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The model of a screw dislocation near a semi-infinite wedge crack tip inside a nano-circular inclusion is proposed to
investigate the shielding effect of nano inclusions acting on cracks. Utilizing the complex function method, the closed-form
solutions of the stress fields in the matrix and the inclusion region are derived. The stress intensity factor, the image force, as
well as the critical loads for dislocation emission are discussed in detail. The results show that the nano inclusion not only
enhances the shielding effect exerted by the dislocation, but also provides a shielding effect itself. Moreover, dislocations
may be trapped in the nano inclusion even if the matrix is softer than the inclusion. This helps the dislocation shield crack,

and reduces the dislocation density within the matrix.
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1. Introduction

It is well known that dislocations in the vicinity of a crack
tip play an important role in fracture mechanics. Therefore,
the elastic interaction between dislocations and cracks has
been extensively studied by many theoretical and experimental

1-10] The stress field, image force and strain en-

researchers.|
ergy of dislocation, and the stress intensity factor at the crack
tip are the major concerns in these investigations. When the
plastic deformation occurs around a crack tip, the stress field
in the vicinity of the tip changes. One of the mechanisms, the
dislocation emitted from the crack tip into the plastic zone,
can reduce the stress intensity factor at the crack tip. This phe-
nomenon is known as the dislocation shielding effect.'!! Rice
and Thomson!'?! obtained a quantitative criterion for ductile
verse brittle behavior. Wang!!3! analyzed dislocation nucle-
ation and emission with a slightly modified Rice framework.
The shielding effect and emission criterion of a screw disloca-
tion near an interfacial blunt crack have been studied by Song
et all¥

Furthermore, interface stresses, tension, and energies
have been widely used to study the elastic responses of
nanoscale structures and elastic fields caused by nanoscale
inhomogeneities due to the rapid development of nanotech-
nology. Studies based upon high resolution electron mi-
croscopy proved the occurence of dislocations in nanoscale
grains.!'>19 The full dislocations inside the very small grains
of nanocrystalline metals have been observed by Wu and
Ma.l'7] The concept of interface stress in solids was first intro-
duced by Gibbs.'® Gurtin and Murdoch!'! proposed a math-
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ematical model for elastic isotropic solids incorporating sur-
face/interface stress. Fang and Liu®"! investigated the problem
of a screw dislocation inside an inhomogeneity with interface
stress.

However, the effect of nano inclusions acting on the in-
teraction between dislocations and cracks has not been studied
due to the complexity of the calculation. In the present paper,
the interaction between a screw dislocation and a semi-infinite
wedge crack with a nano-circular inclusion at the tip is inves-
tigated by using the complex variable method.

2. Problem statement and solution

Consider an infinite matrix containing a semi-infinite
wedge crack with a nano-circular inclusion at the tip, as shown
in Fig. 1(a). A positive screw dislocation of Burgers vector b,
is located at zo inside the inclusion. The usual magnitude of
the Burgers vector of a screw dislocation is 1 nm, and the range
of the size of nano inclusion is R < 200 nm. The regions occu-
pied by the nano inclusion and the matrix will be denoted by
S* and S™, respectively.

17-191 an interface region was approxi-

In previous works,!
mated as a vanishing thickness adhering to the bulk solid with-
out slipping. The material constants of the interface are differ-
ent from the bulk materials. The equilibrium and constitutive
equations of the bulk solid are the same as those in the clas-
sical elasticity, but the presence of interface stress gives rise
to nonclassical boundary conditions. For the current problem,

the boundary conditions at the nano-inhomogeneity interface
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can be summarized as!!”! dius R = R'/™) in the w plane to a circular inclusion (with
wh = wo (1) radius R) with a semi-infinite wedge crack (with radian ) in
1 ="
#0 _ 40 a’férl the z plane (see Fig. 1(b)). Herein, m is the parameter related
T =T, = R 9 92 ) (2)  to the radian of the wedge crack.

where ,uo denotes the interfacial elastic constant, ¥ is the y (a)
residual interface tension, and 7,, and g, are stress compo- L0
nents. Noting that the interface region is approximated as a ° 2
vanishing thickness, therefore the dimension of u° and t° are S+

(6

N/m,!'8] and the units at both sides of Eq. (2) are consistent.

The boundary conditions on the surface of the crack have
the form

7, =0, 3)

where the subscnpt L means perpend1cular to the surface. Fig. 1. (a) A screw dislocation near a nano-circular inclusion with

The antiplane displacement w, shear stresses 7., and Ty, a semi-infinite wedge crack. (b) The w plane.

can be written in terms of an analytical function f(z) as fol-
Consequently, the boundary conditions of Egs. (6)—(8)

lows:
may be represented as
w=Rel[f(2)], @) . .
. 0 Re[fi(w)]" =Re[f2(w)]", (11
T, —iTe, = pe'’ f'(2), 5 L0 N
i0 o - i0 2i0 o1
where p is the shear modulus of the material. Thus, the dis- Re [I'L e (Z)} + Re[e 1(2) +Re™V fy (Z)}
placement and stress conditions in Egs. (1)—(3) can be written =Re [ﬂz Ciefz/ (Z)] o, (12)
as . d
Im{ue‘(”_a/z)f/(w)l} —0. (13)
Relfi(2)]" =Re[f2(2)] ", (©6) dz
0 0 + p0—10 0 Equations (11)—(13) can be further simplified into
e fil)+e P fi(2)| + e fi(z
“1|: fl( ) fl( ):| R |: +f1( ) RC[fl(W)}+:Re[f2(W)]7, (14)
Re2i0 ¢/ 1077 Y L Re 21077 () 0_ 40
+Re fl (Z)+e fl(z)+ € fl (Z):| Re[”lwfll(w)}++”Rm Re[Wfl/(W)+W2f1/,(W)]+
i0 -0 | _
ZNZ{GI f2)+e fﬁ(Z)} ) ) =Re[mwf(w)] ", (15)
Im[pe! ™92 f'(z)] = 0. 8) Im[if'(w)] =0. (16)
The following transform function Now, the boundary conditions of Eqs. (14) and (15) are just
w=0()= Am G(w) = w" 9) the same as the problem of a screw dislocation inside a circu-
W — o lar nano inclusion,!'”! if we replace R and u® — 10 with R'/™
m= , (I<m<2), (10) " and (u® — 7°)RY/™ /(Rm), respectively.
can map the half plane with a half-circular inclusion (with ra- Thus, the solutions can be given by
|
Flw) = LI S 2uI L by (11 — p2 — (1K) (u® — °) /Rm] (o) ! W (17
! 2riw—wo i+ 2+ (U0 —10)/Rm  2mi = [y + po + (1 + k) (10 — 70) /Rm)R2 (K1) /m =7
fw) = b 1. (1 — pa+ (U0 —7°) /Rm|R¥™F b, & (11— pia — (1+ k) (10— 7°) /Rm] (w)< ! (18)
2 27i w—wo [+ 2 + (0 — 7°) /Rm] w? ami = [+ 2+ (1+ k) (10 — 70) /Rm]wh+2
where I' = —i1};, /.

Solutions (17) and (18) satisfy boundary conditions (14) and (15), but dissatisfy boundary condition (16). Therefore, an
image dislocation with Burgers vector —b, is put at —wg to make the solution meet the third boundary condition, and the
locations of the real dislocation and the image dislocation are symmetric about the free surface.

Finally, the solutions satisfying all the three boundary conditions are
I S 2u,I b g [ — o — (LK) (R0 = 70 /Rm] (7o)

2miw—wo W+ + (U0 —10)/Rm - 2mi = [y 4 p2 + (1 + k) (10 — 70) /Rm| R2(Kk+1)/m
016201-2
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b 1 *ii [t — 2 — (1 + k) (O = 2°)/Rm] (—wo) " )
2riw4wo 27 S [+ o+ (14+k) (0 — 70) /Rm| R2(Kk+1D)/m ™

Ay = Lo L ke 1 be & [ — o — (1+k)(u® —7°) /Rm] (wo)**!

2 amiw—we  2miwtw | 2mi = [+ o+ (1+k) (10 — 70) /Rm] wh+2
b & [ o= (LK) (0 — 7°)/Rm] (=i ) (11 — pi2 + (1° — 2°) /Rm] R/ T 0

27

= [+ e+ (14 k) (u0 — 0) /Rm] wh+?

(11 + po + (u0 — 70) /Rm]w?

With the aid of the mapping functions (9) and (10), the stress field at z due to a screw dislocation at zo near a nano-circular

inclusion with a semi-infinite wedge crack can be obtained as follows:

Wy _ Mdfi(z) _ mdfi(w) dw
szl(z) 1Tyz1 (Z) - dz - dw diz
W b, (L ! ) 5 = (R ) R (o)
m 2w \\w—wy wtw/  ~ o[u1+uz+(1+k)(u° ©0)/Rm R2kH)/m
S [.ul uz_( +k Rm] k+l Wl m 2[.11,[12F
R2k 1 W + 0_ 70 ’ @h
ko[#1+ﬂz+(1+k 0)/Rm]| R+ M p e+ (00— T0)[Rm
» _ pdfa(z)  pmedfo(w) dw
szZ(Z) IT)’ZZ(Z) - dz - dw diz
_ wl—m .U-sz{( 1 B 1 ad [Iil_.u2_(1+k)(.u0_fo)/Rm](W0)k+l
m 2mi \\w—wo  wHwo/ S [+t + (1+k)(u0 — 10)/Rm]wk+2
S [ = (LR (0 = 20)/Rm] (- )"“}
5 [+ o+ (14+k) (10 — 20)/Rm] wk+2
1—m - 0 0 /Rm|R?/" T
| paw {F (11— po+ (u° — %) /Rm] }, (22)
m (1 + o + (u0 — 70) /Rm] w2

where 7,; and 7, are the perturbation stress components at the dislocation.

It is worth pointing out that for a semi-infinite wedge crack with infinite length, any regular remote loads will lead to an

infinite stress intensity factor (SIF). In order to make the SIF produced by the remote loads match the SIF produced by the

dislocation, the actual remote loads (Eq. 22) are weakened to 7;; —i7y; = lim ( oz ="™/M Y /m, where T, and 737 are the remote
© Tz ’ :

mechanical stress components.

3. Stress intensity factors

The stress intensity factor at the right tip of the wedge crack can be obtained by!>!]

= _ —(1+k 0_ .0 R - \k+1
Ky = lim 27'52(]]/m)6yz1:—1m{ Hlbz < ! - 1_ ) ['ul o (R —7)/ m](zwl?) w
=0 2r\w—wo  wtwo/ E [+ pa+ (1+k) (0 — 70) /Rm| R2Uk+1)/m
g L () ) k}+m il .
=0 [+ p2 + (1K) (10 — 20) /R R2kH1)/m mp+ o+ (u0 — 1) /Rm

The normalized stresses intensity factor produced by the
dislocation for different values of u° as a function of R is
shown in Fig. 2. It is seen that the stresses intensity factor
produced by the dislocation is always negative, which means
positive screw dislocations can reduce the SIF of the wedge
crack (shielding effect). The shielding effect increases with
the increase of u°, but decreases with the increase of R. This
indicates that the shielding effect produced by the dislocation
is enhanced for considering the interface stress, and the size
dependence becomes significant when the radius is very small

The curves of variation of SIF produced by the remote
load with respect to R at different values of u° are shown in
Fig. 3. It is found that the SIF produced by the remote loading
is positive. The SIF decreases with the increase of u°, but in-
creases with the increase of R, which means the nano inclusion
shields the wedge crack so as to consider the effect of the in-
terface stress. Thus, the nano inclusion not only enhances the
shielding effect produced by dislocations, but also provides a
shielding effect itself. This may be one of the reasons why
nano composites have much higher toughness.
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Fig. 2. Curves of normalized SIF versus R with 1 /u; =2, a =
0.27, b, =0, and 10 = 0.

4. Image force
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Fig. 3. Curves of normalized SIF versus R with /1) =2, a =

027,20 =9.8x1078,70=0,and I" = 0.

The image force acting on the screw dislocation can be written as

Fy—iF, = ib; [sz(wo) - iTyZ(WO)] )

(24)

where 7y, (z0) and %,;(zo) are the components of the perturbation stress, and Fy and F; are the force components on the dislocation.

Substituting Eq. (21) into Eq. (24) yields

F—if = m 2%

Y S T S L e
w1+t + (14 k) (10 — 20) /Rm] R+ /m

o [ — o — (1+k) (10 = 7°)/Rm] (= wo)*! k} ibw! ™" 2 poI”

5 [ s+ (1K) (0 — 10) /Rm] R2(H D) /m "

m W+ i+ (u0 —19)/Rm’

(25)

Figures 4 and 5 show the normalized image force F(27/(11b2)) versus zo/R and R at different values of i, repectively.

It is seen that an additional repulsive force will act on the screw dislocation to consider the interface stress. Thus, dislocations

may be trapped in the nano inclusion even when the matrix is softer than the inclusion. This helps dislocation shields crack, and

reduces the dislocation density within the matrix.
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Fig. 4. Curves of normalized image force versus zo/R with
W/ =07, =027, R=10"",7=0,and " = 0.

5. Dislocation emission

For a screw dislocation slip on a plane denoted by the
angle 0, the slip force acting on the screw dislocation can be
written as

Femit = Fxcos8 + F,sin0
= Re [Fimag + Fp] cos O —Im [Fimag + Fr] sin@, (26)
where Fr- denotes the image force produced by the remote me-
chanical stress 033, and Fjp,, denotes the image force pro-

duced by the nano inclusion and the wedge crack.
A commonly accepted criterion for the emission of dis-
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Fig. 5. Curves of normalized image force versus R with /1) =
0.7, a =0.27, 20 =R—107%, " =0, and 7° = 0.

location monopoles from a crack tip is that the force applied

on them is equal to zero. Moreover, the dislocation distance

to the crack surface must be equal or larger than the disloca-

tion core radius.'%! In the present work, the similar assumption

is valid and zp = b,(cos 6 + isin0) sets the condition for the

emission of screw dislocation. Based on Egs. (24)—(26), the

critical applied stress and the critical electric displacement for

the dislocation emission can be obtained

AO';E =sin8Im [Fimag (ZO)] —cosBRe [Fimag (ZO)] ’

016201-4
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where
b, (1—m)/m 241 U
A = Re|—=
e[mzo ,Ll1+llz+(/.toffo)/Rm} cos 9
. & (I—m)/m 2.“1“2 .
Im[mz0 ,u]+,u2+(,u0—1'0)/Rm}Sm9'

The curves of variation of critical load o3, with respect
to @ at different values of u° are shown in Fig. 6. It is seen
that the critical load increases with the increase of u° and o,
which means the increase of the crack angle and the existence
of interface stress makes dislocation emission more difficult.
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Fig. 6. Curves of normalized critical load versus 6 with /1, =
1.2, =027, R; =107, and 0 =0.
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Fig. 7. Curves of normalized critical load versus o with t, /u; =
12,6 =0,R=10"",and t* =0.

6. Conclusions

The closed-form solutions of the stress fields in the matrix
and the inclusion region are derived. The stress intensity fac-

tor, the image force, as well as the critical loads for dislocation
emission are discussed in detail. In summary, the following
conclusions have been obtained:

(1) The results show that the nano inclusion not only en-
hances the shielding effect exerted by the dislocation, but also
provides a shielding effect itself.

(i1) An additional repulsive force will act on the screw dis-
location so as to consider the interface stress. Hence, disloca-
tions may be trapped in the nano inclusion, even the matrix is
softer than the inclusion. This helps dislocation shields crack,
and reduces the dislocation density within the matrix.

(iii) The increases of the crack angle and the existence of
interface stress make dislocation emission more difficult.
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