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Abstract—A novel theory is presented for the growth of cracks in ductile materials. The theory predicts the
steady state crack tip extension velocity as it depends on the remote loading, geometry, and material
parameters. The theory is based on (a) a kinetic law for the crack tip velocity ¢ as it depends on the stress
state at the crack tip and (b) a realistic real time flow rate law for the material non-elastic deformation.

It is shown that with a rate flow law and for a finite crack tip velocity, no matter how small, the crack tip
stress field is characterized by a r~'? singularity. This is contrary to the case for a strictly stationary crack.
Because of this stress behavior, the Irwin crack extension force is again available as a driving force in the
crack tip kinetic law noted above.

The theory predicts a broad range of crack extension phenomena such as are commonly observed.
Steady state threshhoid values and “critical” values for apparent stress intensity factors arise in the theory
from stability limits of the predicted steady state curves.

1. INTRODUCTION
The subject of this paper is an entirely novel theory for the growth of cracks in ductile
materials. Specifically, it is a theory for the steady state crack tip extension velocity v as it
depends on the remote loading of the body, the crack geometry, and certain material properties
of the body.

The principal novel feature of the theory is the use of the mechanical analysis of crack
equilibrium due to Griffith{1] and Irwin{2}. In particular the Irwin crack extension force 4 plays
a central role comparable to its significance in brittle fracture. We shall show that the
Griffith-Irwin theory can be consistently extended into the non-equilibrium regime if the crack
extension process and the plastic flow process are both treated as real time rate processes. We
note that we are not concerned here with dynamical or inertial effects at all but rather with
kinetic rate laws and dissipative phenomena.

The importance of the Irwin analysis{2] was that he showed that a reversible crack
extension force was determined entirely by the local stress state at the crack tip. He
characterized that stress state by the stress intensity factor K that measured the strength of the
r~'7 stress singularity at the crack tip. It was shown by Barenblatt[3] that even in an atomistic
cohesive model the continuum singularity characterization was still applicable to determine the
force 9. The importance of this is the local nature of the crack extension force. In the present
paper we shall show how the local stress intensity factor K can be distinguished from the
apparent stress intensity factor K, that would be deduced from the remote loading and the
crack geometry under the assumption of linear elastic behavior alone. The distinction will arise
from the stress changes in the cracked body due to the plastic deformation of the actual
material of the body.

At this point it might be questioned whether, for ductile materials, the 72 singularity
characteristic of the elastic stress field is even present. It is well known that for power law
hardening materials (as well as for power law non-Newtonian viscosity) the index of the
singularity changes, as shown by Hutchinson[4] and Rice and Rosengren[5]. The calculation of
the present paper will show that, for realistic, rate-dependent flow laws, the r~'?2 stress
singularity is preserved for crack tips that are moving at some velocity v no matter how small v
is. The solution for the moving crack is, in fact, non-analytic in v at » =0, Thus the static crack
problem is actually a singular problem.

For simplicity, the theory will be presented for a semi-infinite crack configuration and for
the case of anti-plane strain known as Mode III. In this paper we shall omit the customary
subscript III on the symbols ¢ and K.

Although we present the theory for the case of the sharp crack in Mode 111, it is expected
that the principal conclusions will be applicable also for more complex structures.
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2 PHYSICAL BACKGROUND FOR THE THEORY

In addition to the laws of mechanics there are two essential ingredients of the theory that
relate to assumed or measurable material constitutive properties. These are (a) a kinetic law for
the crack extension rate v as a function of the focal value of % and (b) a constitutive law for the
non-elastic strain rate € as a function of the local stress deviator @. Since neither of these has
wide currency in the form we shall employ, we shall now discuss them.

(a) Crack propagation kinetics

The theory of crack equilibrium of Griffith{1] for brittle solids was modified by Irwin[2]ina
way that made explicit the local nature of the equilibrium at the crack tip. Irwin showed that a
generalized force, the crack extension force %, could be defined in terms of the local stress state
at the crack tip and that the equilibrium could be expressed as the equality between 4 and the
reversible work of crack extension per unit distance %, that can be expressed in terms of the
free energy of the new surface generated by cracking. Thus, the crack is in equilibrium with the
applied forces when

é=%. (N

The Griffith-Irwin theory is a theory of equilibrium for quasi-static crack tip displacements and
it says nothing about crack propagation at finite velocities.

The problem of finite velocities is completely analogous to that of other kinetic phenomena
that are common in materials science, In our case, any finite value of v results in some rate of
energy dissipation over the reversible work rate and so ¥ must exceed %, by such an amount
that the mean dissipation rate @ satisfies the relation

D =(9G~G)v. 2

This dissipation rate should not be confused with any dissipation due to non-elastic defor-
mation. The cracking process and the plastic flow process are not statistically correlated
phenomena. They interact only through the field equations that govern the stress equilibrium.

The dissipation with which we are concerned here arises from the atomic energy barriers
between successive local equilibrium, positions of the crack. Such barriers to propagation of
defect configurations are common in problems involving the lattic mechanics of singular lattice
structures and reflect the translation periodicity of the lattice. The crack motion problem is
entirely analogous to the well known problem for crystal dislocations as first described by
Peierls[6]. The phenomenon for crystal cracks was first discussed explicitly by Thomson et
al.[7]. It was in fact already implicit in the Barenblatt theory[3], further discussed by Barenblatt
ef al.[8], and also in the work of Gehlen and Kanninen[9] on computer simulation of crystal
cracks. The first attempt at deduction of a kinetic law for v is that of Hsieh and Thomson{10].

The subject has been treated in detail by Lawn and Wilshaw([11] in a book that details the
kinetic problem. Lawn{12] has further described a derivation of a kinetic law for the crack tip
velocity analogous to that which has been deduced for crystal dislocations.

The main purport of this current work is that there must exist a kinetic law for the velocity
of a crack tip as it depends on ¥, %, and the temperature T, based on thermal activation. Thus
we may write generally

v=0(%%T). 3

We emphasize again that, for the theory presented here, the ¥ that appears in eqn (3) is that
which is determined by the stress intensity factor K that characterizes the local stress
singularity at the crack tip regardless of the nature of the stress field elsewhere in the body. If
the body is strictly elastic, that K will be the same as K determined from the applied foads,
but, if non-elastic deformation has resulted in self-stress in the body, K is not the same as K.

We shall choose an explicit form for the kinetic function of eqn (3) below for the purpose of
explicit caiculation.
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{b) Constitutive iaw for non-elastic flow

We stated above that we were concerned with “realistic, rate-dependent flows laws”. What
is meant by that characterization is constitutive relations for non-elastic deformation that more
or less accurately reflect the behavior of metals according to modern testing experience. The
principal features of modern constitutive relations are that the non-elastic strain rate is uniquely
determined at any time by the current value of the stress deviator o and by the current values
of one or more internal state variables that account for the prior deformation history through
incremental evolution laws, An example of such a theory is that due to Hart[13],

We shall in the present paper avoid complications that might arise from using constitutive
relations that are too complex. Fortunately, the principal form of the solution of our problem
seems to depend only slightly on the details of the constitutive relations. We shall, therefore,
require only the simplest general structure for them.

We require specifically that the non-elastic strain rate € and the stress deviator o be related
through a simple isotropic relation of the form

€ =(éo)o, 4)

where the light faced symbols stand for the simple second invariants of their respective tensors
of the form

e=+ v(éiféij)s (5 )

and where the summation convention is implied for repeated indices. A similar equation holds
for o.

Now the remainder of the constitutive equations consists of scalar relations
€= é(o, o*), 6)
where o* is a single hardness state variable satisfying the evolution law
* = éF(a, o*). g

The functions é(o, o*) and F{o, o*) must be specified. The relationships, eqns (4)-(7), are rather
a simplification from the complete relations described in Ref. [13]. They nevertheless are fairly
effective, especially when specialized to use for moderate and low temperature behavior for
metals. In our present treatment we shall actually ignore the strain hardening given by egn (7)
and restrict our attention to the strain rate behavior at constant o*. This makes our material
effectively a non-Newtonian viscous body. The strain hardening, which really modifies the
results rather slightly, will be the subject for a later paper.

We propose then to use in our calculation, any of many possible forms for the function
é{z, o*). We shall see that the calculation is rather model independent and the only effect of
specific models is numerical. We shall further restrict our constitutive function é by the
moderate requirement that it have the form

E = é%(0*)d(alo”). ®

So long as o* is constant, this is actually no restriction.

3, MECHANICAL BASIS FOR THE THEORY

We shalil calculate, in the next section, a boundary value problem involving non-linear
non-elastic flow. Because of the determinative form of the flow law, it is convenient to
formulate and solve this problem by use of the continuum dislocation theory of self-stress.
Such a method for solving plasticity problems was first proposed by Mura{14], but there does
not seem to have been any subsequent application of the method. We shall, therefore, briefly
describe the basis for this method of sofution in this section.
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The method is based on the theory for incompatible non-elastic strain. The relationship
between incompatibility and continuum dislocation was given a definitive form by Kroner{15].

Because of the non-linear character of the non-elastic flow law, the non-elastic strain rate in
response to the crack stress field is not a compatible strain rate field. Therefore, at each point in
the body there is a time rate of accumulation of continuum dislocation density. This ac-
cumulation rate can be computed in terms of the spatial derivatives of €. The accumulation rate
results in a time rate of generation of self-stress in the body. At any time the total stress in the
body is uniquely determined by the applied loads, the current dislocation density distribution
and the boundary conditions imposed by the presence of the crack. Let us now examine a bit
more closely how this comes about.

(a) The dislocation density tensor

Consider first the description of the state of strain of an elastic body that can also sustain
plastic strains. Let 4,7 be the displacement field corresponding to the sum of elastic and plastic
strains and let 87, BE and B be respectively the total, elastic and plastic distortion tensors.
Then by definition of these quantities

ul;=Bl, 9
=85 +8f, (10)

where
ul; = ouTlox; (i

In general, the quantities 8 and BJ are not separately expressible as gradients of components
of u”. Because of eqn (9), the total distortion satisfies the condition that its integral about any
closed path C bounding some surface S equals zero. Thus

f dxpl =0 (12)
C
then for the two terms in eqn (10)
o=f dx,3§+f dxae, (13)
c ¢
=~ L dsieuBlic~ ]s dsepBls, (14)

where we have employed Stokes theorem and ¢ is the completely anti-symmetric 3-index
symbol and ds;, is an oriented element of S. We define the dislocation density tensor, following
Kréner[15), as

=~ Bl (15)
Since eqn (14) is satisfied for arbitrary S, it follows then that
- £
oy = euBiis {16)

and the dislocation density associated with the plastic field is reflected also by the elastic field
and so a characteristic state of stress results.

There is an extensive literature on the relationship of the stress states resulting from such
dislocation distribution and the associated incompatibility. Good reviews of the subject have
been published by Mura[16] and deWit([17]. We shall not discuss here the general methods that
are available but rather shall specialize our problem immediately to the two-dimensional
anti-plane strain case.
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For this case all displacements are in the direction normal to the plane. We shall take the
coordinates in the plane to be x, and x, (or x and y) and the normal direction to be x; (or 2).
The only components of jB; that remain are B;; and j = 1,2. Now the only non-zero component
of a; is

ap=—eywBhi=—(Bhi—Bho) (17)
We shall write this in two-dimensional vector form and suppress the index 3. Thus
a=-Vxpg* (18)
where
B” = Byki + Buk,, (19)
and %, and %, are unit basis vectors. Since there is no distinction in this geometry between the
distortion §7 and the symmetric plastic strain € (other than a possible factor of 2) we shall
replace 8% from here on by € and so we shall have
a=~VXeg, 20
or for time rates

a=-VX¢e 2n

(b) The associated self stress
The stress at r in an infinite uniform (uncracked) body that is generated by a(r') is readily
computed from the stress function

x=(GR2a)In R(r, ) 22)
where
R=ir-rl 23)
The stress vector o is defined as
o = oy + opks. 24)
or for simplicity (and alternatively)
o = ok + oyl (25)
= g,k + 0,3 (26)
For our case the result is
o2 (r) = — (3/ 3y G/2m) f ds(r)a(r) In R(r, ¥), @n
0,(t) = (3l x)(Gl2m) f ds()a(e) In R, ©), @8)

where G is the modulus of rigidity and the integral is extended over the entire body.
If we consider the x, y-plane as the complex z-plane, where

z=x+iy, 29
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we can recast eqns (27) and (28) in a compact complex form as follows:
Let the complex stress function 6° be given by

G =02~ io,". (30)

Then eqns (27) and (28) are simply represented by
o O s o |
4 —Zm.fds a(z)-——-z_z,. (31)

As noted above, the kerne! of the integral of eqn (31) is that for the uncracked body. For the
problem to be pursued below it is important to have the kernel for the semi-infinite crack in the
infinite plane. The geometry of the problem is shown in Fig. 1. The boundary conditions
required for the stress due to the dislocation density a is that for y =0 and x <0, the stress
component o,” must vanish. Thus on the crack faces & must be purely real. The resulting
formula for ¢ for the case that

a(?) = a(2), (32)

i.e. for @ symmetrical with respect to the x-axis, is

#(z)= % f ds'a(z) \/ (—zz-) ;—_‘—z— (33)

The integral in eqn (33) extends over the entire plane. This result is derived in Appendix A
below.

The symmetry condition stated by eqn (32) is satisfied by all the configurations with which
we are concerned in the theory.

4, DEVELOPMENT OF THE THEORY

We are now ready to proceed with the exposition of the theory. The configuration that will
be investigated is one for which a precise translational steady state can be specified, viz. a
semi-infinite crack, extending from — to 0 on the x-axis, in an otherwise infinite body. The
deformations and loadings are those of anti-plane strain and anti-plane stress simultaneously.
The configuration is illustrated in Fig. 1. The crack tip, which is at the origin of the coordinates,
is considered to be moving to the right at a velocity v and so the crack is extending at that
velocity.

zixy)

Fig. 1. The crack geometry for the semi-infinite Mode 11 crack. The crack occupies the negative x-axis.
The crack tip is moving to the right with velocity ».
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The problem is characterized by two constitutive laws, as discussed above. These are:

(a) Crack kinetic law

v=0(% % 1), 3)
%=K2G. 34
(b) Non-elastic flow law
é=(élo)o, @
€ = éXo*)d(alo*). ®

In addition the body exhibits elastic strain proportional to the stress o according to Hooke’s
Law.

The remote loading of the body is stated as a condition on the asymptotic stress field in the
body. This stress field o* is to be considered as the applied stress on the body. It has the form

Al K. 1 *Slni

" =en Vs 'L (35)

cosy
2

where p and ¢ are polar coordinates of the field point, K, is the applied (or apparent) stress
intensity factor characteristic of the remote loading and the last factor of the r.h.s. is a column
vector symbol in which the upper entry is the x-component. If the body were solely linear
elastic, o* would be the complete stress field for the cracked body.

For the general case under consideration, the effect of prior deformation is entirely
characterized by the current dislocation density a(r}). Because of the linearity of stress fields we
can represent the total stress o as the sum of o* and o°, the stress produced by a. Thus

o=0*+0o° 36)
in complex form
a1 Ky 1
T V(Zw)-z_'ﬁ' 37
and, as shown above,
e G oot \/ 2\ _1
5 =9 [ ds@ra)  (2) 725 (33)
Then
F=d*+5" 38)

In order for this representation to be meaningful, it is necessary only that the integral in eqn
(33) exist. We shall show below that the integral does exist for a broad range of circumstances.

The stress given by eqn (33) can be analyzed more closely as follows:

By simple algebraic manipulation, & can be written in the form

e O 1 voon d G v eon b
o = 2m.v;fdsa(z)v'z';'f'zm.\/zfdsa(Z)V?——'z_z,. 39

Now, the second term of the r.h.s. is non-singular, while the first term is singular. It is the
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singular term that is of interest to us. If we define

()
K,=- w.,ﬂ)fd alz) (40)

then the singular part of ¢“ is of the form

o o) Ko 1
Ty = i (2) (‘“)

which, of course, strongly resembles 6. Then we can express the singular part of & as

- I K 1
Oing = "-' V(-z——) ;ﬂi- (42)
where
K= KA + Kp. {43)

This analysis of the singular behavior of & leads to the important result that we can consider
the K that characterizes the actual crack tip field as the simple sum of the “applied” part K,
and a “plastic” part Kp. Of course, K, is generally negative. We can then characterize all the
effect of non-elastic flow by the value of Kp.

Now we can state our problem precisely as follows.

(1) Given a fixed crack tip velocity v and a fixed value of K,,, find the value of K, (or of K)
that corresponds to a steady state for all the field variables, or stated as an equation,

Kp=K-K,=Kp(Ka, v). (44)
(2) Combine this result with the constitutive law given in as eqn (3) and restated as
v =g(K}). (45)
By elimination of K, between the two equations, the desired result will be obtained as
v = f(Ka). (46)
We now proceed to the first sub-problem, which is simply a problem in solid mechanics.
Now it is sufficient, to specify the steady state, to prescribe that, in a reference frame

moving with a velocity v, the value of a(r) is stationary with respect to time. This is the same as
the requirement

0=a+d.aq, 4N

where by & is meant the time rate of change of a at a fixed point in the fixed frame of
reference.
Then, subject to the condition of eqn (47) we wish to compute

__G al2)
=~Vam | 4 “

The value of K, seems to depend on all prior deformation history and on the details of a.
However, by the following trick, we can transform the integral into one that depends only on
the current deformation rate in the vicinity of the crack tip.
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Note that, for steady state a,
jdsz"zd -y [dsz"ZVa, (48)
=v- f dsaVz"—y. fdniz"za, 49)

where the last integral of the r.h.s. of eqn (49) extends over a contour at infinity bounding the
body, dr is a differential linear element of that contour and 7 is the unit, outward direction
normal, at each point of the contour. The bounding contour integral goes to zero as the
boundary tends to infinity and so

j dsz"a=v Idsaa,z'“, (50)
- a
-(vlz)fds = 1)
Then, from eqn (40),
K, = ‘%V(%F) j dsz'g, 52
=% g,,.) ] dsz'" VU x &, 53)

The calculation to this point is exact and it emphasizes the dependence of K, on the rate of
deformation in the vicinity of the crack tip. In order to obtain a solution of the problem,
however, we must now introduce an approximation. We shall approximate the stress field o,
that generates €, by the singular part of & given in eqn (42) above. This approximates o well in
those regions where the stress is largest and where o is largest. This reflects the strong
dominance of the crack face boundary conditions in the vicinity of the crack tip as appears in
eqn (39).

We write therefore, as an approximation for o,

. 8
K —sin
o= V—_(ZW)V[_J 8 [ (54)
COS'z'
_ K 1
7= Vam Vo' o9
and, if & denotes a unit vector with the direction of o,
—sin2
é= 29 . (56)
[0} 'i
With this choice for o,
Vxé=—(élo)(n—1)aVxé-nVxal, (57)
, 11 8
VXo'-chosz, (58)
Vxo=0, (59)

§S Vol. 16, No. 3D
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where n is given by
n=(3InédIno),.. (60)

Making the appropriate substitutions in eqn (53), we obtain

K,=-%Vg—ﬂfdsz"z-%%cosg-'(n-1)6', (61)
= _%Vg_vr) _ﬂ do cosz—g fo i dpVp(n - 1)é, (62)
=316V L " dpVp(n-1Dé. (63)

Now, from eqn (55),

o1 (KY et (e
\/pdp—(zﬂ) (?) ad(a)' (64)
___2 (KVdy
=~ (o*) 5 )
where
n =glo*. (66)

This leads to a convenient modification of eqn (63) as

cx I3 £ -
1 &K°G d,,,(n :’)‘cﬁ(n), 67)

and, of course, n depends only on 7.

We have obtained our principal result without committment to a special form for ¢(n). The
only requirement on ¢ is that the integral in eqn (67) exists. For ¢ as a monotonic positive
function of =, that requirement is simply that: (a) as n =0, ¢ approaches zero faster than n*
and (b) as n = ®, ¢ becomes unbounded more slowly than n°. This requirement is easily met by
real constitutive laws for non-elastic deformation.

Note, incidentally, that if ¢(n) is linear in  (Newtonian flow), then n =1 and K, = 0. Thus
for a body that undergoes Newtonian non-elastic deformation, K = K, and there is no
distinction from the linear elastic case.

In any case, the integral is dimensionless and is independent of the loading. We shall reserve
discussion of the effect of particular constitutive laws until the next section.

We shall now rewrite eqn (67) in a simpler form as

3
K,=—-AP —Ig-, " (68)
where we define
1 é*G
A= e (69)

and

p= anlt=20) )
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Now, from eqn (43),
K,=K-K,, an
and so

3
Ki=k+aPK (72)

This equation represents our principal result for the steady state and it remains only to
introduce v as a function of K in order to complete the second step of our problem plan stated
above.

For the purpose of this paper we shall choose a form for v that is suggested by the work of
Lawn{12]. We have modified Lawn’s result only by replacing an exponential by a hyperbolic
sine. This insures that the crack tip velocity is zero when the Griffith-Irwin equilibrium
condition is satisfied. We write then

2 2
v = v* sinh E—K_FI& (73)

where K, is the value of K corresponding to %, K, is a quantity that depends only on
temperature and material constants and v* is a rate factor that depends on temperature through
an Arrhenius factor.

We cannot eliminate K between eqns (72) and (73) in simple closed form and so we shall
show the dependence of v upon K, numerically, in the next section, for a typical case. It is in
fact rather more illuminating to consider first the dependence of K upon K, and we shall
proceed immediately to that demonstration,

5. THE CHARACTER OF THE STEADY STATE
From eqns (72) and (73) we obtain easily the equation

AP K’

Ka= K+ R - KK (74)

This equation contains many material constants the values of which can cover a wide range,
depending on the particular material, temperature and environmental conditions and the
reliability of our representation of é and ». The importance of our current discussion is,
however, the general form of the solution and so we shall reduce the dependence of our
equation on material constants to the simplest combinations possible. We therefore introduce
reduced dimensionless measures for K as follows:

Let
k=KIK,, (75
ko= Ki/K;, (76)
kA = KAI K I (77)

Now eqn (74) becomes
kJ

ka=k+B Ry 78

where

B=APK*[v*. %))
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Thus we have an equation whose character depends only on the numbers B and k,. We can
now explore the character of eqn (78) for a significant range of values for those constants.

In Fig. 2 we present plots of k4 vs k, according to eqn (78), for the parameter values k, = 0.1
and B =1 and 5. With these two values of B we exhibit two types of curve that can result. That
for B =5 has three extremals, two minima and one maximum. The one for B = | has only one
minimum. At some value for B, slightly higher than 1, there is a minimum and a point of zero
curvature at which a maximum and a minimum coincide. The portions of each curve for which
k. decreases with increasing k are distinguished by dashed lines. Those portions of the steady
state curves represent unstable branches. That such branches are unstable regimes follows from
the circumstance that on those branches k increases as k, decreases and, since v is monotonic
in k, the velocity is increasing with decreasing “applied” k.

The more interesting curve is that for B =5. That case exhibits two stable branches that
share overlapping ranges of k4. In Fig. 3 we show plots of log v (in arbitrary units) vs k, for
both stable branches. This is the plot that is to be compared with experimental curves of log v
vs apparent k. Note that what we have designated by k, is the k that is customary for
characterizing experimental conditions.

A prominent feature of both branches in Fig. 3 is the vertical slope of the curves at the
limits of the stable regimes. This feature follows directly from the horizontal slopes of k4 vs &
at the stability limits in that plot. Note especially that it signals no special micromechanism. 1t is
indeed striking that this ubiquitous feature of experimental log v vs k4 curves follows
unequivocally from the theory presented here. Thus the theory predicts threshhold values for
k4 as well as “critical” values at which the crack appears to “runaway”. The lower threshhold
value of k,, in our example of Fig. 3 is practically fifteen times the equilibrium k, on which the
plot is based. We shall not explore further numerical cases in this paper.

The region of k, between k; and the lower threshhold is also interesting. In that range of k,
non-steady state crack extension is possible. That regime of crack extension can result in
considerable crack growth under cyclic loading. This is, of course, fatigue behavior. In order to
discuss that we must consider the non-steady state behavior. We shall do that in the next
section.

6 T

]

0 1 1 i 1
o / 2 J 4

k —

Fig. 2. Plots of “apparent™ stress intensity factor k, vs actual stress intensity factor k according to eqn

(78). The equilibrium stress intensity factor k, has the value 0.1. Curves are shown for 8 =5 with bi-modal

behavior and for B = | with a single mode. The diagonal line is the locus k4 = k that would correspond to
the purely elastic case.
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Fig. 3. Plots of log v vs k4 for the case B =5 from Fig. 2. The lower branch is an observable steady state
velocity regime. The upper branch exhibits so strong a dependence of velocity on Ky, that it would probably
be characterized as “run-away"™ growth in normal experimentation.

6. THE NON-STEADY STATE

We shall now seek an answer to the question: Given that the current values of K, and Kp
{or of K, and K do not correspond to the steady state condition, how does this state relax to
the steady state?

Unfortunately, there is not a unique answer to the question with the conditions given. The
reason for this is that the values of K, and K, do not uniquely characterize the non-steady
state of the cracked body. The same values of K, and K, may be reached through more than
one loading history and so different subsequent histories of K, may result when K, is held
constant,

It may be expected, nevertheless, that, for a limited range of loading histories, the variations
in relaxation among the several states characterized by the same K, and K, may be slight and
that there is one principal relaxation path that accounts for most of the resuitant relaxation
history. By placing suitable restrictions on the general state of crack, that are consistent with
the steady state solutions, we can develop such a principal dependence of the time rate of
change of K, upon the current values of K, and K, as follows:

If « is the current distribution of dislocation density, then in a coordinate frame moving in
the x-direction with the crack tip velocity v, the time rate of change of « is

c; : = a + via, (80)

where, as before, a is the time rate of change of « at a point fixed in the material frame.
Since

-G a(z)
Ke =~ [ s 2. “0)
we can define
de -1 4 du
7(2—— ] dsz @1)

= '-7(%}3 f dsz ¥ a + vé,a). (82)
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Define further the quantities

aKP — G -112 .
=" Van f dsz™"2a, (83)
and
aKP —_ G =12
e ="V j dsz "9,q, (84)

where dKpldt is the time rate of change of Kp due only to the current deformation rate and
3Kp/da is the change of K, caused by unit displacement of the crack tip. We can now rewrite
eqn (82) in the suggestive form

at ot TP e (85)

Now, with the same singular stress approximation for o that we employed to evaluate K,
(beginning at eqn 52), we can evaluate dKp/dt. We omit the detailed calculation, which is
completely analogous to that leading to eqn (67) and report the resuit to be

i’% - -% e*G(Klo%)0, (86)
where
_[7dn
Q= \ 7(n - Dé(n). ty)]

We cannot evaluate dKp/da directly. However, that quantity will be completely consistent with
the requirements at each steady state point if we assign it the value

e - - n(o* KK, (QIP), (89
where, as above,
[dn,
p= fo S - Dot (10)

Now, if we write Kp for dK,/d¢, we obtain the answer
K, = _% Qé*G(Klo*) - m(QIP)v(c*IK)Kp. (89)

when steady state is reached, K =0 and
2 3 3
KP=._._G.£€_(.£*) P (90)

The assignment made at eqn (88) is of course nothing more than evaluating dK./da at a steady
state point and then extending that expression beyond the steady state curve. The important
point of this is that all steady state points with the same value of K, are mutually consistent
according to our prescription.

We note that, for any fixed choice of material parameters, K, is negative for the region of
the (k, k4)-plane below the steady state curve and is positive for the region above that curve.
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Fig. 4. A replot of the curve for B =5 from Fig. 2. Loading and response path is shown for cyclic loading
at levels of k, below the steady state threshhold, This fatigue cracking behavior is described in Section 7.

The theory presented here predicts a strong effect on crack extension from cycling the value
of k4. Note in our discussion here that crack propagation occurs with either positive or negative
loading because of the symmetrical nature of shear cracking.

Consider, then, the application to the cracked body of alternate values of k, of the same
magnitude but of alternating sign. This magnitude of k, is that which would be termed the
loading amplitude Ak in a cyclic loading experiment. We consider the individual loadings to be
held constant for a time interval r.

The initial loading occurs when the value of kp is zero, corresponding to the point a on Fig.
4. During the first loading period the value of k» will become negative according to eqn (89)
until at the time 7 it reaches a value for which k corresponds to the point b. During that time
the crack will extend by an amount Aa given by

Aa= fo " dto(k). on

The value of v at each time depends only on the value of k that is then current and that is
determined by eqn (89).

If at that time &, is reversed and, if we continue to use the positive k, axis to represent the
further behavior, then relative to k, we may consider k, to become reversed. Thus kp, which
had become strongly negative, now appears to be positive with the same magnitude and assists
further crack extension. We represent this state upon reversal by the point ¢ on Fig. 4. Now,
during the next time interval 7, that system state point moves to the left until it reaches some
different end point d. In that time interval considerable further crack extension has occurred.
This process clearly can continue and ultimately reach a relatively stable amplitude for &, and 2
fairly constant value for Ag at each cycle.

Of course cyclic loading can also be carried out at higher levels of k, for which a
considerable portion of each cycle interval can even be spent at or near the appropriate steady
state point.

Clearly it is possible to describe fatigue behavior with the present theory without introduc-
ing any new rules.
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8. CONCLUSIONS

We have presented a theory for crack propagation in ductile materials that is based on
simple realistic assumptions and that describes most of the observed phenomena of crack
propagation. An important feature of the theory is that it predicts crack behavior continuously
as it depends on loading history. The principal distinction from prior theory is that a crack
velocity kinetic law replaces the customary static fracture criteria.

It has been shown that, for a moving crack tip and for time dependent deformation, the
Irwin crack extension force is defined. The crack extension process is then describable by a
kinetic extension of the equilibrium condition as in the “brittle” case. The crack extension force
is dependent on the stress intensity factor K that characterizes the crack tip singularity. That
value K was shown to be the sum of the apparent K,, determined from the remote loading and
a “plastic” contribution Kp. Thus

K= KA + Kp. (43)
The principal result of the calculation is that, at steady state,
Kp =—APK3/U, (68)

where v is the crack tip velocity, A depends on material modulus and flow parameters and P is
a dimensionless integral that is some moment of the constitutive function. An expression was
also derived (eqn 89) for the principal relaxation mode from a non-steady state value of K, to
the steady state.

With these results and with a reasonable expression for v as a function of K, the
dependence of steady state velocity on the value of K, was deduced. The curve of v vs K,
exhibited both threshhold and “‘critical” behavior due to stability limits predicted by the theory.
Below the steady state regime a time dependent behavior under cyclic loading was demon-
strated, that could be identified with fatigue crack growth.
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APPENDIX A

The formula given in eqn (33) is derived from eqn (31) by inclusion of the crack boundary conditions in the following
way. From eqn (31) we compute the value of o,” on the left semi-infinite interval of the x-axis. After the crack is
introduced on that same interval, the stress field is left undisturbed if equal and opposite tractions are applied to the two
crack faces of magnitude equal to o,". The relaxation of those tractions to zero results in the introduction of a
complementary field &.°. The resultant stress field of the cracked body is then the sum of the stress field ¢..* (eqn 31) for the
uncracked body and of the complementary stress 6,°. Qur procedure is an extension of that described by Bilby and Eshelby[18]
for the finite crack.

From eqn (31), with a(2) salisfying the symmetry condition of eqn (32),

o0 = [ ds'ald) . AD
The complementary field is given by the well-known Cauchy integral
som-b [° droe \/(.1.)_1_..
o == [ . dxo,(x,0) )iy A2
Substitution of egn (A.1) in eqn (A.2) yields
soe- O [dganLt [ \/(5)._.._!__.
A pe jds alz )21r [_‘ dx e {A.3)

The integral over x is readily transformed into one over the integration variable 2" and over the path C that runs from —=
to zero along the upper face of a cut that coincides with the crack, circling the origin in a clockwise sense, returning along
the lower face of the cut to ~» and then being completed by a circle at infinity, traversed counter-clockwise to the starting
point. The resulting integral is

o =gz e g5 [ N e *

where we have introduced imaginary factors for convenience and the extra factor of one-half results from the double
traverse of the negative x-axis. Upon evaluation from the residues at the poles at z and 2',

3o=-L. [ dsa)——+E [dsat \/(L)_.L_
6o = 2m.fds a(z') pp z'+ 2m.jds a(z) )= (A.5)
Finally, the stress for the cracked body is
&° = ¢, +6," (A6)
=8 {asatz \/ (i)_*._
=5 f ds'a{z’) 7)o (A

which is the formula given above as egn (33).



