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ABSTRACT

The dislocation image force due to the free surface of a finite

width specimen makes the plastic zone at a crack tip larger. The effect

of the dislocation iraage force on the fracture behaviour of materials

with different geometrical shapes is discussed. It is found that the

ratio V/A as An indication of the brittle behaviour of structural

components is reasonable for elastic-plastic fracture.
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I. INTRODUCTION

In a finite width material, the surface of a loading specimen is

stress free. The image force duo to the free surface cndislocations makes

the plastic zone at the crack Lip larger. This must influence the fracture

behaviour of the material.

It is well known that a circular cylinder is more brittle than a thin

rectangular plate. Recently, Sih (1985) pointed out that the volume to

surface relation plays a central role not only in describing material

behaviour but also in evaluating material damage. The ratio V/A provides

an indication of the brittle behaviour of structural components and has been

applied successfully to the design of pipelines, This paper discusses

this problem with another point of view, considering the dislocation image

force due to the free surface of a finite width specimen. The conclusion

is consistent with that of elastic macro-analysis but extended to stress

on the role of the plastic zone at a civiek tip, which is very important in

the elastic-plastic fracture case and also important even in the snail

scale yielding case shown by Lung and Gao (1^83, 1985) for estimation of

the plastic work done during the fracture at the crack tip.

II. THE RELATIONSHIP OF THE SIZE OF THE PLASTIC ZONE WITH THE FRACTURE
TOUGHNESS OF A MATERIAL

For simplicity, we firstly assume a super dislocation model which

includes a crack and one dislocation on the x-axis of the slip plane, for

which the equilibrium equations become (Thomson, 1983):

J< f J/J- (1)

~ -i
(2)

In Eqs.(l) and (2), is the distance of the location of the dislocation

from the crack tip along the crack plants. Bo,, is the resistance to dis-

location motion expressed in terms of an effective friction stress, of .

B is the Burgers vector written as a capital to note that "dislocation"

may be a guperdislocation composed of many elementary crystal dislocations.

The second term of Eq.(2) is the image force which is modified according to

Lung and Wang (1984) and Lung (1985)
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where

p < x. <.< c )

is the radius of curvature of the crack tip.

(3)

Here we use the approximate function of it for simplicity. The third

term of nq.(2) we added is the image force due to the free surface boundary

of the specimen (Fig.l).

Eq.(l) means that the externally applied field is shielded from

the crack tip by the presence of a dislocation and the contribution to k of the

dislocation is in the amount US/(2TTX) . The positive Burgers vector

shields the crack while the negative Burgers vector enhances the external

field.

In Eq.(2), if L = 3x, the second term and third term are cancelled

out. If L > 3x, the main contribution comes from the second term: and

if L < 3x, the main contribution comes from the third term, y in

Eq.(l) should be considered as an effective surface energy which includes

mainly the plastic work done during fracture.

2Y can be estimated by

We neglect the dislocation frictional stress, T., which creates dissipated

energy such as heat and makes the process irreversible. An exact evaluation

of irreversibility is obviously not easy. Let us consider a special case,

in which L. and x, are quite large, only the first term of Eq.(2) is

considered

(5)

x. can be roughly considered as the size of the plastic zone at the crack

tip and

• * ,

' / * •

(6)
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Eq.(6) is in gennrril consistent with the Eq.(lO) in previous works

(Lung and Gao, 1983, 1985)

TV

under the condition that B is not arbitrary but the Burgers vector of n

superdislocation which is the simple model of many elementary crystal

dislocations in the plastic zone at a crack tip, where (Thomson 1983;

Lung and Gao 1983)

(8)

Therefore, K^ = (~T7T K d ' ) x. , where d is the point at the end of

the assumed distribution. We should point out that in our simplified super-

dislocation model, d. does not have the same meaning as x . In this model, d

is an assumed value which is related to B only and which is taken as a

constant in Eqs.(l) and (2).

III. THE EFFECT OF DISLOCATION IMAGE FORCE OK THE SIZE OF THE PLASTIC ZONE

In a finite width material, the plastic zone size x is much

influenced by the image force if the crack tip is near the free surface.

It can be determined by taking a = o in Eq.(2). a is the yield

stress of the material

(9)

Solving x from Eq.(9), we get

(10)

where n is assumed to be another parameter n = (L-x.)/x.. We choose

positive sign in order to be consistent with physical meaning.

1. For Lhe infinite medium case, the plastic zone size x̂ ,

can be obtained by taking L -* «>, or L ">3x.

(11)

2. For the special case L and xj are quite large compared

to the first term or L = 3x., that means n =



( 1 2 )

This is the special case in which the second term and third

term are neglected.

3. f'or the cast; L ~ 3 K . , t ha t means n — 2 "
I

f t / f K ^

H<O

(13)

Comparing Kqs.(ll), (12) and (13) we may see

(11)

Since dx./dn < 0, the smaller the n is, the larger the plastic zone

will be. A smaller ligament makes the size of plastic zone

larger. . Our recent calculations(Liu et al. 1986) showed the aspect

of this effect . more explicitly.

IV. THE RELATIONSHIP OF THE VOLUME TO SURFACE AREA RATIO WITH THE WIDTH
OF THE LIGAMENT

Under the same loading level and crack length, the ligament L is

one of the factors determining the fracture behaviour of materials. Specimens

with different sizes and shapes may have different L values. The

volume to surface ratio V/A can yield useful information on their relative

mechanical behaviour. The relationship of V/A with L helps us to

understand the reason why small V/A value indicates the ductile behaviour

of structural components.

From Fig.l, for constant D, C and H

£<£ > * (15)
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The V/A value decreases as the L value decreases. For constant D, C

and G <G = 2(L+c) - const.)

Al t A)otL

D

> 0

ACH

(16)

The V/A value decreases as thi? L value decreases. On the

contrary, we may say that a mechanical component, with smaller V/A value

has more probability of possessing small L values as it is cracked.

From above, smaller ligament (L value) makes the size of the plastic

zone larger. That means, more ductile behaviour of the material will appear.

Combining (6), (13) and (IS) or (16) we may get K ^ = f(V/A).

V. APPLICATIONS

It is worthwhile to use the ratio V/A for comparing the fracture

behaviour of structural components with different geometrical shapes.

1. A circular cylinder and a square bar

For the circular cylinder

(17)

Foe the square bar

(18)

Comparing the above Eqs.(l7) with (IS) under the condition that they are

leading to the same stress level; t_ĥ n we have

till, - (x
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Subs t i tu t ing i t into Eq . ( l 7 ) , and comparing them under the same

value a, we see that I —I and [7 are qui te near each other though

t h e former i s a l i t t l e smaller than the l a t t e r ( F i g . 2 ) .

2- A circular cylinder and a composite of N wires

For a composite of N wires

where

;C - n x<

,v, ; 1 i

(19)

Comparing Eq.(19) with Eq.(17), as the N increases, the j ^

is much smaller than I T ] 5 that means a circular cylinder is more

brittle than a composite of wires (Fig.3).

3. A circular pipe and a square pipe

For a circular pipe with inner radius r, and outer radius r

Taking iftT-rj) = A = constant

Comparing Eq.(2O) with Eq.(17), as the inner radius of the pipe

r,, increases the rl is much smaller than — ] ; that means, the
2 VAJc.p. \CJc

circular cylinder is more brittle than a pipe with a larger inner radius
(Fig.4).

For a square pipe with a inner side length a^ and outer side

length a-.

Taking a3 - a2 = A = constant

(21)
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Comparing !•((.( 21 ) with Ecj.QB), as the inner t-de length of the

square, pipe, a- , the I T I. is much smaller tha fvA
n T

It is interesting that I ^- \ (lroT)s down with respect to the increase
f\j-\V.AJc-P-

of r? faster than I—j with ruspact to the increase of a^
(Fig.4).

A rectangular plate with side lengths a and b

ab = A = constant

(|)fi(^<'M< (22)

The curve of T- goes up to a maximum at a = b where the square bar

case is (Fig.5).

VI. CONCLUSIONS

1. There are mutual relations among the dislocation image force,

the ligament, the plastic zone size, the ratio V/A and the fracture

behaviour of naterials. The fundamental factor is the dislocation

image force. The volume to surface ratio reflects how large the image

force influences the size of the plastic zone. Therefore, the ratio V/A

provides an indication of the brittle behaviour of structural components.

2. From Fig.4, the ratio V/A decreases monotonously. It seems that

the inner radius of the pipe should be as thin as possible. For engineering

consideration, there would be other factors to be considered, such as

rigidity, volume limitation and what not. . Therefore, for structural

component design, it is better to take all these factors into consideration.

3. Positron annihilation is a good technique for measuring the

size of the plastic zone {Jiang et al. 1982). Different materials

with the same geometrical shape have different plastic zone sizes

though under the same loading level and crack length. Positron

annihilation technique can be used to do model measurements for different

materials. The data of this measurement can be.used as references for

design.
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FIGURE CAPTIONS

Fig.l Crack in a finite width specimen.

Fig.2 Normalized volume to surface ratio versus side length or

radius aspect ratio of cylinder and square bar.

Fig.3 Normalized volume to surface ratio versus numbers of wires

of the composite.

Fig,4 Normalized volume to surface ratio versus inner side length

or inner radius aspect ratio of cylindrical and square pipes.

Fig.5 Normalized volume to surface ratio versus thickness of a

rectangular plate.
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Fig. 2
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Fig. 3
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Fig.
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Fig. 5
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