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Abstract—An integral representation for the particle velocity in terms of a Green’s function and
certain linear combinations of the inelastic strain rates has been used in this paper, both for a
numerical method to compute full field solutions and to develop unequivocal asymptotic expressions
for the fields near a stationary crack tip. Specific results have been obtained for a solid whose
constitutive behavior is represented by the Bodner—Partom model. It is shown that the leading term
of the near-tip particle velocity is of order r'/?, and the higher-order terms are of the forms r log »
and r. Expressions have been derived for the angular variations and for the muitiplying time-
dependent intensity factors. The r log r term is absent for the Mode III case. Two questions have
been addressed in further detail : the dependence of the intensity factors on time and the importance
of the higher-order terms. The numerical results show a stress intensity factor which decays with
time. At a small distance from the crack tip the numerically computed normalized opening stress
722(x1, 0, )/732(x,,0,0) has been compared with a one-term asymptotic representation, i.c. with
Ki(1)/K(0). The two curves diverge at very small values of time. The inclusion of a second term in
the asymptotic expression for the stress gives very good agreement over a larger time range.

1. INTRODUCTION

A clear understanding of the mathematical structure of the fields of stress and deformation
near a stationary crack tip is an essential prerequisite to an investigation of conditions for
the onset of crack propagation. In a viscoplastic solid the fields in the immediate vicinity
of a crack tip can be very intricate. In this paper near-tip viscoplastic fields have been
investigated in detail for a class of constitutive models for which the inelastic strain rate
approaches a bounded value as the stresses increase beyond bounds. The Bodner—Partom
model[1], which has been shown to describe the mechanical response of a wide class of
materials, displays this particular behavior of the inelastic strain rate.

Fields near a crack tip are usually analyzed asymptotically by assuming a near-tip field
of the general form r? f(8). When this expression is substituted into the governing equations
and into appropriate boundary conditions, and terms of equal order in r are collected, there
results a non-linear eigenvalue problem, which yields both p and f(6). For viscoelastic
solids this method was used by Riedel[2] and Riedel and Rice[3], who investigated the near-
tip fields of stationary cracks for Mode III and Mode I, respectively. They considered a
viscoelastic constitutive equation of the power law type. For the Mode I case their asymp-
totic solution displays the well-known HRR singularity if the power is greater than one.
When the power is less than one, the solution becomes square-root singular. Hui and
Riedel[4] considered quasistatically moving cracks for both Mode I and Mode III
conditions. When the power is greater than 3, their singularity is different from both the
HRR and the square-root singular forms, while for a power less than 3 it reduces to a
square-root singularity. Lo[5] followed the Hui-Riedel approach, but he took into account
the effect of inertia.

The implications of square-root singular crack-tip fields for viscoplastic solids have
been explored by Hart[6] and Freund and Hutchinson[7]. For a Mode IIl quasi-static
steady-state analysis, Hart[6] related the stress intensity factor at the tip to the corresponding
far-field quantity., He also discussed transient cases on the basis of certain assumptions.
Freund and Hutchinson[7} developed a similar relation between the tip and the far-field
stress intensity factors for the dynamic steady-state Mode I case, using an essentially linear
relation between the stress and the inelastic strain rate.

In this paper a more fundamental approach towards the computation of near-tip fields
is presented, in the sense that asymptotic forms are not assumed a priori. Instead, the
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Fig. 1. Crack-tip gcometry.

particle velocity field is expressed by a representation integral over the complete domain of
the cracked body. This integral involves an elastic Green'’s function and linear combinations
of the inelastic strain rates. Since the inelastic strain rates are bounded at the crack tip, the
integral can be expanded in terms of the distance to the crack tip, to yield an unequivocal
expression for the near-tip field. Details have been worked out for a stationary crack tip.
It is shown that the leading term of the particle velocity is of order r'/2, and the next terms
are of the forms r log r and r. Expressions have been derived for the angular variations and
for the muitiplying time-dependent intensity factors. The r log r term is absent for the Mode
III case. Two points are of interest : the dependence of the multiplying terms on time and
the importance of the higher-order terms.

The representation of the particle velocity in terms of an appropriate Green’s function
and the rates of change of time of the inelastic strains has not only been used to obtain
near-tip asymptotic expansions of relevant field variables, but also to develop numerical
solutions by the use of the boundary integral equation method, in conjunction with an
iteration technique. The numerical calculations have been carried out under the assumption
of small-scale yielding. Thus, the equations of the Bodner-Partom model have been used
in a region around the crack tip. The conditions on the boundary of this region are provided
by the singular term of a corresponding elastic solution. The results show a stress intensity
factor which decays with time. At a small distance from the tip the numerically computed
normalized opening stress 7,,(x,,0, £)/722(x,,0,0) has been compared with a one-term
asymptotic representation, i.e. with K (¢)/K)(0). The two curves diverge at very small values
of time. The inclusion of a second term in the asymptotic expression for the stress gives
very acceptable agreement over a longer period of time.

As early as 1971 the boundary integral equation method (BIEM), also called the
boundary element method (BEM), was applied by Swedlow and Cruse(8] for elastoplastic
material behavior. In recent years the method has been used extensively for the numerical
analyses of viscoelastic/plastic solids of various shapes including bodies containing cracks.
Recent work was summarized by Mukherjee[9].

2. FORMULATION

The states of deformation that will be considered are two-dimensional, either plane or
antiplane strain. The body contains a straight crack. At one of the crack tips, say 4, the
applied loads give rise to elastic stress intensity factors KF(1), Ki(f) and K5 (2), if the
material were linearly elastic. We will, however, consider a material that displays inelastic
behavior as the stress level increases. Hence there will be a domain of inelastic deformation
near the crack tip. It is, however, assumed that this domain is small as compared to the
crack length, and that linear elasticity applies outside the near-tip domain of inelasticity.

To analyze the field right near the tip 4,, we follow the arguments that have been
introduced for small-scale yielding. Thus, we magnify the geometrical scale near 4, so that
the geometry becomes one of a semi-infinite crack in a full space, as shown in Fig. 1. A
Cartesian coordinate system is centered at the crack tip. For the plane strain case, possible
boundary conditions on the bounding surfaces of the body are replaced by the asymptotic
condition

1/2

u- ’3; [KE(D,(6) + KE()£.,(0)] )

as r — o0, where u is the shear modulus, and (r, 6) are polar coordinates centered at the tip
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in the magnified configuration. Note that the definition of the stress intensity factors differs
from the conventional one by the factor (2r)"/2. The functions f, and f;; give the angular
variations of the Cartesian components of the elastic near-tip displacements for Modes I
and I1, 1.e.

0= (02 oo 2 2
fu(0) = (éxxﬁfl';sof/; :2 ;i:o: (;/;/2> (25)
where k is a constant defined in terms of Lamé’s constants 4 and u
=2 )
We now proceed to the governing equation for the problem. The strain rate
£ = i[Va+(Va)"],  where (') = /ot 4)
is usually decomposed into the elastic part £ and the inelastic part &' as
E=¢+é. (5)
The elastic part is related to the stress rate ¢ by Hooke’s law
£ = A1 tr & +2us (6)

where 1 is the unit tensor and “ir” is the 3-D trace. Since the crack is stationary, the effect
of inertia is not considered. Hence, the equilibrium equation is

V-i=0. @)

An equivalent form of eqn (7) in terms of the displacement rate u follows from eqns (4)-
(7) as

A*u=V-g' (8)
where the operator A* is defined as
A* = yVi+(A+p)VV- &)
and for convenience we have introduced the quantity ', defined by
i = A1 tr & 4 2ué'. (10)

Equation (8) is the governing equation for our problem. This equation, together with the
boundary conditions

t:=t'n=0 on x,=0% x, <0 an

and an asymptotic condition of the form of eqn (1) with u and K, replaced by i and KE,,,
defines 0. When KF;, = 0, the behavior of the elastic solution away from the crack tip
becomes
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@~ 0@ ). (12)

To complete the formulation, we supplement these equations with the regularity require-
ments at the crack tip

i ~ bounded as r} 0 (13)
t~o(ljr) as r]0. (14)
In the present problem, we will also discuss the Mode 11 case, where 7,5 = 733, =4, = 0
(o, B = 1,2). We prefer to use the stress function ¢ because it makes the stress computation
easier. The stress function defines the stress components
Tyt = Ta3 (a=1,2) (15)
as

T, =ey0gd  (0p@: = 00/0xg) (16)

where e,y is the permutation symbol, e,5 = €,53.
The compatibility condition

e,pa,,é, =0 (8,: = 8,3) (17)
together with eqns (5), (6) and (16), yields the governing equation
V3¢ = 2ue,pd.Eh. (18)

The boundary condition on the crack faces and the regularity condition analogous to
requirement (14) yield

di = const (19)

on the crack faces with the constants for both faces being the same. Also, on the crack line,
we have

1, =0, =0. (20)
Finally, the asymptotic condition is
é— —2r"2KE (D cos 30 as r— . 1)
When KE,(#) = 0, condition (21) is replaced by
¢~0(") as r- . (22)

In this case, the constant in eqn (19) is zero because q§(0) = (. This follows from

0=J £, dx, = —LM dx, = $(0)— d(x0) = $(0) (23)

0

where eqn (22) has been used.
In the sequel, we will consider only the cases where
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KIE.U.HI n=0. (24)

3. REPRESENTATION OF THE VELOCITY FIELD

The term on the right-hand side of the displacement-rate equation, eqn (8), is of the
nature of a body-force distribution. This implics that the solution to cqn (8) can be cxpressed
by the use of a Green'’s function. Representations in terms of Green’s functions are at the
basis of the boundary integral equation method (BIEM), and they have therefore become
quite well known. For rate-type inelastic analysis the appropriate representations were
first developed by Swedlow and Cruse[8]. This section gives a brief derivation of such
representations for the purpose of making the paper self-contained. For further detail we
refer to Mukherjee{9] and the papers cited there.

For an unbounded body containing a semi-infinite crack, the Green’s function G(x, y)
is defined by

AFG(x,y) = —15(x—y) (25)

where x = (x},Xx;), ¥y = (1, 5,)- The operator A* is defined by eqn (9), and the subscript
indicates differentiations with respect to x;, i = 1,2. On the faces of the crack (x, <0,
x, = 0%) we have

T.G(x,y) =0 (26)

where TG stands for the elastic tractions computed from G. We also have

G(x,y) ~ O(log |x)) as [x|—> o (27
G(x,y) ~ O(1) as [x| -0 (28)
V,G(x,y) ~ O(1/{/Ix)) as [|x|—0. 29)

A standard analysis based on Muskhelishvili’s method yields G(x, y) as
(G“+i Gz.)_ 1 [(1){ (Zo—20) (z—12)
Gia+i Gy/ Amp(1+x) [ \i/) (4,/2/z4(20+/2)?

—k log (\J2—+/z0) (JZ—+/Zo)—k? log (\Jz++/Z,)—log (\/z'+\/zo)}

+( 1 ){5( Zo—Zo N z—2 )+ 1 (Z_ +zz'o—zoz')}:|
~i) 2\ Y2zt 50 JEWJzotyD)) " 2=\ T Ji )z,
(30)

where k is defined by eqn (3), and

i=\/(_l), z2=Xx,+iX3, Zo =y +iy;, I=Xx,—ixX3, Zo =y, —iy,. €2))

Equation (30) agrees with the expressions given by Erdogan{10].
A suitable representation of the solution to eqn (8) is obtained by the use of Green’s
identity
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Fig. 2. Domain & 5, for use of integral identity.

(T.v)'w dc—J (T,w)'vde (32)

J (Arv)-w dAx—J‘ (A¥w)-vdd, = J
A e A g 094 g adk"
which holds for an arbitrary pair (v, w), and where &z, is the domain bounded by circles
of radii ¢ and R (0 <& < R) centered at the tip, and by the crack faces, as shown in
Fig. 2.

We now substitute u(x) for v(x) and G(x,y) for w(x) in eqn (32). Subsequent use of
the divergence theorem and the regularity conditions (13), (14), (28) and (29), followed by
letting R — o0, ¢ = 0, and using conditions (12) and (27), gives

]

u(x, 1) =J V,G(y,x)d'(y, t) d4, (33)
RZ
or in component form
u(x, 1) = L} V,.G;(y,x)di(y, ) d4,. (34)

Here V, = i(6/0y,)+j(9/3y,), and d4, = dy, dy,.
In deriving these equations we have assumed that the integrals in eqn (33) or eqn (34)
converge. For this to be true, it is sufficient to assume that &' satisfies

lé'| ~O(*) as rl0 (35)

l6'| ~ O(r2) as r— (36)
with

o > —1, a; < —1. (37a,b)

Although inequality (37a) appears unnecessarily restrictive, it turns out that these inequal-
ities guarantee the satisfaction of conditions (13) and (14) automatically. It is noted, how-
ever, that inequalities (37) are just sufficient conditions.

For the Mode III case a similar procedure gives

$x,1) = f 8, G(y, X)exdi(y, 1) dd, (38)

where



Crack-tip ficlds in a viscoplastic matcrial 1041

____ (\/z \/zo)(\/z \/zo) 39
Glx,y) = — -1 (\/z+\/20)(\/z+\/20) (39

Hence we have
6,(x, 1) = e,, 0x, Lz d, G(y,X)edi(y, ) d4,. (40)

4. ASYMPTOTIC EXPANSIONS

In the following sections, we employ the potential representation for @ given in Sec-
tion 3. The results of this section are analytical, while numerical results are presented in
Section 7.

For a certain class of constitutive models the quantity ¢', given by eqn (10), is finite.
For example, a viscoplastic model proposed by Bodner and Partom[1] shows this property.
In this section we will obtain the asymptotic expression for @ for the case that lif(? é'(r,0,1)

exists for all 6.
In a conventional asymptotic analysis one seeks near-tip fields of the forms

¢' =6} +65+d5+ (42)

where 1, d‘j (j=1,2,...) are functions which are increasingly less singular near r = 0 with
increasing subscript. Since near r =0

¢ =6'(0,0,)+0(1) (43)

is bounded, and

V6 = %&(0, ) (44)

we find by substituting expressions (41) and (42) into eqn (8)
A%y, =0 (45)
A*ilz—V'd'il = 0. (46)
The operator A*, which is defined by eqn (9), is here used in polar coordinates. Equation
(45) implies that u, is of the same form as for the linearly elastic case. The appropriate
separation of variables form of eqn (46) can only be guessed at this stage. One might try

u, = (6, ). @n

This expression for (6, r) does, however, not necessarily lead to a solution of eqn (46)
because the corresponding homogeneous problem has non-trivial solutions. For the
Mode I case consider, for example, the homogeneous equation

A*A@G, 0] =0 48)

with boundary conditions
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O=mn: Tri6,n)=0 (49)

6=0: i,T[rf@,0)=0 and i,-[r§(6,0]=0 (50a, b)

where the operator 7 has the same meaning as in eqn (26), but in polar coordinates, and i,
are unit vectors. Equation (48) has a solution corresponding to a uniaxial tensile field in
the x-direction. Hence the approach based on eqn (47) becomes ambiguous at this point.

An unequivocal form of the term i, can, however, be obtained directly from the
representation given by eqn (34). Using polar coordinates (r, 8) and (r,, 6,) for y and x, we
split eqn (33) into two integrals

4

u(ro, 0o, 8) = J‘ J;a VG(r,0;ry,0,)6'(r,0,1) dr d6

+J. J VG(r,0;ry,00):6'(r,0,1) dr d6. (51)

- 7o

Here the gradient operator is taken with respect to the polar coordinates r and 6. Next VG
is expanded into a power series of 7. We can write

© r \+ /2
r<ry: rVG=Y (7) M, . 1(6,6,) (52)
n=0 0
© ro {(n+1)/2
r>rg. VG = Z (‘7) N,H, ](0, 00). (53)
n=—~]

The coefficients in eqns (52) and (53) can be obtained from eqn (30). It is found that N is
independent of 6.
Substitution of eqns (52) and (53) into eqn (51) yields after some rearrangements

(rg, 0o) = r0+fl(00)r(1),2 +i< (ro» 90)+i> (ro,8o) (54)
where
f, =J J No(0)d'(r, ) dr d6 (55)
—n 40
f,(Go) =J J r‘”zN‘(B, 00)'a'i(r,0) dr d@ (56)
-n JO0

n ro o) r (n+1)/2
i<("0’ 00) = J. {J. Lz (r) Mn+l(0, 90):]

1/2
—No(®—N,(8,0,) (rT(,)/ }'d‘(r, 0) drd6 (57)

. .4 © ro (n+1)/2 )
I, (re,00) = j [j y (—) N,.. (0, 00)]'d‘(r, #) dr d6. (58)

2L drg i\

The dependence on time ¢, shown in eqn (51) is implied; but not explicitly shown in eqns
(54)—(58) and in the sequel. In the next step the orders in r, of the integrals (57) and (58)
are determined.
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Since ¢'(r, 0) has an estimate given by eqn (43) it follows that eqn (57) is of order rq,
ie.

1. (r0,80) = roA(80) +0(ro) (59)

where

soo=[ {3 Lm0 -no-menlsons @

A discussion of the order of the integral in eqn (58) is given in the Appendix. The result is
1. (ro,80) = £3(80)ro log ro+roB(8)+ o(ro) (61)

where

£,(0,) = —f N,(8,6,)6'(0, ) db. (62)

-

The function B(f,) is defined by eqn (A6). By combining eqns (54), (59) and (61) it is
concluded that @(ry, 8,) is of the form

U(rg, 00) = fo +1,(80)rs’> +12(80)rq log ro+13(80)re+o(ro) (63)
where
£3(00) = A(85)+B(8,). (64)

The constant f, in eqn (63) corresponds to a rigid-body motion ; it will be left out from
further considerations. Some additional manipulations reduce f,(8,) and {,(,) to the forms

f1(80) = [Kifi(80) + Kufii(80))/21 (65)
, , 1 ] , in 8
£:00) = L‘(((Zt;) Z?ns 0)”‘“(—5 .;S e) (66)

where f,(6,) and f;,(8,) are defined by eqns (2a) and (2b), and

. 1 ® (o ]
K]_"(I) = mj. J:) r- I/ZDI'” ° él(f, 9, t) dr dé. (67)
Also
, 1 * :
L= - 8na(c+ 1) J_R Eu-4'(0,6,1) db. (68)

In eqns (67) and (68)
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5 303 70 330 3. 70
K 5 cos?+§cos§ —ism?%—ism?
D = (69a)
3n30, 3070 (D030,
——2 m 3 ZSln—é— h+2 COS ) 2COS 3
1y .30 370 130 3 7
—\| K 3 sin 3 2sm? icos 2 +2c05 2—

Du = (69b)
130 3 70 3. 30 3.76
2cos~2—+2cos—2- - K—2 sin 3 +2sm 5

_ {(1—x) cos 20—2 cos 40 —2sin 46 > 4

E = ( —2sin 40 (I —~) cos 20+2 cos 40 (70a)

B (k—3)sin 20+2sin 49 2(cos 26 —cos 46) )
E“‘(H")( 2(cos 20—cos 40)  (k+1) sin 20—2sin 46" (70b)

It is shown in the Appendix that f4(6) can be written in the form

£,(00) = f P(, 60)6'(0, 0) de+c.(("+”c°s 0“)+c',,( sin o ) (1)

(k~3) sin 0, —cos 0,

where

P(0,0,)6'(0,0) = (81(00) (27 sgn (6—00)H, (0)+H,(0))-¢'(0,0)

+82(00) (2n sgn (0—0,)H(6)+H.(0))-6'(0,0)

+83(00) (21 sgn (6—6,)E,,(6))*¢'(0, 6)

+84(80) (21 sgn (0—6,)E(6))"d'(0, 0)

+85(00) (E(0) (0, 6)) +86(00) (E11(6) - ¢'(0, 6))] (72)

and

S I “ 1" Ea@
Cu = Bl 7 pr; Jln—;— é'(r,0) do dr (73)

In egn (72)
vo-[5 0] so-[ 0]
60 =31 Soy) #0=|oy]
gs(0) = [si: 9] +§ [_('((:_31)5250 9]’

1 —sin 8 (1 —x)|cos 6
g"(g)"(1+x)[ 0 ]+2(1+x)[sm 9} (74a-1)
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Il sin20 —cos 20
H, ) =<
0 2 [—cos 20 —sin 20]
H,(0) = [ —K cos 20—cos 40 —((x+1) sin 26)/2—sin 46
T L = ((k+1) sin 20)/2—sin 40 cos 20+ cos 40
H.(0) = 1 [—cos 20+cos 46 —sin 26+ sin 46
W2 | —sin 20+sin 40 cos 20—cos 40
+(_)[(l—-x) sin 20—2 sin 40 2 cos 46
2 2 cos 40 (1 —x) sin 20+ 2 sin 46
HL(6) = (x+l)[ sin 20—sin 46 —cos 26+ cos 40
T2 | —cos 20+cos 49 —sin 20+sin 46
(x+1)0 [— (k—3) cos 20—2 cos 460 2(sin 20 —sin 40)
+ 2 2 sin (20 —sin 48) —(x+1)cos 20+2 cos 46 | (132-d)

In the expression for C,;,, we have denoted by pf the finite part of the integral defined in
the Appendix.

Equation (63) implies that the dominant singularity of the strain rate has exactly the
same form as in linear elasticity. The rates of the stress intensity factors K, are given by
eqn (67). The second singular term is of the order of log r near the tip. The magnitude of
the multiplying term is determined only by the distribution of ¢' at the tip. Because of this
last property, expression (68) holds true for any crack configuration, whereas eqn (67) is
true only in the sense of the ““small-scale yielding”. The logarithmic singularity in the strain
rate does not give rise to a logarithmic stress singularity except in ,, for Mode 1.

For the Mode III case, we can use the same general approach to show that

. 8
. —Sin -
K 2 .
¢ o K g | 1O (76)
Jr oS -
2
where
A B * ¥ .30 30| .,
K —4an do L [—a.(r, 0) sin ) + 65(r,0) cos 2:|r dr 77

h(0,) = (')J "[£7+6/(0,0) cos 0—£+6'(0,0) sin 6] dO

- (?) J‘n [£'+6'(0,0) sin 0+£-6'(0,0) cos 6] d0—[¢-d'(0,0,)]¢ (78)

where

cos , —sin 6
= (sin 0)’ = ( cos @ ) (79a,)

Note that the stress rate and hence the strain rate do not have logarithmic singularities. As
for the Mode 1 case, we can relate the absence of the logarithmic term either to the non-
existence of a non-trivial solution to a certain boundary value problem or to the lack of a
certain term in the far field expansion of the Green’s function.
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In the published literature, the choice of terms for asymptotic expansions is generally
made on a trial and error basis. The analysis presented in this section gives a more rational
{oundation to the investigation of the asymptotic near-tip structure.

5. THE BODNER-PARTOM MODEL

In Ref. [1], Bodner and Partom proposed a set of constitutive equations for an
elastic-viscoplastic material. These equations have the convenient property that no separate
specification of a yield criterion is required, nor is it necessary to consider loading and
unloading separately. Within the context of the Bodner-Partom model both elastic and
inelastic deformations are present at all stages of loading and unloading, but the inelastic
deformations are very small at low stress levels. The Bodner-Partom equations have been
used to model the mechanical behavior of several metals over a wide range of temperatures
and strain rates. Very satisfactory agreement between predicted and experimental results
has generally been obtained. For a recent discussion of the Bodner-Partom model we refer
to Ref. [12].

The constitutive equations follow by supplementing eqns (5) and (6) with an expression
for the rate of inelastic strain. In a recent version of the Bodner-Partom model this strain
rate is given by, see Ref. [12]

’

T

g = DO\/J2 exp [—(Z?/3J,)"/2] (80)
where 7’ is the stress deviator
U=t—4iltre (81)
and
Jy =41 (82)
Also
Z=Z,+(Zy~Z)e ™. (83)

In eqns (80) and (83), Z,, Z,, m, n and D, are material constants, while W, is the work
over the inelastic strains

w,= J.'c-é‘ de. (84)

For a uniaxial tension of magnitude o, it is simple to plot the inelastic strain rate vs
o/Z. For various values of n the curves are shown in Fig. 3. The linear plot of Fig. 3 shows
that ' remains very small at small stresses with a rapid change over a small range of ¢/Z
(the “‘yield” region), and that an asymptotic limit is approached as ¢ becomes large.

It is of interest to note that the components of &', as defined by eqn (80), are always
bounded. Even if 7 is singular (which is the case at a crack tip), the singularity of t as r —
0 will be cancelled by the singularity of ,/J, in the term t’/,/J,. The term exp [—(Z%/3/,)"/2]
is bounded whether J, is singular or not. Hence eqn (80) implies that the inelastic strain
rate is bounded at a crack tip. It then follows from eqn (10) that the components of ¢ are
also bounded at a crack tip, and it can thus be concluded that the asymptotic results of
Section 4 apply to the Bodner—Partom model.
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UNIAXIAL CASE
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Fig. 3. Inelastic strain rates for uniaxial tension, o, and various values of n.

6. NUMERICAL PROCEDURE

A numerical procedure has been developed to compute the stress intensity factor and
the opening stress 7,, at a position on the crack line. As pointed out by Mukherjee and
Kumar{13], a numerical evaluation based on eqn (33) is very efficient for viscoplastic
problems. Here we use this approach (generally referred to as the BIE method) for crack-
tip fields governed by the Bodner-Partom equations. The procedure is as follows.

(1) Compute the initial field. Since the inelastic strain is zero at ¢ = 0, the initial field
is simply the linearly elastic one. In the present context this field is

U0 = }/—;[Kffn(9)+Kﬁfu(9)]- (85)

Hence, the solution is known for ¢t = nAt with n = 0, where At is the time increment.

(2) Subdivide the near-tip domain into cells, and compute &' at the centroid of each cell
by using eqn (80). Then assuming that ¢’ may be taken as constant over each cell, compute
1 by using (33) and Vu by differentiating eqn (33)

(3) Compute t from eqns (5) and (6). Update t by using

t[(n+1)Af] = ©(nAf)+ At t(nAs). (86)

(4) Use the updated value of t to compute é' as in (2), and repeat (2) and (3).

When the edges of the cells are straight, the integrals involved in eqn (33) can be
evaluated analytically, as discussed by Cruse and Polch[11]. By picking up the square-root
singular terms in these integrals and summing up their coefficients, K;; can be computed.
Alternatively, the computation of K, may be carried out by using eqn (67) with the
piecewise constant approximation for &'

7. NUMERICAL RESULTS

Numerical computations have been carried out for the non-hardening case of the
Bodner-Partom model. With reference to eqns (80) and (83), this case corresponds to
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Fig. 4. Cell configuration for application of boundary integral equation method.

Zo/Z, = 1. (87)

It is then convenient to introduce non-dimensional quantities defined as

U = u(uZ//HKD)?, T=1/(Z/\/3) (88a,b)

X =x(Z*3)/(KT)*,  T=tuDy)/(Z/\/3) (89a,b)
.. def

B=7 / Do. (90)

Here the dot notation represents the derivative with respect to 7. In terms of these dimen-
sionless quantities, eqns (80), (6) and (8) convert into

E' = [T'/(4T"-T) " exp [- 33T T")™"] 9N
T= %(V-U)I+VU+(VU)T—3E‘ (92)
VZI‘J+’I+T“€7V-1'J=2V-Ei (93)

where V and V2 are the del operator and the Laplacian with respect to the dimensionless
spatial coordinates X;, and T’ is the dimensionless stress deviator. Since A/u and (A4 u)/u
can be expressed in terms of the elastic Poisson’s ratio, v, it now follows that numerical
values have to be chosen only for v and n. Here we choose

n=1 and v=0.2. (94)

For the numerical procedure based on the boundary integral equation method
described in Section 6, the cell arrangement shown in Fig. 4 has been used. The expression
for the rate of change of time of the stress intensity factor is given by eqn (67). Once the
inelastic strain rate has been computed, the term ¢! can be determined and eqn (67) can be
evaluated numerically. A subsequent numerical integration with respect to time produces
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Fig. 5. Normalized opening stress at £ = 0.0014 and ratio K,(7) = Ki()/K(0), both as function of
dimensionless time, I.

K((7). Figure 5 shows K;(7)/KE vs the dimensionless time 7. It is noted that K;(7)/KF decreases
with time. Also shown in Fig. 5 is the normalized stress T,,(X,, 0, 7)/T,,(%,, 0, 0), evaluated
at X, = 0.0014. The two curves diverge rapidly as the dimensionless time increases.

It is instructive to compute the actual physical distance to the crack tip which would
correspond to %, = 0.0014. Suppose we consider a crack in an unbounded medium under
far-field uniform tension 1,, = 6. Then K} = 64./(a/2). For titanium, Ref. [1] suggests the
following value for the yield stress, gy ~ 250 N mm~2, while Z ~ 1200 N mm~2% Let
6o ~ 6y/2. Equation (89) then yields x, ~ 1.63 x 1072 a%,. Hence %, = 0.0014 corresponds
to x; ~ 2.279 x 10~ %a, which is a very short distance to the crack tip. The two curves in
Fig. 5 thus imply that even very close to the crack tip, the singular term by itself would give
a very poor approximation to the near-tip stress t,,, with an error which increases with
time 7. The relation between physical time 1 and dimensionless time 7 can be obtained from
eqn (89) as 7= 0.635x 10%, where the following values from Ref. [1] have been used
Do~ 10*s™ ' and u = 0.44 x 10° N mm~2, As predicted by the constitutive model used in
this paper, the relaxation of the stress intensity factor takes place very rapidly.

An improved asymptotic representation of the near-tip stresses can be obtained by
including higher-order terms. The calculation of these terms requires the evaluation of the
integrals for L,, eqn (68), and f,(8,), eqn (71). The r log r term in eqn (63) contributes only
a constant term to 7,;. A constant contribution is also obtained from the term f5(6,)r,.
After the calculations have been completed we find on the crack line (6 = 0)

T22 ~ 5(}::)‘ - 3.3?6 (95)
JF
or
Ty ~ 5-@- ~ 3.3761. (96)

JF

This two-term expansion gives excellent agreement with the numerical result up to 7 = 4,
as can be seen from the numerical values listed in Table 1. The agreement deteriorates
rapidly for I > 4.

Figure 6 shows K,(f)/K%; vs the dimensionless time I. Also shown is the ratio
T,(%,,0, F)/T(%,,0,0) evaluated at X, = 0.0047. As for the Mode I case, the two curves
diverge rapidly as 7 increases.

It is relatively simple to write out explicitly the asymptotic results for the Mode 111
case. At the crack tip we obtain from eqn (21)

SAS 23:3¥-0
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Table {. Comparison of asymptotic representations with numerical results calculated by the BIEM

Mode 11 Mode 1

D, 1,0(Z/3) 12:/(Z//3)

VANK Two terms BIEM Error (%) Two terms BIEM Error (%)
| 13.04 13.10 22.18 22.28
2 11.05 11.17 18.78 18.82
3 8.93 9.12 14.47 14.35

4 6.84 7.12 3.93 10.08 10.42 3.26
4.2 6.43 6.73 4.5 9.194 9.745 5.65
44 6.02 6.35 5.2 8.32 9.104 8.6
4.6 5.62 5.97 5.9 7.444 8.502 124
48 5.21 5.60 6.96 6.555 7.94 17.4
5.0 481 5.235 8.0 5.68 7.41 23.3
52 442 4.87 9.24
54 4.03 4.52 10.84
5.6 3.63 4.17 12.95
5.8 3.25 3.84 15.36
6.0 2.87 3.504 18.0

-
1.0
)
Tz(x.O;t)/Tz(x.O;O)
0 . 1 ) n 1 T n e

0 2 4 6 8 10 12 14 186 18 20

Fig. 6. Normalized anti-plane shear stress at £ = 0.0047 and ratio Ky, (7) = Kiu(7)/Ku(0), both as
functions of dimensionless time, [.

ol
A —sin 30
'0,0) = . 7
£'(0,6) (COS%B) 97
Use of this result in eqns (76)—(78), and subsequent integration with respect to time yields
sing sin§—0—+35in€
Ky (1) 21 1 2 2
T~ + =7 . (98)
JF 4 3 30 0
cos—2— —-cos—2——3cos§

The values of T, at X, = 0.0047, X, = 0 computed according to eqn (98) and by the BIEM
have been listed in Table 1. Good agreement is observed up to 7 = 4.

The results presented in this section show that the square root singular term presents
a very poor approximation to the crack-tip field even at very small distances from the crack
tip. The approximation becomes worse as time increases. The use of additional terms in the
asymptotic expression for the particle velocity increases the length of time for agreement
between the asymptotic representation and the numerically computed stress component at
a crack-line point just ahead of the crack tip.
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APPENDIX: FINITE PARTS OF INTEGRALS

The “finite part” of an integral, denoted by pf, is defined as (see Ref. [14], pp. 75~-104)

R
J‘ f(x)dx = hm [J: f(x) dx—divergent part as R — co.c-’O]. (Al)
‘-o
A typical example is
logry, n=1

fodr
f1 —={ . 1-n A2
P J; r o et n>1 4

For small r it then follows that

(log ro)6'(0,68)+o(r,), n=1

prJ""——d'(;'g) dr={7 | )} (A3)
° 1_nr“,"' a'(0,80)+0(ri™"), n>1

where we have used that ¢'(r, §) is bounded at r = 0, see eqn (43). It is convenient to rewrite eqn (58) in the form

_ ] o (n+1)/2 ¥ L ro (n+1)/2 y
l> (0; 00) = do Z pr T Nn+ 1(07 00)d (I‘, 0) dr— Pf 7 Nu# l(oo 00)‘ (I', 0) dr|e.
- nw= 1 0 o

(A9)
By using eqn (A3), eqn (A4) can be rewritten as
1, (0,00) = £,(80)ro log ro+roB(6c)+0(ro) (AS)
where f,(0,) has been defined in eqn (62) and
(7]
B(O,) = J [ 6.00) pf J AL P4 3 N 6.00°8°0, e)] (A6)

Equation (AS5) shows that the order of I, as ro — 0 is defined by terms rq log g and r,.
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It is too complicated to compute all the terms in eqns (57) and (A6) by using the expansions given by egns
(52) and (53). Another way of computing the relevant terms follows by considering the following integral :

o n=0 A=
n

o0 o 2 Ao 2
pr‘ VG dr = ’o[ Z n—+—3M,,+ 1(0,00)+ Z ;“_an (6, 00)}-1‘42(0, Bo)r, log ry (A7)
I
1

where we have used eqns (52), (53), (Al) and (A2). We define

P(0,00) = rl pf J-m rVG dr+N,(0,8,) log ro. (A8)
1] 0
Equations (64), (60) and (A6)-(A8) then yield
1 i (x+1) cos 0, sin 8,
£,0,) = _L P(0,0,)-4'(0,0) d0+ C‘((x—fi) sin 00>+C.,(_cos 00). (A9)

The terms with the constants C; and C;; come from the first integral of (A6). The constant C,;(C}) vanishes for &'
having Mode I (II) symmetry. The manipulations that are required to evaluate eqn (A8) by the use of eqn (30)
are lengthy and complicated. The result is given by eqn (72).

Now that the third term in expansion (63) is known explicitly, namely

u, =1,(0)rlog r (A10)
and it is known that a, is of the form
u, = 5,(@)r (A1)

an alternative way of computing §,(0) is provided by rcturning to the substitution method outlined by eqns (41)-
(46). By collecting terms of order r we find

Ay (0)] = A%, + V- a. (A12)

A direct calculation shows that rA*i, is a function of § only. Hence the terms on the right-hand side of eqn (A12)
are r™~' times a function of 0. The standard Fredholm argument shows that for boundary conditions appropriate
to Mode I, eqn (A12) does have a solution which is unique to within a term which would give rise to a uniform
contribution to 1,;. The solution to eqn (A12) can now be determined by well-established methods. The result is
again given by eqn (72) if the term H, and the last term which includes g,, which are for Mode 11, are omitted.



