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Figure captions.

fig 1: gas bubble around a crack tip.

fig 2: tension regions for a gas bubble around a crack tip.

fig 3: mode-1 crack with a line distribtuion of edge dislocations.

fig 4: mode-1 crack with two symmetric line distribtuions of edge dislocations.
Fig §5: Plastic zone with distance of the gas bubble from the crack tip (a = 55°).
Fig 6: Plastic zone with distance of the gas bubble from the crack tip (@ = 60°).
Fig 7: Plastic zone with distance of the gas bubble from the crack tip (a = 65°).
Fig & Dislocation density with and without gas bubble.

Fig 9: Plastic zone for two symmetric dislocation lines with and without gas bubble.

Fig 10: plastic zone with the number of gas bubbles.




o% Abstract.

Y :
s S
Wt During the loading of a crack edge dislocations are emitted from the crack tip

';'; forming a plastic zone. The presence of gas bubbles near the crack tip can change
& the plastic zone size and location drastically. A detailed study of the force field
* on an edge dislocation due to the crack load and gas bubbles allows for the
j determination of the plastic zone as a function of the inclination angle. The
'!'j dislocation distribution along the plastic zone is found from force equilibrium
considerations. Due to the presence of gas bubbles a shrinking and repulsion of
"” the plastic zone from the crack tip is noticed. This process indicates the material
o embrittlement. The dislocation free zone (DFZ) near the crack tip grows. This

D embrittlement can become crucial in material design for fusion applications.
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oy The degradation of the inner walls of fusion reactors is a serious problem. The
18 bombarding particles cause nuclear reactions which may produce considerable

N
:r_.: concentration of foreign elements inside the material (Ullmaier 1984). Here we

::., concentrate on the (n,a) reactions which generate helium gas within the metals.
i Because of the low diffusion rate the helium basically stays where it is formed and

t. . can excrt therc a considerable pressure (Haubold 1983 and Jaeger et al. 1983).

Kot

KX

Kt
Yo
e In this article we study the influence of this bubble formation on the embrittlement
g ]

3
‘ »

S0 of the matcrial. Experiments have shown that plastic zones are formed during

O~
0 - . . . .

" 7 crack propagation due to the emission of dislocations. Several investigators have

O\

“way discussed the pilc-up of screw dislocations in thin regions near the crack tip
".;';V forming a plastic zone (Chang et al. 1981 and 1984). Here we develope a plasticity
.)‘r‘.

RER . . .

3 model for the thicker areas. Observations by means of the electron microscope

\;‘;.)..‘, have shown that edge dislocations are emitted occupying regions within angles 45

o

. N n to 90 ° to the crack plane causing a zigzag propagation of the crack (Horton et

i

O

.:.0,: al. 1982). Our model is able to point out to the location and the size of the plastic
. zone for different angles of inclination.

‘ 1

el

W Employing the present model we would like to explain the so-called embrittlement
Va

. in matenals containing helium gas. Since all materials contain microcracks, under
e, . . . .
",:.- external loads dislocations are emitted from the crack tip and plastic zones are
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Ty formed. Our modcl shows that the presence of helium bubbles reduces the plastic
zone size. This we believe is one of the prominent mechanisms underlving the

Mo process of embnttlement.

Stress Field in a plate with a line crack, under a

s

pressure source.
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In order to determine the force field on an edge dislocation due to a gas bubble

"o

in the neighbourhood of a crack, we need to know the stress field. To solve this

: i problem we use the superposition principle. Consider a line crack |x| < ¢,y = 2 = 0,
WY
oA located in the plane z=0 of rectangular coordinates (x,y,z) and a gas bubble at a ‘
".g R ‘
) point (£, ) outside the crack, fig 1. The pressure of the gas bubble will generate ‘
E‘; stresses on the crack surfaces. To free the crack surfaces from tractions we super-
3 |
‘4 pose the negative of the tractions induced by the bubble on the crack surfaces.
A ‘
The effect of the stress induced on the surface of the gas bubble due to this |
_\:E: superposition is in the ncighborhood of 0.1 % of the effect of the orginal bubble
!':‘-
A pressure for the configuration studied. Hence we will neglect this effect.
g
: . The total stress field is given by:
\?‘
N
Y
) ol(x.y) = 0% y) + opi(xy) k1 =xy ()
W .
-
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e
N |
- Stress Field in a plate with a linc crack, under a pressure source. 4
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nhY
) oii(x,3): total stress ficld

K
-::: oly(x, 3): stress ficld due to the gas bubble
A
Ko . .
-.-"’i. ob(x.3): stress ficld due to the interaction of the gas bubble with the crack.
'"e‘:‘,
AN
" :‘: It is important to note that the assumption of stress-free crack surfaces is only
:;g':" N valid if the crack opens up, i.e. if the gas bubble generates tension along the crack.
OO

For a gas bubble located at the onigin of the coordinates, the normal stress oy, is

tig

s given by (Eringen 1950):
e
B
iy

Wy 2 _ 2

I , X' -y
L O, =a P33 (2)
" (x* +¥9)
LY ‘b:..

;: where a is the bubble radius and p is the bubble pressure.In order to generate a
LS

4

tensile load on the crack surface the bubble must be confined to a region of +45°

),

N from the line of the crack, at the crack tip (fig 2).
‘ *
S5
"..1’ !

) We assume that the crack is symmetrically loaded, i.e. for a bubble situated at
l"'.
: ‘ £, 1) there is a symmetrically situated bubble at (—E&,n) left of the y-axis. This
i . o , .
WG results in a symmetric tensile stress and an antisymmetric shear stress. For our
K

"y
: ] configurations the interaction between the two bubbles is negligible (Ling 1948).
3
;‘:f. In this way we split up the problem in two easily solved sub-units:

N .
LA -,

. 1. the stress due to a gas bubble is given by:
2
o

Lo 2 2
hyl 2 (-8 -G -1
o ~ Oy = —a ; o 3)
R [x-8"+0-n7]
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A
R
. 2. The calculation of the stress ficld due to an arbitrary symmetrically loaded crack
N
N reduces to a superposition of a symmetric mode-1 problem and an antisymmetric
-
N
. mode-I1 problem.
BT
L The Boundary Conditions (B.C.) of the symmetric mode I problem are:
K
)
e
o~ Oxyly=0 =0 (6)
* ..:
“\'
R Oyylerack = ~P(X) )
5
uy'oulsnde crack = 0 (8)
)
2
o P(X) =p(~ %) ©)
W¥
%
5’
‘\ where oy, (k] = x,y) denote the stress tensor, (uy,u,) the displacement vector
- and p(x) is the traction applicd to the crack surface.
K
o
) N The stress field for this problem is given by (Sneddon et al. 1969, p 26):
4 .
L _
hel 7 (= -
e Ou(®y) = 5 [ 0% = Div(®e” ¥ eos(En)dt (10)
(0
‘A 5
,.__'_2_;”. £ (Ee ~ 8 cosExIdE .
.- Op(xy) = = /7], 0%+ Div(E)e *cos(Ex)dg (i
%
a'
bl Stress Field in a plate with a line crack, under a pressure source. 6
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oY) = =3y 2 7 v sin(in)d (12

01x(5.¥) = V(Oyy + Oyy) (13)
where

v® = I o (14)

p(udu

o
=3 ——= (15)
Lt -u

Here J,(2) denotes the Bessel's function of the first kind of order n.

The B.C. of the antissmmetric mode Il problem are:
Oply-0=0 (16)
Oyylerack = —a(x) (17)
ux'outsndc crack 0 (18)
q(x) = —q(—x) (19)

where q(x) is the shear stress applied to the crack surface.

-~ Stress Field in a plate with a line crack, under a pressure source. 7
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The solution of this problem is:

den=-\5j(d-’hﬂ) ¥ cos(2x)d (20
J ex e

opyxy) = £ Erve ™V cosEnds (21
207, b

Ouy(x ) = 7 1 & = Dav(De” P sin(Exds (22)

0175, ¥) = WOy + Oy) @)
where
v@ = 2 oo (24)
f1) = 2 j’iz(u_éuz (25)
t“—u

\

These solutions involve quite tedious triple integrations. By expanding p(x) and
q(x) into Founer series, we managed to reduce the triple integrations to single

ones, resulting in the following solutions:

Symmetric mode-I:

p(x) = 2. p, cos(nnx) (26)
n=0
on = L Pon(xy) (k1=xy) @7
n=0
where
Stress Field in a plate with a line crack, under a pressure source. 8
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o%u(x.) = J Uotnmtyh(x.v.1) - fix,y, 0t (28)

oh(xy) = = j; Ugnm)[fx, . 1) +yhx, y, 1)]dt (29)
1

ony(xy) = =y | Ugmmnicx,y, et (30)

Antisymmetric mode-1l:

-

q(x) = Z q, sin(n=x) + qgx (31)
Oy = Z a00(%Y)  (k1=xy) (32)
where
oz y) = = [ e o[ @y - 2y o] (33)
ohy(x.¥) = ¥ g0 (x, v, )t (34)
o3 (x¥) = [ gal0shy(x 3.1 = fix. .0} (35
g () =t (nt) n21 (36)
gt) =122 (37)

The term gpx in (31) is to account for a non zero shear stress at the crack tip.
The functions flx,y, ), A(x,y. 0. fx,p, 1), f(x,y. 1), h.(x,y, 0, fi(x,y,1) and

hi(x,y, 1) are collected in the appendix.

Stress Field in a plate with a line crack, under a pressure source. 9
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3
0 Along the crack line a great deal of simplifications are achieved:

Symmetnc mode-1

i y to(nrt)dt
£ ozx(x, 0) = x.[. -
' ‘ (x

(38)

2 _ 12)

. 01y(%,0) = opy(x,0) (39)
J

$".. .

"f ony(x.0) =0 (40)

_‘.P

Antissmmetric mode-11

o Ogy(X,0) = 0 (41
LU —

ony(x,0) = 0 (42)

(43)

- where

—

< e
B

g =th(nrt) n=21 (44)

Ly

-
3
X

golt) = 122 (45)

Hence we have the solution of a rather general problem in a form attractive to
computations. The gencrality will allow us later on to take into account the

", influence of any kind of in-plane defects on the plastic zone size and position.

Stress Field in a plate with a line crack, under a pressure source. 10
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's«;:; ‘ Method of approach.
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Experimental observations indicate that from the crack tip emanate one, or two

'l
'

sets of edge dislocations making an average angle =a with the crack line. We

5 K.
2y
', -‘

«

e

idealize this picture by assuming that the edge dislocations constitute two straight

d
Tl

A
P

lines.

o

P
f‘v"r 4 4

2 and t are local coordinates along the plastic zone (1,5€(0, L)), ig 1. &, I3 and

[ ]

2. are symmetrcally located points with respect to L: if J corresponds to (x,y),

[
RE

then - corresponds to (-x,¥), 23 10 (-x,-y) and L4 to (X,-y).

&

XN
l’ l' :‘J\,' ', i

DY

At first we look at the casc of just one set of dislocations (fig 3) at each crack tip.

o X, 7,
A

!‘4
.

»
-

We distinguish five kinds of forces on any of these dislocations:

27 a) oy apn

A L

-
1. The force F, due to all ‘external’ sources, i.e sources not linked to the dislo-

C

. ]

o

L T

~

cations generated.

e~ -
D}

A

F 0 = bt F40) (46)

 of e
A
el

.

where b(t) is the Burger’s vector density at t,

Y
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""“- ?0(1) = {[ci_\.(t)cos(a) + c;,(t)sin(a)]_e’x

v
K-:.j - [o;(t) cos{a) + oi}(t) s'm(a)]_e'y}
b

R of:(1) (k1 = x,) is the ‘external’ stress field at t.
In the case under investigation we have:

' 6%, (1) = oS (t) + on(t) + Opf(t) (48)

and hence of; consists of three contributions:
o%:(1): the stress field due to the external crack loading.
-':‘: cf;;(t): the stress field due to the gas bubbles.
e ob3(1): the stress field due to the interaction of the gas bubbles with the crack.
2. The force Fd due to the other dislocations in zone 1.
e L o
e F o) = b | K1 Db (49)
s where

“: K= ———"7, (50)

bl Here p is the shear modulus and v is Poisson’s ratio.

Method of approach. 12
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‘: 3. The force F 4 duc to the y-symmetrically located dislocations.

R

N F o) = bmj(‘ bR S(1 )45 (51)

¥ where

I

. —

'-,L K,(t.J) = {[ofi.(t' ZYcos(a) + o‘;;,(t,:_) s'm(a)]—e'x

W (52)

i - [oii(t. JYcos(a) + ci;(t,;) sin(a)]?y}
:; 6% (1.2) is the stress ficld at t due to a unit Dirac-delta dislocation density at Z,.

¥

i

2 - . o

L2 4. The force F .4 duc to the interaction of all dislocations with the crack. i
»
' = -~ ‘

Featt) = b | bR 04 (53)

‘ .f: where
‘\; K9 = 4 [o52t, Dcos(a) + 0%t Dsin(a)] €
v 3\t xy(v? yy\tee X
i (59
f
W - [ci‘;(t, J)cos(a) + oi‘;.(t, %) sin(u)]?y}
"
F-:

i 0$4(1,%) is the stress field at t due to the interaction of the crack with a unit

"

o :
» Dirac-delta dislocation density at § and at {s. |

S. The force F 7 duc to fnction in the glide plane of the dislocation.

Fdt) = —cp()T, (55)

Method of approach. 13
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where ¢/ is of the order of

c=10"%u a 107% (56)

s The equilibrium configuration of the system requires that:
N Fo+ Fy+ Fys# Fog+ Fr=0 (57)
or

= L _! v _r. v _: [ v v —

Fo + [ [KiD) + Ky + Ky Do — o€ =0 (58)
'_-}_: At first we neglect the interaction forces ?ds and ?cd. Hence we have:
i - L2 NPT —
- Fo(t) + jo K, (L9b()dE = ce, = 0 (59)
) Due to the chosen configuration the forces between the dislocations ?d are parallel
to their line of position, i.e. they have the same angle of inclination. Indeed,
Syt substituting (50) in (59) one obtains:
v, — — L ey
= Fow + 2 J Kit 9z —e] = 0 (60)

where

o Ky(t,5) = K (t,5) (61

i Method of approach. 14
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Hence, in order to maintain the equilibrium the forces due to the crack load must

‘Lo ee -
-

also have an inchnation angle a (a necessary condition). From this we deduce the
. following approach to the selution of our problem:

1. We choose an angle a.

1. We determine the force field ?0 due to the crack load on an edge dislocation
with this angle of inclination.

iti. In this force field we look for a straight line with inclination angle a, of forces

having this same inclination angle. This gives us the size and position of the piastic

8 ! zone.

.

) iv. Knowing the force ficld along this line, we can calculate the edge dislocation
L}

distribution (Burger’s vector) which will generate a force field with the opposite

' sign (force equilibrium). This requires the solution of the following integral equation:

[ 7K, 96080 = 1) (62)
' f(t) = Fo(t) = ¢ (63)
Fot) = | F o)l (64)

v. The interaction forces between crack and dislocations can be treated by iteration.
: Let the solution of (62) be by(r). The dislocation density b;(t), after one iteration

is given by the solution of

- L —" 14 r L _: —'. y r [ 4 -
Fo + [ K 00,5 + | [Ka0) + Ky ]boouds - ¢ =0 (69)

-

Method of approach. 1S
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3 The nerated location of the plastic zone 1s determined by the force ficld

e

F,)= Py~ \L [Kz(z.;) - K3(t.:_)]b9(:_\d:_ (66)

v and the density b:(0) s the solution of

e [R, (L 0by0d; = = 1,(1) (67)
C

o where

-

B f,) =1F;i—¢; (68)

In case of two symmetncally located dislocation lines (fig 4), our equations do

not change on condition that we redefine 6% and o§¢:

o;’f}(z, 2) 1s the stress field at t due to a unit Dirac-delta dislocation density at 5,
r

A 53 and 3. 1e. all x- an ¥- symmetnc positions of t= 7,

of\.‘f(z, 2) is the stress ficld at t due to the interaction of the crack with a unit

% N\

Dirac-delta dislocation density at t= 7 and all its x- and y-symmetric positions.

PP
~<
YN

Duc to the significance of the correction forces, iteration is more important in the

symmetric casc.

v
.':'l J.. - ’

o
03
";’ The determination of the edge dislocation distribution corresponding to the cal-
s culated force ficld amounts to the solution of the following Cauchy integral equa-
b
‘ ;
h ‘:f.j tion for b(x) (62):
N
2,
L 1}
jr2emd gy C(69)
\-',.\ o 2r(l = WS- 1)
St
e
L
\ L]
Ly Method of approach. 16
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or

‘-1 O( )d‘

= =) 0stsL (70)

where

ub(d)

o) = 70 -V

(70

The solution of (70) which is zero at L is given by Mikhlin 1979 p 130:

| ue -9 aJ 2 1°
o(t) = — { ——fd; - [ | ——=] 4 (72)
n"\ 1(! —_ t) L t - 0 L T e

10, 1] (73)

The first integral 1s a Cauchy integral whose singularity can be removed as follows:

we write the integral as onc centered about the singulanty and the rest: for¢ < L/2:

j [v( 3)]

—— {5 =
(74)
f()ds

it e - o)
P

! 12 du
jf‘[(t —u)L -1t + w)] fu - w4+ -

Then we subtract the constant contribution of the numerator of the first integral
which removes the singulanty. In this way we obtain:

fort < 1.2

Method of approach. 17
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1= jl {[(z —ul -t w] e - w) = il - ) zfm]gug

(75)

by N T
X + | L‘—;]—f@d;

] t— o

to

fort > L

12

N (I
o = ) 3] f()d;
v 4 t - -

WY,
(76)

tad + j‘f:{[(t —ulL -t~ u)]" :f(t -u) - [yL - l)]! :f(t)} QUE

e Results and discussion.

w The present model was applicd to to the study of hehum embnttiement in fusion
I reactors During the fusion process helium is being formed in the contaimng wall
" whosc embnttlement could lead to senous structural problems. In our case study
we lincd up one or more helium bubbles in front of the tip of a typical microcrack
and studied how this affected the location and extent of the plastic zone(s) around

the tup.

In all of our calculations we kept the bubble radius, bubble pressure and crack
" load constant For these quantities we took the following typical values (Haubold

1983 and Jacger et al 19%3)
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bubble radius a = 0.65x10 " °m
bubble pressure pp = Sx10'9Nm ™2

crack load op = 3x105Nm 2

First we considered only one gas bubble at a distance d from the crack tip and
assumed that only one plastic zone is formed: n (number of plastic zones) = 1.
To keep a maximum accuracy for a minimum number of terms in our Founer
expansion we set the crack length ¢ equal to d. This makes the relative distance

of the gas bubble from the crack tip unity.

Figs 5. 6 and 7 display the plastic zones for a = 55°,60° and 65° for different
values of d. From these we see that the closer the gas bubble to the crack tip the
morc the plastic zone shrinks and moves away from the tip. This agrees with the
global notion of embnttlement which can be understood as a reduction of the
plastic zone. Fig § shows the dislocation distribution with and without bubble for
the normalized plastic zone They look quite stmilar and generally the distnbution

1tse)f s not much influenced

So far we have considered only one dislocation pileup. The case of two symmet-
ncally placed distnbutions 1s depicted 1n fig 9. Here several iterations were per-
formed The results point in the same direction. aamely, the presence of the gas

bubble removes and reduces the plastic zone

Finally the case of several equidistant gas bubbles lined up 1n front of the crack

tp is shown in fig 10 The interaction between the gas bubbles is negligible for

Results and discussion 19
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| }: our configuration (Ling 194S).  While an increase in the number of gas bubbles ‘
e intensifies the embnttlement effect, the impact of each individual gas bubble )
.... decreases fast as a function of 1ts distance from the 1ip.
~
(>,
N
L]
' Hence we can conclude that the presence of one or more gas bubbles in front of
L, the crack tip reduces and removes the plastic zone. This results in a more brittle
Iy
',l" ’ behaviour of the matenal around the crack tip and can eventually lead to a brittle
N
o fracture.
SN
.,
N
Eo,
" &
K
a
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"
5
< Summary.
) A i
4 "
. <
Nl
"-.
\.l
-.:_
N The present analysis has indicated that the presence of one or more gas bubbles
P
§ in front of a crack removes and decreases the plastic zone around the crack tip.
!
A This leads to an embrittlement of the material and ultimately brittle fracture. The
*H
j{‘ distance of the gas bubble to the crack tip is a major parameter in this phenomenon.
e .
.
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Appendix

We can express flx, y.0). A(x, 3.0, j(x, ), 1),/’(:,_}‘, 1, h'(x,)'. 1, A(x,y,1) and

Ss(x. 3. 1) as a function of three other functions Hy(p). Hy(p, q) and Hi(x, ), t):

fx.yv.) = —H,(\) (m
h(x,y. 1) = H,00.y) (78)
(X, ¥ 1) = Hy(xoy) (79)
iy )= = H,@ (80)
h(x.y.1) = Hy(y.1) (81)
ho(x,y.1) = Hy(x.1) (82)
f(x, ¥ 1) = Hy(x, v, 1) (83)
where
=1, -1 S BT -2
Hi(p) = —=(g, 8.8 ) T8 8ip + 8208 T Bip82R (84)
0% 0] 22
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Y -1 -z -1 731 -3 -2
*'P.: Hy(p.q) = ] @ "t ) ["58: Bip *B2p®; T BipRag; ]"
W, \

L -1 1 12
ot x[_Egl 3 S]q +g2qg1 - g}qg:g! ] + —2—\—_2—(g1 + 828‘ ) X
Lo o

1 -32 -2
s b x{ =281 "Bipg T(B2pelr T B2pfig T Bipgf2 T Bipfyglg T
‘ L3752 _ _ 9 o3
§ ) 38 Bickip (2581 ~ £p22)28181

p.g = xyort

~ 2%(g3,y * Bary)
A Hy(x,y,1) = L

1
a? (g5 + )5 + g)° — 4x7

. :" 2x(gy, + )
i + L+ e ) -4+ (86)
o (g3 + &) ((g3 + &) — 4x%)

2 2 _ 42,712
+(gy + 8a) B3y t Bayl(g; + &)~ 4X7)
in which:
2
! g =00+t - xD) + axhy? (87)
i g = W2l = x2 (88)
2 2 12
g = [y} + + 0 (89)

g =+ a-v] (90)
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YN The subscripts x, ¥, t, p and q represent partial derivatives with respect to x, y, 1,

p, and q.
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During the loading of a crack edge dislocations are emitted from
the crack tip forming a plastic zone. The presence of gas bubbles
near the crack tip can change the plastic zone size and location
drastically. A detailed study of the force field on an edge
dislocation due to the crack load and gas bubbles allows for

the determination of the plastic zone as a function of the incli-
nation angle. The dislocation distribution along the plastic zone
is found from force equilibrium considerations. Due to the presence
cf gas bubbles a shrinking and repulsion of the plastic zone from
the crack tip is noticed. This process indicates the material
embrittlement. The dislocation free zone (DFZ) near the crack

tip grows, This embrittlement can become crucial in material
design for fusion applications.
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