability paper as shown in Figure 5. The value of linear
correlation coefficient between logNy, and U, by regression analysis is 0.9847, much higher than the critical
value of linear correlation coefficient [8]. It shows that the fatigue life N}, of 45 steel notched FW joints under
VAL follows the usual log-normal distribution[5,6]. Further examination by using Sharpiro-Wilk approach[§]
leads to the same conclusion. The logarithmic mean value and standard deviation of N, are 0.8588 and
0.2061.

The fatigue test results with 6 specimens of 45 steel notched FW joints obtained under the programmed
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block loads shown in Fig. 2 are also plotted in Figure 5. It can be seen that the fatigue test results under VAL
follow the log-normal distribution. The logarithmic mean value and standard deviation of the test Nj, are
0.85284 and 0.1745. Further examination by using Shapiro-Wilk method shows that the test results of fatigue
life under VAL mentioned above still follow a log-normal distribution.

Further test on the significant difference between the simulated and test IgNy, in Figure 6 by following the
approach in ref.[8] suggest that there is no significant difference between the two logarithmic mean fatigue
lives, and between the two logarithmic standard deviations under the significance level of 5%. Therefore, the
fatigue test results of the notched FW joints under VAL of figure 2 simulated according to the procedures in
section 4 come from the same population of the test results, thereby the simulated probability distribution of
fatigue life is in good agreement with that of test results of notched 45 carbon steel friction welded joints.
Therefore, the probability distribution of fatigue life under VAL can be simulated by the model developed in
the paper, which offer the base for fatigue design and reliability assessment of notched elements under VAL.

6. Conclusions

(1) The test results and analysis show that the fatigue life of 45 steel notched FW joints can be
expressed as a function of the equivalent stress amplitude as shown by eqn(1), which contains only
two fatigue constants C and (AGeqy)ih.

(2) The test results of fatigue life of 45 steel notched FW joints of small size follow the log-normal
distribution as usual. In this case, the fatigue resistant coefficient and threshold of 45 steel notched
FW joints follow the log-normal distribution, respectively, and the fatigue threshold follows the
normal distribution as well.

(3) According to the physical meaning and their probability distribution of fatigue resistant coefficient
C and threshold (AGeq)m in the fatigue life expression (1), a new method is proposed to simulate the
fatigue test and the probability distribution of fatigue life of notched elements under variable
amplitude loading.

(4) The simulated fatigue life of 45 steel notched friction welded joints under variable amplitude

loading of figure 2 follow the log-normal distribution, and agree well with the test result of fatigue
life.
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