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Abstract Thermally activated processes are of fundamental importance for the understanding and
modeling of strength of structural materials. The effect of thermally activated on dislocation emission from
an elliptically blunted crack tip is investigated. Critical stress intensity factors were simulated for edge
dislocation emission from a blunt crack under mode | and mode 1l loading conditions at high temperature.
The results show the impact of thermally activated processes is remarkable, which can affect the value of the
critical stress intensity factors for dislocation emission, but doesn’t alter the emission angle. The applied
electric load will increase with decreasing temperature.
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1. Introduction

Dislocation emission from a crack tip is one of the most fundamental process for understanding
the ductile-brittle behavior in crystalline materials [1]. Once dislocations are emitted, they move out
of the crack tip area, leaving behind a dislocation-free zone. An internal back stress due to the
dislocations emitted from crack tip accommodates the stress intensity due to applied load, causing
an increase in fracture toughness of materials[2]. The previous formulations [3-5] assume the crack
tip to be sharp, a situation that is not observed experimentally [6]. However, a real crack in a
material is always of finite length and the radius of curvature of the crack tip is never small enough
to be zero [7,8]. Physically, an atomically sharp crack will be blunted by one atomic plane. On the
other hand, the emission of a dislocation from crack tip results in crack blunting [9,10]. Lung and
Wang [11], and Lee [7] calculated the image force on the dislocation near a blunt crack tip. Critical
stress intensity factors were developed for edge dislocation emission from a blunt crack [12, 13].

In this paper, we investigated the effect of thermally activated on the emission of edge dislocation
from a blunted crack tip. It is also well known that plastic deformation of nanocrystalline and
ultrafine-grained metals is thermally activated. Furthermore, thermal activation parameters, such as
activation volume and strain-rate sensitivity exponent, strongly depend on grain size and
temperature [14-17].When thermally activated deformation processes are to be discussed, the
applied stress is generally considered to have two components, i.e.,

r=7,+7°(T, & (1)
where 7 is the applied shear stress, z, is the long-range internal stress and is athermal in nature.

The thermal component 7" is often called the effective stress and depends on test temperature T
and shear strain rate 8. The shear strain rate is formally written as an Arrhenius-type rate equation
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[18-21].
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where & is a pre-exponential factor, G(r*)the stress-dependent activation energy for the

thermally activated dislocation motion, k the Boltzmann constant.

The present contribution mainly tackles the influence of thermally activated effect on the critical
stress intensity factors when dislocation is assumed to be emitted under mode I and mode Il loads.

2. Modeling

According to the work of Lubarda [22], the stress fields of an edge dislocation emitted from the
surface of the void correspond to the imposed displacement discontinuity along the cut from the
surface of the void to the center of the dislocation. As shown in Fig.1, an infinite elastic medium
with the elastic properties v and u contains a blunted crack (an elliptically hole) of a the radius

of curvature p=b?/a, where u is the shear modulus and v is the Poisson’s ratio. The blunted
crack is straight and infinitely extended in a direction perpendicular to the xy-plane. Edge

dislocation 1 with Burgers vectorb, was emitted from the surface of the blunted crack to the point
z,=a—p/2+1,e", which represent polar coordinates based on an origin behind the crack root, and

edge dislocation 2 with Burgers vector b, is located at the surface of crack z, =a—p/2+r,e".
They are both assumed to be straight and infinite along the direction perpendicular to the xy -plane,

and b =-b, =b, +ib =he”.
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Figure 1 Dislocation emission from an elliptically blunted crack tip.
we first consider only a short range thermal barrier and the associated effective stress component

r*. The activation energy G(z") in Eq. (2) is frequently expressed as[20]

G(r*)—G{l(—*} ] 0<p<l 1<qg<2, (3)
T

where p and g are phenomenological parameters reflecting the shape of a resistance profile,

-2-



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

G, Iisthe activation energy and 7, is the effective stress at OK . From Egs. (2) and (3), we have
yq ) ¥P
KT In
r*=rm{1{ﬂ} } | (4
GO
For given G,, »%, p and q, this equation expresses the temperature and strain-rate

dependence of the effective stress 7.

Now we calculate the effective slip stress 7, at OK. According to the work of Nakatani et

al.[23], the effective slip stress agrees with Rise’s theoretical prediction. We proceed to map
conformally the infinite region outside the elliptical hole in the z=x+iy plane to the infinite
region outside a circle of aradius R inthe ¢ =¢&+in plane through a transformation function

-0(¢)-5[¢+1] ®

where c=+a’-b* and R=,/(a+b)/(a-b).
The stress fields can be expressed as[ ]

o, +0,=2p'(2) + o' (D)]=2Ap' ()| @' () + ¢ () @' ()] (6)

o,— 0, +2r, = 2[7¢"(Z) + 1//'(2)]

=2 Q)¢ () - ()" /[T +w' () @ ()] (7)

Using Muskhelishvili’s complex potential method [24], the complex potential functions in the
¢ =<&+in plane can be easily calculated as

P($)=yIn(¢ ~ &)~ 7N = &4)~7I(¢ ~=R* 1 &) +yIn(¢ = R*/ &)

L &R ayR ®)
(é/_RZ/é/o)é/oz (g_Rzlé,d)é’dz
()= 1)~ 2R iy ©)
@'(¢)

2 =7 =&) -7 =& -7In¢ -R* 1 &) +7In(¢ —R* 1)

Y (10)
¢—& ¢G4

__ oMb 1 7). (R4S &y . 1 e
Where = i (1) Somg(nrE e an R -) (e D So=glanfE=e),
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According to the Peach-Koehler formula[25], and considering Egs. (6)—(7), we obtain the image
force acting on the dislocation

fx—ify:[fxy(zo)bx+&y(zo)by]+i[&x(zo)bx+fxy(zo)by]
= (b, +ib, )| ¢'(20)+#'(20) |+ (b, ~ib, ) [Z6" (2) +¥"(2,) ], (11)

where f_and f arethe forceinthe x and y directions, respectively, &,(z,), &,(z,) and

&Xy(zo) are the components of the perturbation stress fields at the dislocation point z,, ¢'(z,)

and y?’(zo) are the perturbation complex potentials in the matrix.

According to Qaissaunee and Santare[26], the perturbation complex potentials are calculated as
follows:

@’(ZO):[— }/2 - 7/2 =+ 7/2 -
4/0(4/0_1) é/o_é’d go_R /é/o é/o_R /gd

B 5_0}7R2 ad7R2 12
(GoZy RO @ﬁwﬂ)}/(g (12)
(2 ):{ A R S y y _
° é,é(é,oz_l)z (é,o_é,d)z (Co_Rzlé/o)z (é/o_RZ/gd)z
2,8, 7R* _ 2(,8,7R’ c ., N1 13
'Wga—Rﬂ3(@a—RﬁJ %3(2%/@N%ﬂ' (49)
~r _J_ 2 _ 7 _ 7 _ 7 74/0(4/0 +1)
v'(n) {:o—e“d C-RUT, C-RYZ, LD (-1

Y _y(R4+1)(¢§+340)_40(¢§+R4){ y
(&-¢)  RUG-DT RUG-D (G-

ST
(go_RZ/é/o)z (go_RZ/é/d)z (é,oé,o_Rz)3 (Cog”d—Rz)3

_g;—ggR“—sg;—R‘[_ A S A
Rz(é/oz_]-)2 é/o_é/d é/o_RZ/é/o é/o_RZ/;d

R 3,7k (&) 14
(?ofo—R2)2+(§0§d—R2)2H/@(§°) (14)
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Based on Stagni[27], the primary physical interest lies on the effective slip stress 7, which are
given by
r = Re{i [(ﬁ’(zo)ﬂﬁ’(zo)}— ie”’ [fogﬁ”(zo)ﬂ/?’(zo)]} _ (15)

For the linear elastic analysis of plane cases, Creager and Paris's equations [28] can be used to
evaluate the stress fields for an elliptically blunted head. So from Creager and Paris's solutions, the

in-plane slip stress due to the applied mode | SIF K, and mode Il SIF K, is given by

ra:—K‘ sing 1+cosf+2 |+ Ky cos%+lsim9sing—ﬁcosg : (16)
N ) +f2xT, 2 2 2, 2

Combining Egs. (1), (4), (15) and (16), we obtain the slip stress acting on the dislocation. The
equilibrium distance, r,, at which the total force on the edge dislocation is zero, is given by

Klsing

2 l+<:osH+£ +L cosﬁersing—
2\/27mr, r 27, 2 2 2 2r,

0
P COS—
2 147 =0 (17)

Referencing to the work of Rice and Thomson [1], if the distance between the crack tip and the
zero-slip-force position of a dislocation is less than the core radius of dislocation, a new dislocation
would be emitted spontaneously from the crack tip. In the present analysis, we assume that the core

radius of the dislocation is equal to Burgers vector b,. Thus, r,=r,+b,,and r, isexpressed by

o \/az —0.25ap(sin)* — (a— p/2)cos &
‘ p(cos6)? +a(sin 6)?

(18)
So we obtain the critical applied mode | SIF:

KS :—2«/27zr0r*/sinz[1+cose+ pj. (19)

o

Similar to the mode I crack, we have the normalized critical applied mode Il SIF:

\ 3 1. .0 p 0
KS =—./27r cos— +=sindsin——-"cos— |. 20
“ ”"T/( 2 "2 2 or, zj (20)
3. Analysis

Utilizing Egs. (19) and (20), the influence of the surface stress on the critical applied SIFs can be
evaluated. Wang et al.[18] examined the temperature dependence of nanocrystalline Ni at a tensile
strain rate of 1x107*s™. The numerical calculations are presented for a set of thermally activated

properties: p=0.24, q=1.3, %=1x10"s™ and G,=3.0eV (4.81x107°J) (Ni)[29].
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Figure 2 Critical normalized SIFK /,u\/E as a function of emission angle & with different
temperature T at p=0.0la, a=200b, for nanocrystalline Ni. T =0: Kfmm/uﬁ =0.498,

6, =0404; T=200: KC, /ufb, =0.170,6, =0.404; T =400:

Imin ' er

K,/ urfb, =0.065,6, =0.404.

' ¥er

For an elliptically blunted crack, the shape can be described by a and the ratio p/a. Fig. 2

show the critical normalized SIF for edge dislocation emission as a function of emission angle &

with different temperature T for mode | applied stress (o =0.01a, a=200b,). The minimum

value of Kf/y\/a indicates the most probable angle &, for dislocation emission, and the

minimum critical stress and the relative most probable angle for dislocation emission

are K, /u\fb, =0.498, 6, =0.404for T=0; K&, /ufo, =0.170, 6, =0.404 for T =200;

Imin Imin

Kfmm/y\/E:0.0GS 6, =0.404 for T =400. It is clearly found that the critical SIF decreases

' ¥er

from infinity to a minimum and then increases with increasing emission angle &, which is in
agreement with the result in the previous papers[12, 13]. And with the increasing temperature, the
minimum value of critical SIF decreases, while the most probable angle for dislocation emission
does not change. It means that the high temperature make the dislocation emission take place easily.

The critical normalized SIF ch/y\/a as a function of emission angle ¢ with different crack
shape at T =200K are displayed in Fig. 3(a) and (b). Fig.4(a) and (b) show the critical normalized
SIF Kf/,u\/a as a function of temperature T with different crack shape at #=0.5. They are

been seen that the minimum critical SIF and the relative most probable angle are increases with
increasing crack length and radius of curvature. And with the increase of temperature, the critical
SIF increases, and with the increase in crack length and radius of curvature, the change of the
critical load increases.
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Figure 3 Critical normalized SIF KIC/,U\/H as a function of emission angle & with different crack

shape at T =200K: (a) for p=0.01a; (b) for a=200b, .
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Figure 4 Critical normalized SIFK /y\/a as a function of temperature T with different crack

shapeat €=0.5:(a) for p=0.01a; (b) for a=200b, .

4. Conclusions

The effect of thermally activated on dislocation emission from an elliptically blunted crack tip is
investigated. Considering the mechanism that the stress fields of an edge dislocation emitted from
the surface of the void correspond to the imposed displacement discontinuity along the cut from the
surface of the void to the center of the dislocation, the critical stress intensity factors for edge
dislocation emission from a blunt crack under mode | and mode Il loading conditions at high
temperature were simulated in nanocrystalline and ultrafine-grained metals. The results show the
impact of thermally activated processes is remarkable, which can affect the value of the critical
stress intensity factors for dislocation emission, but does not alter the emission angle. With the
increasing temperature, the minimum value of critical SIF decreases. And the high temperature
make the dislocation emission take place easily.
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