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MODELING OF CRACK PROPAGATION KINETICS

G. V. Stepanov and A. V. Shirokov UDC 5394

Central crack development in a metal stip under tension is considered using a regular-finite-
element model. Crack development is modeled by removing the finite element in which the fracture
conditions are satisfied. It has been shown that this approach allows one to qualitatively trace crack
development and to represent some experimentally observed effects, such as stepwise crack
development in metal.

Keywords: crack propagation, impulsive loading, Johnson—Cook equation of state.

Introduction. In recent years, in view of the insufficient reliability level of estimation in the prediction of
crack initiation and propagation in metallic materials, the interest in studying these processes has increased [1-9]. In
spite of the increased possibilities of modern measuring equipment, very few experimental studies are dealt with in
publications. This is due to the complexity and high cost of such experiments, as well as to the impossibility to trace
in detail the processes of nucleation and further development of cracks in the bulk of material [8, 10]. Taking into
account the considerable increase in the possibilities of computation engineering, the development of numerical
simulation techniques and improvement of application packages, calculations are mainly made by means of finite
element method (FEM). The investigations were carried out for such processes as extension, petalling when
indenting thin plates with indentors of different diameters [3], piercing of plates and beams with a flat peiercer [7],
twisting of a bar, crack branching in plates, Taylor test [2], etc. In spite of the fact that the results of modeling are in
fairly good agreement with known experimental data, the existing material models and computational techniques are
being further modified [1, 4, 5, 9] to increase the reliability of results in the modeling of crack initiation and
propagation in various materials and to represent their real behavior.

The present paper considers central crack development in a metal stip under tension using a regular-finite-
element model, whose finite elements (FE) simulate grain structure. The behavior of metal was modeled by means of
the Johnson—Cook equation and crack development by removing the FE in which the fracture conditions are
satisfied.

Model of Strip with Central Through Crack. The polycrystalline structure of structural metallic materials
allows one to assume the possibility of crack development by sequential breakdown of grains in accordance with
their stress-strain state (SSS). This gives grounds to calculate the deformation and breakdown kinetics of individual
grains using a continual approach with allowance for real (strain and high-speed hardening and adiabatic heating
without a priori assumptions about crack-tip stress distribution.

When assessing the fracture of material we assumed that:

(i) independent of stress history, the fracture of metal in local spaces, including crack tip region, is
determined by reaching the state when further deformation with continuity retention is not possible any more;

(i) stepwise fracture in polycrystalline metal is associated with the breakdown of individual grains when the
corresponding grain volume averaged fracture criteria are fulfilled,

(ii1) the specimen has a sufficient thickness, i.e., is under plane strain conditions.

Taking into account these assumptions, we investigated the kinetics of fracture development in a strip of
width 256 and length 4b with central through crack in plane strain state. Due to symmetry, a FE model of a quarter
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Fig. 1. Cracked strip.

of strip (b =25 mm) with b/4 crack (Fig. 1) was considered. The displacements in the direction perpendicular to the
symmetry axes of the quarter in question were taken to be zero.

The modeling was performed using the Johnson—Cook equation of state. Since the aim of work is to show
the possibility of using these assumptions in the modeling of crack propagation, to simplify the computational model,
we did not take into account the effect of strain rate and temperature on the deformation and fracture of metal:

c =(5Y[1+A(sf’ )"1, where oy is the yield stress of metal under static loading, 4 and n are strain-hardening

coefficients, and &/ is plastic strain in material.

The size of finite elements in the fracture region was chosen according to the condition of their usability for
the calculation of the local deformation of metal in the crack region with sufficient accuracy. If we assume that the
work of crack propagation, G, in the layer of plastically strained material adjacent to the crack surface is determined
by the value of stress intensity o, , then at the fracture strain & , the crack propagation condition will take the form:

G=26,¢/8,,

where §,, is the layer thickness of plastically strained material in crack propagation.
Taking into account that G = (1 —v? )KIZD / E, the layer thickness of strained metal was written as

1-vHK?2
G =( V)ID’ "

. =
" ZGme ZEGme

where Ky, is stress intensity factor in crack initiation and propagation.
To correctly model local strain in crack propagation, FEs of size less than 6,, must be used. For low-carbon

steel in the plastic state (K, >100 MPa- m'? at e r ~0.5, o, ~350 MPa), the calculated value of 6, is over

0.13; therefore, in the crack growth region were used FEs of under 0.13 mm size.

At the specimen boundary (Fig. 1) parallel to the crack surface, an impulse of uniformly distributed tensile
stress of 60 ps duration was applied under stress-controlled loading (increase in stress to 250-350 MPa within 10 ps,
time of maintaining this load 40 ps, linear decrease in load to zero level within 10 ps). Under strain-controlled
loading, a constant velocity of travel of specimen boundary was preset (the velocity rises instantly to 1.25 m/s on
each of the loaded sides of the specimen and remains unchanged). The calculation was performed using an
ANSYS-ED application package.
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Fig. 2. Variation of equivalent fracture strain as a function of loading rigidity.

Fracture was modeled by removing the finite elements in which fracture conditions are satisfied. The value
of equivalent plastic strain & ,, which depends on the rigidity of stress state, 1= p/cs o (ratio of pressure p to
effective stress 6 .4 ), in accordance with the exponential dependence:

&y =Dy + Dy exp(D3m) 2

was taken as a fracture criterion.

Three constants in this equation can be found from equivalent fracture strain at three strain states, which are
determined experimentally. For example, at the shear ¢ ; ; (n=0), at the uniaxial tension € ; , (n= —1/3) and biaxial
tension €45, (M= —2/3), the fracture parameters in Eq. (2) are defined by the relations:

€r;—¢ er,—D
Dl =8f,s —Dz, D2 =—f’t /s , D3 =-31n 7‘15[ ! .
exp(~D3 /3) 1

The equivalent fracture strain changes with increasing compression pressure (¢, =0.45 €,,=0.4,
€r o =0.346, D; =1.025, D, =-0.575, and D5 =-0.25). This agrees with known data, which indicate that pressure
influences increase in metal ductility [11] (Fig. 2).

To determine the effect of the finite element mesh size on calculation accuracy, a checking calculation has
been performed using mesh sizes of 50 um and 16.7 um, which is several times smaller than the value determined
with the aid of formula (1). The difference in crack propagation velocity calculated at given metal strain and fracture
parameters is small for the above finite element mesh sizes. The calculation shows that the region of local inelastic
strains near the tip of developing crack has a length of about 50 um. In order to achieve higher accuracy, FEs of
16.7 um size were used in calculations.

Stress-controlled loading was modeled by loading the upper specimen boundary parallel to the crack plane
with a short impulse of uniformly distributed tensile stress (increase in stress to the given value o, within 10 ps,
time of maintaining this load 40 ps, linear decrease in load to the zero level within 10 ps). After the initial period of
loading (about 10 us), a quasi-stationary stress state is formed in the specimen, which determines the crack tip plastic
deformation of metal (and crack blunting). At the critical value of equivalent strain, fracture is initiated in the FE
adjacent to the crack tip.

The results of calculations of the maximum crack velocity V. for different values of oy /o, which
correspond to the curve in Fig. 2, are presented in Fig. 3. The maximum velocity was determined from the longest
crack jump per unit time. Decrease in the ratio of yield stress to load leads to a decrease in crack growth rate V.
The solid circles in Fig. 3 were obtained at ¢, =300 MPa, o, =250, 300, and 350 MPa and the open circle at the
high load level o, =350 MPa and low yield stress oy =250 MPa, i.e., V. depends on the oy /o, ratio.

At high load (5 /o, <1), plastic deformation extends throughout the strip volume, and fracture develops in
the initial-crack plane (along the x axis) at a rate which increases with load, which corresponds to ductile fracture
mode. Then crack develops at an angle of 45° When the load is decreased, crack growth slows down until crack
arrest. Deformation at a load of 250 MPa and a yield stress of 350 MPa causes no crack propagation due to high
metal ductility. The nonmonotonic variation of stresses and strains in the crack mouth in crack propagation indicates
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Fig. 3. Dependence of maximum crack velocity on the ratio of yield stress to boundary stress
(stress-controlled loading).
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Fig. 4. Distribution of fractured FEs on the crack line at different times ¢ from the beginning
of extension at a rate of 1.25 m/s. (The thickened lines denote the initial crack edge.)

the influence of wave processes, caused by loading and fracture development. This is especially pronounced in the
increased crack growth rate range.

Note that in the material of low density (with retention of the other parameters in the equations of metal
state), the crack velocity is higher, which is due to the influence of inertial effects on crack development.

Fracture is initiated in the second FE from the crack tip as a result of its uniform extension and, as a
consequence, the increased value of mean tensile stress in it, i.e., fracture takes place at a decreased equivalent-strain
value. This corresponds with the appearance of an elongation zone, established experimentally, in the mouth of crack
in its initiation.

When the constant load is maintained after its initial increase to the level above the critical one, the
elements fracture in succession along the crack line, and the crack stops on decreasing the load. The crack growth
rate is determined by the relative load intensity (Fig. 3).

Under strain-controlled loading, a constant velocity of travel of the loaded strip face (1.25 m/s) was preset,
which rose instantly and remained unchanged. The material parameters had the following values: 6y =350 MPa,
€rs=035¢e,,=03 ¢,, =024 D =06, D, =-0.25, and D3 =-0.547.
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Fig. 5. Stress (a) and plastic strain (b) distribution in the elements, adjacent to the fracture region,
along the crack line at different times ¢ after the beginning of loading at a rate of 1.25 m/s.
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Fig. 6. Fracture boundary displacement C,. under strain-controlled loading conditions.

Crack development under strain-controlled loading is shown in Fig. 4. For given fracture parameters, crack
grows stepwise as a result of change in the rigidity of SSS in the FE adjacent to the fractured one. The fracture of FE
leads to a decrease in mean stress in one or two FEs that follow the fractured FE, which results in periodic fracture of
every third element with bridges between fractured elements (Fig. 4). On further deformation, equivalent strain in
several bridges increases to the critical value, which causes almost simultaneous fracture of 3—5 such bridges. After
the period of stable deformation, the process of formation and fracture of bridges repeats, which manifests itself by
stepwise crack growth.

The tensile stress distribution (along the y axis) in the FEs adjacent to the fracture region along the crack
line (Fig. 5a) 5, 7, and 9 us after the beginning of loading corresponds to high stress concentration, which is
characteristic of crack mouth. The plastic strain (along the y axis) in bridges increases during 9 ps after the
beginning of loading (Fig. 5b). Strain distribution at the times 15 and 15.5 ps from the beginning of loading is the
result of fracture in bridges, and the strain zero values on the curves characterize the fracture boundary displacement
of bridges.

Crack advance by 3.0 mm is characterized by an effective crack velocity of over 500 m/s in crack jump
sections with decrease to 100 m/s between them (Fig. 6).

The results of numerical calculations indicate the following:

1. Under the strain-controlled loading of strip (travel of strip boundary at a constant velocity), the
development of central through crack is the result of a series of crack jumps, which are connected with the fracture of
the bridges between elements, fractured before, in continuous metal.

2. The choice of concrete dependence of the equivalent fracture strain in metal on the ratio of pressure to
effective stress affects greatly the velocity, character and direction of crack propagation.
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CONCLUSIONS

1. The use of finite elements whose size is smaller than the length of localized deformation makes it possible

to calculate the crack kinetics for both ductile and brittle types of fracture of metal.

2. The calculated results represent qualitatively some experimentally observed effects, e.g., stepwise crack

development in metal.

3. The model employed in calculations does not allow one to take into account the effect of strain rate,

temperature and damageability of metal on equivalent plastic strain. The assessment of the effect of these factors on
the peculiarities of crack development is undoubtedly important and calls for further investigation.
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