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ABSTRACT 

A single edge cracked panel subjected to monotonic and cyclic loading has been 
analyzed using two-dimensional elastic-plastic finite element program. The effect of 
strain hardening exponent on the stress-strain and the deformation behavior at the crack 
tip w s  studied at different maximum applied stress ranges. The analysis was performed 
for the plane stress state at constant amplitude loading of zero stress ratio. Relevant 
kinematic parameters corresponding to loading and unloading phases of a cycle were 
computed and correlated. Parameters controlling the fatigue life of the structural 
elements, i.e. plastically deformed zone and crack tip opening displacement were 
estimated and correlated. 

The results indicated that with increasing the strain hardening exponent, the normal 
tensile stress decreases within the crack tip plastic zone while the normal tensile strain 
showed ah opposite trend. Also the normal tensile stress tends to be constant inside the 
monotonic plastic zone at the higher values of the strain hardening exponent irrespective 
of the value of the applied stress range. The results also show that the crack tip opening 
displacement increases with increasing the strain hardening exponent, whilst the plastic 
zone showed an opposite trend. Those behaviors were analyzed for their correlation. A 
previously developed crack tip deformation parameter to correlate fatigue crack growth 
was modified to include the effect of strain hardening capacity of the material, 

KEYWORDS 

Finite element method; cyclic loading; strain hardening; crack tip plastic deformation. 

Manuscript received from Dr . M.H.Seleem 
Accepted on : 25 / 3 1 2001 

. Engineering Research Journal Vol 24,No 3, 2001 Minufiya University, Faculty Of 
Engineering , Shebien El-Kom , Egypt , ISSN 1110-1180 



INTRODUCTION 

A number of highway and railroad bridge structures have experienced fatigue cracking 
which sometimes resulted in brittle fracture as a result of service loading [1,2,3]. The 
occurrence of fatigue failure in such structures is due to the existence of stress- 
concentration regions at the riveted or welded joints. A survey of serious accidents 
involving fatigue fracture clearly underlined the importance of such stress concentrators 
as crack initiation sites for fatigue life estimation of structural elements [4] 

It is worth to mention that, the mechanical behavior of weld zone and heat affected zone 
is changed due to the welding procedures. One of the most properties that will be 
changed due to such effect is the strain hardening capacity of the material which defined 
by the exponent n in the relation controlling the behavior of the material in the plastic 

range of the true stress-true strain diagram and defined by the equation ot = be';, where 

b is the strength coefficient. 

The analysis of fatigue crack growth (FCG) rates should make use of the parameters 
related to its mechanism. Analyses of some two dimension (2-D) problems proved the 
ability of crack tip deformation (CTD) to predict fatigue behavior of long cracks under 
constant and variable amplitude loading [5,6] and of physically short cracks under 
constant amplitude loading [7]. Those works prove that the crack tip opening 
displacement (CTOD) is a good representative of CTD since it reflects the integration of 
the plastic strain field over the crack rip plastically deformed zone (CTPDZ) [7]. 
Although such deformation is greatly influenced by the change in the mechanical 
properties of the material, the effect of changing the strain hardening exponent, n, of the 
material on such deformation is not included through such parameter. The effect of strain 
hardening capacity on the plasticity induced fatigue crack closure was studied by Llorca 
and Sanchez [8] by using a finite difference program applied to a center-crack panel. 
Linear strain hardening behavior was assumed in this analysis. The main objective of the 
present work is to study the effect of strain hardening exponent on stress-strain field and 
deformation parameters generated at the tip of a single edge cracked panel. 

NUMERICAL PROGRAM 

An elastic-plastic model for 3-D finite element analysis previously developed by 
Hammouda and Sallam [ 5 ]  was utilized to simulate effect of strain hardening exponent 
on the stress-strain and deformation behavior at the tip of a cracked panel as a result of a 
constant amplitude pulsating axial load. The Von-Mises yield criterion and the Prandtl- 
Reuss flow rule were adopted. To simulate the Baushinger effect associated with reversed 
yielding, the kinematic hardening model as described by Ziegler [9] was employed. The 
panel was stressed firstly by a monotonic loading followed by the unloading and 
reloading phases of the stress cycle which was repeated until the achievement 'of a stable 
hysteresis loop in terms of CTOD against the applied load. In the plastic regime, the 
stress-plastic strain behavior of the material was assumed to obey a simple power law. 



During the excursion of each phase of the cycle, the deformation and the stress state 
around the crack tip were incrementally traced. 

A panel of a width, w, of 50 mm and a height, h, of 150 mm having a single edge crack 
of a length Lsuch that //w E 0.5 was used. The material was typically of a structural steel 
with a modulus of elasticity, E, of 206 GPa, Poisson's ratio of 0.3, yield stress, oyield, of 
3 50 - MPa, strength coefficient of 1 100, and different n ranges between 0.1 to 0.7. The 
panel was analyzed in the plane stress condition with stress ratio R (=o,,,/o,,,), equals 
zero according to the program presented in Table 1. 

Table 1. Numerical program suggested for the present work 

Due to symmetry, only one half of the panel was modeled. Three node constant strain 
triangle elements were used. A small element size to accurately capture both the 
monotonic and cyclic plastic deformation existing around the crack tip could be realized. 
The crack tip was located in the fine mesh region. The smallest element size near the 
crack front was generally 0.0625 mm. The geometry of the used panel and the finite 
element idealization in the present work is shown in Fig. 1. 
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RESULTS AND DISCUSSION 

The behavior of normal tensile strain, E,,, 
and normal tensile stress, o,, ahead of the 
crack tip is shown in Fig. 2 for different 
strain hardening exponent, n, and at applied 
stress range, Ao, of 24 MPa. The stresses 
and strains were calculated at the center of 
each brick element ahead of the crack tip as 
the average value in the four triangular 
elements comprising that brick. 

The figure illustrates that the maximum 
value of E, is occurred near the crack tip. 
Away from the crack tip, E ~ ,  decreased 
rapidly within the extension of the plastic 
zone on the horizontal direction ahead of the 
crack tip. On increasing n, a marked 
increase in E~~ is observed up to n equals 
0.3 above which, the effect of increasing n 
on the normal tensile strain is small. Out 
side the plastic zone, E, is nearly constant 
and did not depend on the value of n, elastic 
behavior. 

On the other hand the normal tensile stress 
o, showed an opposite trend for the effect 
of strain hardening exponent. The figure 
shows that oyy decreases with n increases up 
to n equals 0.3 after that no effect is 
recorded for further increase in n 
irrespective of the value of the applied stress 
as shown in Fig. 3. Figure 3 shows also that 
at higher values of n, the normal tensile 
stress is approximately constant inside the 
crack tip plastic zone. Out side the plastic 
zone, elastic region, o,, decreases on 
increasing the distance from the crack tip. 

Distance from the crack tip (mm) 

Fig. 2 Variation of E,, and oYy ahead of 
the crack tip for different strain 
hardening exponent 

The effect of strain hardening exponent on the development of the size of the plastic zone 
generated at the end of the monotonic loading (MCTPZ), A,,, is shown in Fig 4. The 
extent of A was calculated as the diameter of a circle having the same area as the 
plastically deformed elements. 



Distance from the crack tip 

Fig. 3 Effect of applied stress on the variation of the normal tensile stress 
ahead of the crack tip at different strain hardening exponent. 

The figure illustrates a general increase in Am with increasing the applied stress with an 
increasing rate. With increasing the strain hardening exponent, the monotonic plastic 
zone decreases. The present results were used to correlate A ,  in terms of the applied 
stress, 0 ,  material yield strength, o,ield, specimen geometry, Y, and strain hardening 
exponent, n, to the form presented in Fig. 5. The following relation was suggested: 

Where Y is the specimen geometry correction factor. a is constant equals -0.06, p= W2T 
and T is the flow stress which equals 2oyield. 
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Fig. 4 Development of A, with the Fig. 5 Correlation of A, with the 
applied stress applied stress 

The effect of strain hardening exponent on the shape of monotonic plastic zone is 
illustrated in Fig. 6 for applied stress range of 28 MPa. Its obvious that for lower value of 
n=0.1, the pIastic zone is developed more rapidly in the upward direction, whilst at higher 
n, ~ 0 . 7 ,  its extension is more in the forward direction ahead of the crack tip. 

The extent of the cyclic crack tip plastically deformed zone (CCTPZ), A,, was given by 
the plastically deformed elements commonly generated at maximum re-loading and 
minimum un-loading. The effect of the strain hardening exponent on A, is demonstrated 
in Fig. 7. 

The figure shows a general decrease in Ac with increasing n. This effect is relatively small 
at higher values of n. The present data for A, were used for its correlation with the 
applied stress range, specimen geometry, material cyclic yield stress, o,,, and strain 
hardening exponent as shown ir, Fig. 8. The following relation was best fitted: 

Where a equals -0.06, T=20cy, and o,, = 2 (Tyicld 
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Fig. 6 Monotonic plastic zone shape for different strain hardening exponent 
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Fig. 7 Effect of strain hardening exponent Fig. 8 Correlation of Ac with the 
on the cyclic plastic zone size apulied stress range 

The relation between A, and A, for all cases studied in the present work is shown in Fig. 
9. The figure shows that A, z 0.25 A,11 which is in agreement with the ratio stated in 
linear elastic fracture mechanics analysis for zero stress ratio[lO] 



mainly due to effect of the generated normal 
tensile strain. Fig. 9 The relation between Am and A, 

The CTOD is depicted in terms of the applied stress, mechanical behavior of the material, 
strain hardening exponent and specimen geometry as illustrated in Fig. 11 .This data was 
used to best fit the following equation to predict 6, in terms of the above parameters 
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Hammouda and Sallam [5] suggested a crack tip deformation parameter to correlate FCG 
data in the form 

Where 6, and 6, are the maximum CTOD of stationary and propagating crack respectively 
and A6 is the cyclic CTOD. They suggested the following relations to estimate 6, and A6 



for opened cracks, and 

for closed cracks 

The strain hardening exponent is not included in the relations suggested by hammouda 
and sallam [5] for the estimation of 6,, Ac and A,. Equations 2 and 3 are assumed for a 
propagating fatigue crack, while equations5 to 8 can be re-estimated now based on 
equations 1 to 3 to include the effect of strain hardening exponent on the crack tip 
deformation. The CTD parameter can thus recalculated based on these new equations to 
include the effect of such important mechanical property. 

Fig. 10 Development of CTOD with 
the applied stress 
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Fig. 11 Correlation of CTOD with 
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CONCLUSIONS 

1. With increasing the strain hardening exponent, the normal tensile stress decreases 
within the crack tip plastic zone while the normal tensile strain increases. 

2. The normal tensile stress is approximately constant inside the monotonic plastic zone 
at the higher values of the strain hardening exponent irrespective of the level of the 
applied stress. 

3. With increasing the strain hardening exponent, the maximum crack tip opening 
displacement increases up to certain value of strain hardening exponent, above this 
value the effect is so much small. Such behavior was correlated. 

4. Both monotonic and cyclic crack tip plastically deformed zones were found to decrease 
with increasing the strain hardening exponent. Such behavior was correlated. 

5. A previously developed crack tip deformation parameter to correlate FCG behavior 
was modified to include the effect of strain hardening capacity on such behavior. 

6. The results indicated that weather the fatigue crack growth and hence the life of the 
structural elements is controlled by the deformation at the crack tip, materials with 
high strain hardening exponent show low resistance to fatigue failure. 
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