IJSTE - International Journal of Science Technology & Engineering | Volume 3 | Issue 02 | August 2016
ISSN (online): 2349-784X

Prediction of Plastic One Size for Mode I
Loading of Bimaterial Cracked Plate under Cyclic
Loading

Krupa H. Desai D. C. Joshi
Research Student Professor
Department of Mathematics Department of Mathematics

Veer Narmad South Gujarat University, Surat, Gujarat, India ~ Veer Narmad South Gujarat University, Surat, Gujarat, India
Abstract

The main objective of this paper is to formulate the finite element equations which can capture the material nonlinearity with the
use of constitutive material model. To this extent, CT (compact tension) specimen geometry made of SA333 and SS304 steel is
selected for mode-11 loading. Plastic zone size is determined for various loading under plane stress and plane strain conditions.
The study indicated that the cyclic plastic zone size is almost one-fourth of the monotonic PZ size and is also influenced by the
loading conditions.
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l. INTRODUCTION

Practical service conditions for various machine component and structures of air-craft, automobiles and power generators etc.,
are subjected to tension-compression and shear loadings (i.e. shear loadings are occasionally mixed with cyclic tension-
compression loadings). Therefore, the effect of occasional mode 1l loading upon mode | loading was matter of concern for
various materials. This type of loading is most commonly encountered when crack growth is take place parallel to applied load.
This crack growth prediction is very complicated in mechanical analysis and so some phenomenological based models have been
developed which helps to describe the physical process occur ahead of the crack tip during the fatigue crack growth [12]. This
phenomenological model is required to getting help for understanding the type of cyclic plastic deformation process taking place
ahead of the fatigue crack tip and also predict the plastic deformation occur at the crack tip. From the linear elastic fracture
mechanics, the very high theoretical elastic stresses in the environs of the crack-tip exceed the yield strength of the real materials
and induce a small plastically deformed volume is called the crack-tip plastic zone (i.e. CTPZ).

When a cracked body is subjected to variable loading, stresses of high intensity are developed at the crack tip which creates
the plastic deformation ahead of the crack tip. Generally, during the crack growth in materials, a fracture process zone (FPZ)
exists where micro-cracks initiate, grow and eventually coalesce with the main crack. The size of the FPZ is larger in ductile
materials compared to the brittle materials. The FPZ is also known as a plastic zone (PZ). In Fig. 1, fluctuating load is applied to
the material here position A and B is at tensile and compressive loading stage. Also stress distribution ahead of the crack tip is
described in Fig. 1. During every tensile loading, plastic zone of the size (2rp) is developed while during compressive loading,
the size of the plastic one is considerably reduced.
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Fig. 1: Features of PZ for monotonic and cyclic load.
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This PZ is shield the crack tip from the high stresses and plays an important role in the fracture of materials. Irwin and
Dugdale developed the PZ radius (rp) ahead of the crack tip and Irwin argued that plasticity at the tip forced the crack to behave
longer than its true length due to plasticity and redistribution of the stress field [5]. If the cyclic PZ is bigger than large amount of
energy is dissipated during the crack propagation and if size of the PZ is small, then low amount of energy is dissipated. So the
PZ size is directly related to the toughness of the material [1]. While comparing PZ sizes using Von Mises criteria, it is seen that
a larger PZ is present in plane stress condition rather than plane strain condition because in plane strain condition the normal
stress component o is zero and restrict the plastic flow. Same results we are obtain using the Tresca criteria [9]. It is known that
plastic deformation occurring in the locality of a fatigue crack tip is sufficient to form a field of residual stress [8] and some
recent studies shows that the shape of PZ is not only influence by the fatigue crack propagation rate but also its direction [10,11].
Banks and Garlick (1984) study the effect of Poisson’s ratio and effect of anisotropy on PZ size by carried out work on isotropic
materials with Mises criteria and found that size of the PZ under plane strain condition is 1/3 of the plane stress condition and its
size increase with decreasing the Poisson ratio [2]. The effect of other parameters like crack sizes, thickness of plate and constant
load on PZ sizes was checked by Caputo F. et. al.[6]. Benrahou et al. (2006) found the size of PZ ahead of the crack tip by
applying the FEA under mode I, mode 11, and mixed mode loading on SENT (single edge notch tension) specimen with the help
of Mises and Tresca criteria and found that size of PZ at surface is grater then the mid plane when passing from mode | to mode
I [3].

Il. CONSTITUTIVE MODEL
Nonlinear kinematic hardening model proposed by Chaboche [7] is a superposition of three Armstrong and Frederick hardening

models. The model can be written in the
3

da=§ da' (1.2)
i=1
i 2 p i
da = gCidg - Dya dp (1.2)
i 2 p g eP
da' = gCidg - Dia' |deg, | (1.3)

where C; is kinematic hardening coefficient, D; is kinematic hardening exponent, deP is the plastic strain increment tensor and
a is a back stress tensor. Loading part of the stress strain curve can be representing
3
o=o0,t+ g a' (1.4)
i=1
where o is a stress at any point and oo is a cyclic stress. Saturated value of the back stress in the model is given as a summation
of all three individual saturated value of decomposed back stress, as expressed
25,6, G
Dl DZ D3
Where a5 is the saturated value of the back-stress. Some suggestions are given by Chaboche to determine the parameters like
coefficients and exponents. He suggested that material parameters are obtained by producing the 1.6% stable hysteresis loop at
LCF under stress (or strain) controlled loading and the value of C; is determined from the slope of stress-plastic strain curve of
loading branch of stable hysteresis loop at cyclic yield point. Corresponding D1 value should be large enough such that oz
saturate immediately. The value of C; is determined from the slope of stress-plastic strain curve of unloading branch of stable
hysteresis loop at cyclic yield point. C, and D, are estimated by trial and error so that Equation (1.6) is satisfied, C; > C, > Cs
and Dy > D, > D3

(1.5)
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Where €Py is the plastic strain at the cyclic yield point in loading branch of hysteresis loop. The chemical and constitutive
properties for both materials are shown in Table I and table 11 respectively. The constitutive parameters are given in table 111

Table—1
Chemical Compositions of Both Materials
Material C Mn Si P
SA333 0.18% | 0.90% | 0.25% | 0.02%
SS304 0.08% | 2% 1% 0.45%
Table —2
Mechanical Properties of Both Materials
Material UTS (MPa) E(GPa) | o 00
SA333 429 200 0.3 225
SS304 505 200 0.29 215
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Table -3
Constitutive Parameters of Both Materials
Material | C1 (GPa) | C2(GPa) | C3(MPa) | Da D2 | D3
SA333 140 25 1950 1750 | 238 | O
SS304 6.3 4.1 1650 8950 | 500 | 6

FE MODEL AND BOUNDARY CONDITIONS

A standard compact tension (CT) specimen of 65.0 mm width and 60.0 mm height with a stationary crack length of 10.0 mm and
blunt crack tip radius of 0.01 mm is considered for simulation to determining the PZ ahead of the crack tip under the cyclic

loading conventional software ABAQUS is u

sed.
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Fig. 2: A CT Specimen with Meshing

The model consists of SA333 material on upper half while the lower half is made of SS304. The edge crack of desired length is
put at the interface. For the plane strain analysis purpose linear quadrilateral type (CPE4R) four nodded plane strain element is
used for producing the very fine mesh ahead of the crack tip and reset of the region linear triangle type (CPE3) three nodded
plane strain element is used. While in plane stress type analysis linear quadrilateral type (CPS4R) four nodded plane stress
element is used for producing the very fine mesh ahead of the crack tip and rest of the region linear triangle type (CPS3) three
nodded plane stress element is used. The geometry with meshing was shown in Fig. 2. In both the case 123066 elements are used
with providing very dense mesh at the crack tip. Total 4 CPUs used for solving the problem and time taken for solution is around

3.5 hours.

IV. PLASTIC ZONE FOR BIMATERIAL SYSTEM

Plain strain and stress analysis is performed to obtain PZ on a full CT specimen with a stationary crack length of 10.0 mmat R =
0.1 and AK= 22 MPVm, under the cyclic loading is shown in Fig. 3.
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Fig. 3: Monotonic plastic zone shape and size under Mode II.
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Figure 3 shows the size and shape of the plastic zones for plane stress and plane strain conditions. It has been observed that the
size of the plastic zone under plane stress condition is much larger than plane strain condition. It indicates that under the plane
stress condition, more energy is required to propagate the crack. Further, the contour of the plastic zone lies in between the two
materials.
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Fig. 4: Cyclic plastic zone shape and size under Mode 11

While comparing the cyclic, monotonic and theoretical plastic zone, it is clear that theoretical results give the good agreement
with the monotonic plastic zone. Further the cyclic plastic zone is always smaller than the monotonic plastic zone. Hence fatigue
loading is more dangerous than the monotonic loading. Figure 4 shows the contours of the plastic zone under tensile and
compressive loading for both plane stress and plane strain conditions. It has been observed that the size of the plastic zone is
much larger under tension than compression.

In order to determine the variation of plastic zone sizes with reference to various loading magnitude, plain strain and plain
stress based analysis are performed with two different magnitudes like 325N, 350N. The results are shown in Fig.5. It is clearly
observed that the size of the plastic zone is affected by the loading amplitudes.
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Fig. 5: Bi-Material plastic zone size variation under different loading condition.

V. STRESS-STRAIN RESPONSE NEAR CRACK TIP

Finite element analysis is perform on full CT specimen for 25 cycles at R = 0.1 and AK= 22 MP\m for determining the material
behaviour under plane stress and plane strain condition for two different positions A, and B. Position A is on the crack tip
element of SA333 material and position B is on the crack tip element of SS304 material (see Fig. 1). The results are shown in
Fig. 6(a) and Fig. 6(b). From the Fig. 6.13(a) it can be observed that at position A, tensile ratcheting strain accumulates during
initial cyclic loading and after that reversal in the ratcheting strain is observed as number of cycles increase. Ratcheting strain
evaluation with number of cycles at different positions under plane strain condition for 350N loading is shown in Fig. 6.14(a)
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and 6.14(b). It is observed that the ratcheting strain increases at position B and decreases at position A. So that softening occurs
at B and hardening occurs at A.
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Fig. 6: Ratcheting strain during Mode 1 loading for (a) plane strain, and (b) plane stress.
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V1. CONCLUSIONS

The present study addresses the prediction of the size and shape of the plastic zone in bimaterial system made of SA3333 and
SS304 steels under monotonic and cyclic loading. It can be concluded that the size of the plastic zone is almost one fourth during
the cyclic loading when compared with the monotonic loading. Hence the crack propagation is likely to occur faster in cyclic
loading. Further the stress is predicted near the crack tip when the material is subjected to cyclic loading and it has been observed
that softening occurred in material SS305 while SA333 material tends to harden at the crack tip as the number of cycles
increases.

ACKNOWLEDGEMENT

Authors would like to acknowledge Dr. C. K. Desai, Associate Professor in Mechanical Engineering Department, C.K. Pithawala
College of Engineering and Technology, Surat, Gujarat, India, for his help during the FE formulation.

REFERENCES

[1] S. Banerjee,. Influence of specimen size and configuration on the plastic zone size: toughness and crack growth. Eng Fract Meek 15, 343-90, 1981.

[2] T.M.Banks, A. Garlick A, The form of crack tip plastic zones, engineering fracture Mechanics, 19, 571-581, 1984.

[3] K. Benrahou, M. Benguediab, M. Belhourai, A. Imad, Abdelaziz M, Estimation of the plastic zone by finite element method under mixed mode (I and Il)
loading", Computational Materials science, 38, 595-601, 2006.

[4] S. Bari, T. Hassan, Anatomy of coupled constitutive models for ratcheting simulation. International Journal of Plasticity 16, 381-409, 2000.

[5] W. D. Callister, Materials science and engineering-An introduction. John Wiley & Sons, Inc., 2007

[6] F. Caput, A. Soprano, G. Lamann, On the evaluation of the plastic zone size at the crack tip", Engineering fracture mechanics, 103, 162-173, 2013.

[7] J. L. Chaboche, 1991. International Journal of Plasticity 7, 661-678, 1991..

[8] L. Guerra-Rosa, C. M. Branco,. Application of fracture mechanics to corrosion fatigue. Part 111' Tecnometal No 22, 17-28, 1982.

[9] L. Guerra-Rosa, C. Moura Branco, J. C. Radon, Monotonic and cyclic crack tip plasticity. INT J Fatigue 6, 17-24, 1984

[10] J. Lankford, D.L Davidson, Fatigue crack tip plasticity associated with overloads and subsequent cycling. J Engng Mat Tech 98, 17-29, 1976.

[11] J. Lankford, D.L Davidson, T.S Cook, Fatigue crack tip plasticity. ASTM STP 637, 36-55, 1977.

[12] J. C. Newman, A. Harry, Elastic-plastic analysis of a propagating crack under cyclic loading. J AIAA 13, 1017-2023, 1975.

[13] S. Paul, S, Tarafder, Cyclic plastic deformation response at fatigue crack tips, International journal of pressure vessel and piping, 101, 81-90, 2013.

[14] S. Paul, S Sivaprasad, S. Dhar, S, M. Tarafder, S. Tarafder, Simulation of cyclic plastic deformation response in SA333 C—Mn steel by a kinematic
hardening model. Computational Materials Science 48, 662-671., 2010.

All rights reserved by www.ijste.org 71



