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ABSTRACT

This paper proposes a dislocation annihilation model for the formation

of dislocation free- zone at a crack tip which may be appropriate to explain

more results on DFZ investigations.
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I. INTRODUCTION

Since Kobayashi and Ohr's experiment on dislocation free

(DFZ) [1,2], Chang and Ohr [3,4] calculated the influence of DFZ on the

dislocation distribution function in the plastic zone at a crack tip.

It seemed to be consistent with the experimental investigation 11,5,6].

However, the calculation took the experimental fact as a boundary condition

and did not give the information of how the DFZ can form.

The role of image forces due to crack on positive dislocations

influences the formation of DFZ. Discussions on this problem has led to

many important concepts such as dislocation emission, brittle and ductile

transition, etc [71. However, this paper vill propose another mechanism

to explain the formation of DFZ which may be appropriate to explain more

practical DFZ phenomena especially for external dislocation sources.

Pairs of dislocations of opposite Burger's weetors were created in

the multiplication process of dislocation sources. The one with shielding

Burgers vectors will be repelled from the crack and the other with anti-

shielding Byrget's vectors will be attracted to the crack. It will be

absorbed and annihilated by the open cleavage surface producing steps on

these surfaces. This qualitative picture has been pointed out by

A.S. Tetelman and A.J. HcErily (1967) [8] and R. Thomson (1983) [9]

recently. However, quantitative analyses are needed. This paper will

discuss their relation to the formation of DFZ.

II. THE BOLE OF IMAGE FORCES TO THE FORMATION OF DFZ

It is well known that any free surface produces image forces on the

nearby dislocations. The dislocation will emerge on the surface due to

the attraction of image forces without too much difficulty if the surface is

clean [10], A DFZ would be left in the material near the surface after the

emergence of dislocations.

Let us discuss the case of an edge crack in the material. According

to the above analysis, there will be DFZ's both at the crack tip and the

edge. At the edge, the size of it may be estimated by the following

arguments. The image force due to the free plane is given by

I A_
2x (1)

where x is the distance of the dislocation from the free plane, A

a
2v

If a is larger than o^, the frictional stress, the dislocation cannot be

retained in the material and would move out of the free surface. The farthest

location that the dislocation can move out of the free surface is given by
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Then

2a (2)

Aj may be called the size of DFZ due to a free plane (Fig.1).

Dislocations near a crack tip may occur in another situation(Fig. 1). It

may be acted on by another force due to the crack tip which repells the

dislocations away from the crack tip. The dislocation of this force is

parallel to the frictional force. Then, according to this analysis,

6(k) < i^ It seems that the crack inhibits the formation of DFZ. If

we pay attention to the original photograph in Hef.l we cannot see any DFZ

at the edge with its size larger than that at the crack tip. It seems that

the image force theory is contrary to Kobayashi and Ohr's experiment

(1980). We discuss it in detail.

In Mode III, the condition for zero force on a reference dislocation

in the pile up near a crack tip is given by [9]

f .
d

k,,ib
J1J

4™ (3)

We know that the DFZ is much smaller than the plastic zone size. Let us

assume x « 0 , as an approximation, then

d -"!*•

where

K
HI 2TIX.

The condition for zero force on the dislocation at the boundary

of DFZ is given by (A
ZTI

* 24^ + °1 = 0 »)

The reasonable solution of &2 is given by (taking "+" for fi(k) < <5.)

7 r „* /—?—?—r1

6 2 ( k m ) = l r J l A o i + ^ - J + V l A o - i + 2V-J " A o i j (6>

Let

(7)
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Fig.2 shows the 6,(p)-p relationship curve. From Fig.2 and £q.(7) we may

see the following:

1,

2.

3.

a*2 as.
jjj- < 0 or gjj— * 0. The crack would inhibit the formation of

DFZ. This is contrary to Kobayashi and Ohr's original experiment

(1980) [1], because the photography in that paper showed that the

DFZ at the crack tip is much larger than that at the edge (a free

plane).

K = 0, S-,(0) = =4- = 4. . This reduces to the size of DFZ near

a free plane.

If 42(K) * b, K - Km for K > Km there is no DFZ near the free

surface. Anyhow, we did not see any experimental results showing

that the DFZ size decreases with increasing K.

III. THE EFFECTS OF DISLOCATION ANNIHIUT10N ON THE FORHATION OF DFZ

1. S-perdislocation pair model

Ue assume that a dislocation source exists in front of a sharp crack

(Mode III) from which a pair of screw dislocations with opposite Burgers

vectors has been emitted.

In terras of the analysis of Li (1981) [11], we obtain the force

exerted on the negative external dislocation at x

(8)

(9)

Cio)

T h e s i m p l e s t a s s u m p t i o n i s t h a t d •* x , o r d •* ™

The condition for zero force on the dislocation at x

k

A/2™
=- - o, - 0
2x 1

At the boundary of DFZ 4, should satisfy this condition. The reasonable

solution of this equation is given by
!
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Eqs.(7) and (12) become

-1-1

- 1 (12)

Therefore

dp

d«3

3iT

Fig.3 shows the 4,(p) - 0 relationship curve. We know that

then pj = £„ ,/c./CQ . By this relation, we can obtain a series of curves

for different crack lengths. We may see that the curves are qualitatively

similar to the experimental curve measured by K.F. Ha et al. (Fig.4) |5(

though it is impossible for quantitative comparison. From Fig.3 and Eq.(l2)
we may see;

(1) 36j/3K >O.The crack would promote the formation of dislocation free

zone. It seems that this mechanism is consistent with Kobayashi

and Ohr's original experimental results (1980).

K /(2) K = O,

a free plane.

(3) 43(K)

larger than * 2(K).

This also reduces to the size of DFZ near

62<
K>- Usually <S3(It) is larger than 6^ and then

Assuming some values of d and other parameters, we can solve

Eq.(8) numerically. In our previous work [12], it can be seen that x

a measure for DFZ size, also increases vitti increasing K .

2.

1'

Dislocation system under crack-tip-like stress field

Suppose we have a dislocation system in a continuum medium under a

uniform stress loading, the frictional stress would be o,. A crack-tip-like

stress field is applied at one end where it looks like a crack tip. The

distribution function has been calculated [13] and a negative dislocation -

zone near the crack tip was shown. The dislocation density then rises

to a maximum value and drops dawn to zero at the boundary of the plastic

zone. This is qualitatively similar to the result calculated by Chang and

Ohr [3) except a negative dislocation zone appears.

This system is not at the lowest energy state though forces on them

are mutual in equilibrium. The negative dislocations may annihilate with

-5-

the crack dislocations (or negative dislocations emerge on the surface

to bLaunt the crack tip). A new surface would be created. The specific

surface energy for new surface creation is about

The self energy of a unit length dislocation is about ub which is

larger than ^ b . Therefore, negative dislocations will be attracted to

the crack tip and part of them will move to enter the crack tip and blunt

it by consuming some of the energy available in annihilation for creation

of new surfaces. The process will continue till an energy balancing is

reached between the energy gain from annihilation and the energy consumed by

dislocation movement and new surface creation. Therefore, it is possible

that a DFZ is left over after a part of negative dislocation emitted

on the surface to blunt the crack tip. Dislocations of positive sign are

also created and move away from the crack tip region settling down to its

equilibrium position on the slip plane.

In our previous work [13j, the size of negative dislocation zone is

given by

.2,2,, _>2.
xQ = 0.08a = 0.64 [ca7n (1-a) ] (13)

da
> 0

In order to discuss the qualitative behaviour of negative dislocations,

we neglect the image term in Eq.(lO) which drops more rapidly with x than

the K term; then,

1 2

Zno,

All the negative dislocations at x's smaller than A, would emit on the

surface to blunt the crack tip. If the size of negative dislocation zone is

larger than 6.., there would be one part of negative dislocations retained

at the crack tip.

The critical condition is given by

(15)

(16)

When a < a all the negative dislocations would emit on the surface. When

a > a one part of negative dislocations would be retaomed at the crack tip.

Fig.5 is the schematic figure. The number 0,64 is not an exact value,

because we have neglected the dislocation antishielding and shielding
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effects on K and discussed this problem with simple superdislocations

pair model in Eq.(14). Nevertheless, Eq.(16) shows the possibility of the

existence of negative dislocations at the crack tip. It is worth mentioning

that, by TEH. Ohr (1987) has indeed observed negative dislocations at

the immediate crack tip in stainless steel [151.

For a real crack, the effect of image forces due to the crack on the

dislocation is necessary to be considered. Lung and Deng have

calculated the effect of image forces on the dislocation distribution

function near a crack tip [161. Comparing the curves calculated by

Lung and Xiong [13], the curves are qualitatively similar. A negative

dislocation zone still exists and is enlarged by the image forces. It seems

that the annihilation mechanism is also reasonable in continuous

distribution dislocation model.

IV. SUMMARY

From the above, it seems that the dislocation annihilation mechanism

of negative dislocations with positive crack dislocations is one of the

most possible mechanisms for the formation of DFZ. This does not mean that

this image force of positive dislocations is not important. We should

analyse the various cases concretely. The role of image force of positive

dislocations has led to many important concepts such as dislocation emission,

brittle and ductible transition, etc. However, I believe that many

experimental investigated DFZ may be due to annihilation of external

dislocations with crack dislocations.

Li has pointed out that the attractive region between a dislocation

and the crack tip is the cause for the DFZ [17]. In our mechanism, the

attractive force is the interaction between negative dislocations and crack

dislocations. It seems that we arrived at the same conclusion as Li that

the stress intensity factor is an important factor in DFZ formation process

though he drew his conclusion from computer simulations.
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FIGURE CAPTIONS

Fig.l Schematic figure for the dislocation free zones at a crack tip

and a free plane.

Fig.2 The relationship of the DFZ size with applied stress

according to image force theory.

Fig.3 The relationship of the DFZ size vith applied stress, g(K) according

to dislocation annihilation mechanism.

Fig.U Dependence of the size of DFZ on crack length and applied load in

Fe-32 Si single crystal [5J.

Fig.5 The conditions for the formation of DFZ and the existence of

retained negative dislocations.
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Fig.2
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