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ABSTRACT

Experimental research reveals that the dominant micromechanisms of ductile fracture
are: 1) tearing due to highly localized shear strain 2) accumulation of damage in the
form of void nucleation, growth and coalescence and 3) the combination of 1) and
2). An initial criterion for crack growth under mixmode loading has been suggested
based on the GURSON-TVERGAARD-NEEDLEMAN (GTN) damage model that retlects the
mutual effects of the Von Mises shear yield criterion and Rice-Tracy void growth
law on the material yield surface.

The ductile crack growth behaviour (J-Aa or CTOD-Aa curves) at the interface
between materials mismatched in yield strength has been investigated. The
following conclusions have been drawn: Firstly, the slip-line field solution reveals
that a higher stress triaxiality always takes place on the softer material side because
of the discontinuity of transverse stresses over the interface. Secondly, both
experimental results and numerical simulations using the GTN model indicate that a
crack may grow along the interface or deviate into the softer material. Three factors,
namely the global constraint, the hardening properties of the softer material and the
distance between the crack tip and the interface strongly affect the direction of crack
growth and the resistance against fracture.

INTRODUCTION

It has been observed experimentally that two kinds of failure micromechanisms may dominate
the process of ductile fracture, i. e. shear tearing caused by highly localized strain and damage
accumulation in the form of void nucleation, growth and coalescence. Thus, for a crack under
mixmode loading, the classical criterion based on a non-damaged stress-strain field is no longer
applicable because this kind of criterion cannot reflect the effect of damage on the ductile failure
process.

Bimaterial systems with a mismatch of yield strength are frequently found in engineering
practice. If a crack or a defect is located near or just at the interface between the two different
materials the crack tip will be under local mixmode loading because of mismatch, and its
resistance curve will obviously differ from the homogeneous case. It is of practical importance
{0 determine the effect of mismatch on the resistance capacity of the interface crack.

Much effort has been concentrated on the interface crack problem in the last decade, both
theoretically [1-10] and experimentally [11-17]. Figs. la, b show the process of microvoid
coalescence during growth of an interface crack in an electron beam welded bend specimen
made from austenitic 361L and P91 steels [17]. Continuing crack extension along the interface
can be expected. Fig. 2 displays the crack growth profile in a M(T) specimen of StE 460 [17] in
which the crack deviated from the interface and the crack growth path is dominated by a global
shear band. It is therefore of vital importance to establish the criterion for mixmode crack
growth and to specify the effect of mismatch on the fracture toughness of interface cracked
bimaterial systems. The current investigation has been focused on this problem and the main
results and some basic conclusions are presented in this paper.
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THE CRITERION

For a homogeneous metal without damage the onset of plastic deformation is determined when
the octahedral shear stress o, ( i. e. the equivalent stress ) reaches the value of the yield stress
oy (Von-Mises criterion):

o,/lo,=1 (1)

Rice and T_racy_[]8| have obtained the law of void growth from the solution of a single spherical
void in an infinite perfectly-plastic body:
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where R, 0, and E” denote the radius of the void, the hydrostatic tensile stress and the plastic

portion of macroscopic strain. Assuming that at the instance when the infinite body becomes
plastically unstable the following relation exists:
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where f'is the volume fraction of the void; then combining (1) and (2) gives
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where m and q are constants.

Based on the solution of cell models, Gurson has obtained a general yield criterion [19] which
has been further developed by Tvargaard and Needleman [20-22]. This criterion, hereafter
refered to as the GTN model, is expressed as:
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where g ;, g ,, q ; are constant; f* is a function of f which reflects the acceleration of void

growth after coalescence and oy is the actual flow stress of the matrix material. The expressions
for f{f*) and the damage evolution equations are listed in the Appendix. Comparing (3) with (4)
one may conclude that the GTN yield criterion determines the onset of unstable plastic

deformation caused by either shear yielding or void nucleation, growth and coalescence or a
combination of the two mechanisms.

Accor}iing to (4) macroscopic crack growth occurs when a certain value of f is exceeded in a
material element, so that the GTN yicld surface in this element degenerates to a point (see Fig.
3) and the element loses its stress carrying capability. Using the subscript ¢, /=0 to denote the
value of the quantities which exist in the undamaged state (f=0), the reduction of the yield
surface can be specified by the parameter Sy, as illustrated in Fig. 3. Obviously, Sy is a function
of fand its value can be determined by solving the equation below:
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Thus a crack will grow along the direction on which the material element has the smallest yield
surface, in other words, that which has the lowest value of Sy. In a polar co-ordinate system

{r,0) which originates at the crack tip, the criterion to determine the angle of the crack growth
direction Bgrowih can be expressed by:

- ]} ©6)

where /¢ is a material constant, and the initial crack growth criterion is

=0 )

By = 8{S,,_,, = min[,

r=ly

Y|a:9mm =l

THE SIMULATION OF INTERFACIAL CRACK GROWTH
Crack Tip Stress-Strain Field

If the stress-strain and damage fields surrounding a crack tip are well known, then using (6) and
(7) one may determine the crack growth direction. In the present work the analytical solutions
for a crack at the interface between dissimilar perfectly-plastic materials with a mismatch in yield
strengths, M

c',.I
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are established. The superscripts ,,I and ,,II denote the respective quantities in either material.
Assuming elastic perfectly-plastic material behaviour, the general boundary conditions and the
resulting equations for the stress components over an interface between perfectly-plastic
materials have been established in [8]. It was concluded that a discontinuity of transverse stress
existed over the interface. In the weaker material side ( denoted as material “I'“ ) the transverse

stress and thus the mean stress 0,,(hydrostatic stress) were higher than in material “II*. In the
case of the load being normal to the interface this difference is given by the following relation:

v/l ']
I i O'y _GY 9
o -0, =——-

The slip-line field for an interface crack tip under small scale plane strain yielding conditions has
been constructed ( as shown in Fig. 4a ), assuming that no friction exists on the crack traction-
free surface. In the softer material side, the slip-line field consists of two uniform fields A and C
of constant stress and a central fan B in which the stresses vary proportionally to the angle 6. In
the harder material side an additional elastic wedge G may emerge (Fig. 4a). The slip line fields
are determined by the five variables: 6], 62, 63, 64, 65 which are functions of the degree of
mismatch (M), the boundary conditions of the crack wedge and the value of transverse stress. A
group of solutions are given in Fig. 4b. From this diagram one sees that the size of fan B (the
angle ;) increases as the value of M decrease. In the case of M=0.707 the constant stress zone

C disappears with 8;=37/4. The elastic wedge G is present only when M<0.707 or when the
transverse stress is very low. It can be concluded that when M<0.707 the stress distribution in
the softer material is constant and independent of the degree of mismatch.

From the slip-line field in Fig. 4a one cannot evaluate Sy using equations (5-7) because these
solutions provide only the stress distribution, but the evolution of damage depends on the
distribution of strain increments. The kinematic velocity fields for two geometries ( single and
double edge tensile panels with a middle interface ) have been obtained and are shown in Fig.
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5. Neglecting the effect of coupling between damage and the slip-line field, the values of Sy
have been calculated under initial loading conditions and are shown in Fig. 6. From this
diagram one may anticipate that in the single edge panel the crack will grow along the direction
of the shear strain localization band while in the double edge panel the crack will grow along the
interface because of high constraint.

The slip-line field in Fig. 4a also predicts no local crack blunting directly ahead of the tip.
Assuming that the profile of a blunted crack tip is constant during deformation, the resulting
change of the slip line field in Fig. 4ais shown in Fig. 7. It can be seen that the constant stress
regions A and C in the softer material remain, and the fan region B focuses intense strains into
the region “abc* directly ahead of the blunted tip. On the other hand plastic deformation is
hindered in the region “acd* by the harder material below the interface, which induces a high

stress triaxiality. The maximum stresses appear at the point “d*. If M is less than 0.707 we can
obtain the stress at this point:

3 :
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For the blunted crack tip in Fig. 7 ful scale yielding is achieved when an intensely localized
strain develops along the slip-line “ac*and connects to a global shear band, similarly to the case
in Fig. 5a. Thus an interface crack may grow in two ways: straight along the interface due to the
high stress triaxiality described by (8) or deviated into the softer material along the line “ac*.

Numerical Simulation

The GTN model described has been mplemented as a user supplied routine [23] in the FE
program ABAQUS. Crack growth behaviour for different 2D and 3D geometries and degrees of
mismatch have been simulated and deuils of the results are given in [24]. Displayed in Fig. 8
are group of J-Aa curves, the corresponding crack growth profiles and the contours of stress are
shown in Fig. 9. Fig. 10 shows the smulation of interfacial crack growth in a 3D thin M(T)
specimen, in which the crack grows deviated from the interface. It has been concluded that an
interface crack always grows in the softer phase if no debonding takes place. The crack may
grow straight along the interface, but under certain conditions it may deviate from the interface
into the softer material. High global in-plane or out-of-plane constraint and strong  strain
hardening keep the crack growing straight along the interface. According to the slip-line solution
the distance between the crack tip and the interface determines the level of stress triaxiality and
thus strongly influences the resistance to fracture. If the crack path is crooked, it is a
fundamental question for practical applications to correctly define Aa and the fracture resistance.

CONCLUDING REMARKS

Taking into account the two micromechanisms of ductile fracture, criteria for determining initial
crack growth and direction under mixmode loading have been suggested based on the GTN
model. The analyses have demonstrated that the GTN model is a very powerful method for the
simulation of ductile crack growth a the interface of mismatched materials. Combining
experimental investigations with computational methods will prove to be effective in future
engineering design and integrity assessment.
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APPENDIX [20-22]
In (9) the modified damage parameter f*

f for f< 1.
. _ .f.—f;‘ (A1)
f= L+K(f-f) for f>F. withK:f_Tc

i iti i fraction
accounts for the accelerated process of coalescence after reaching a critical void vgh;r:r?bing .
f. 119]. The equation for the evolution of f generally consists of two terms de

nucleation and growth

F=f f (A2)
f= fgmwm"".ﬁm: ; fllzo =f
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where € is the equivalent mesoscopic plastic strain.
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