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a b s t r a c t

Thermal activation processes are of fundamental importance for the understanding and modeling the
strength of structural materials. In this paper, the effect of thermal activation energy on dislocation
emission from an elliptically blunted crack tip is researched. Critical stress intensity factors are calculated
for an edge dislocation emission from an elliptically blunted crack under mode I and mode II loading
conditions at high temperature. The results show that the impact of thermal activation processes is
remarkable, the value of the critical stress intensity factor for dislocation emission decreases at high
temperature, which means the applied loads for dislocation emission will decrease with increment of
temperature.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Dislocation emission from a crack tip is one of the most
fundamental processes for understanding the ductile–brittle beha-
vior in crystalline materials [1]. An internal back stress due to the
dislocations emitted from crack tip accommodates the stress
intensity due to applied load, which can increase the fracture
toughness of materials [2]. Most of the previous studies supposed
that the crack tip is sharp [3–12], but the situation can hardly be
observed experimentally [13].

A real crack is always of finite length and the radius of
curvature of the crack tip is never small enough to be zero
[14,15]. Physically, an atomically sharp crack will be blunted by
one atomic plane. It means that the emission of a dislocation from
crack tip results in the crack blunting [16,17]. In many previous
studies [14,18–21], the image force on an edge dislocation and the
critical stress intensity factor for the edge dislocation emission
from a blunted crack are calculated. Beltz et al. [22], and Beltz and
Fischer [23] found that blunted cracks require a substantially large
load to induce dislocation nucleation, whereby a periodic relation
is assumed to hold between the shear stress and slip discontinuity
along the dominant slip direction ahead of the crack tip [24].
Fischer and Beltz [25] also analyzed the effects of crack blunting
on the competition between dislocation nucleation and atomic
decohesion.

It is well known that plastic deformation of nanocrystalline and
ultrafine-grained metals is thermal activation processes. And
thermal activation parameters, such as strain-rate sensitivity
exponent and activation volume, depend on temperature and
grain size [26–29]. In some previous papers, the effect of thermal
activation on dislocation emission from a crack tip was investi-
gated by transition state theory [30–35] and molecular dynamics
simulations [36,37]. In this paper, we investigate the effect of
thermal activation energy on the emission of edge dislocation
from an elliptically blunted crack tip.

When thermal activation processes are analyzed, the applied
stress is considered to have two components [38],

τ¼ τaþτnðT ; _γÞ; ð1Þ

where τ is the applied shear stress, τa is the long-range internal
stress, which is athermal in nature. The thermal component τn is
called the effective stress and depends on temperature T and shear
strain rate _γ. The shear strain rate is expressed as an Arrhenius-
type rate equation [39–42]

_γ ¼ _γ0exp �GðτnÞ
kT

� �
; ð2Þ

where _γ0 is a pre-exponential factor, GðτnÞ is the stress-dependent
activation energy for the thermal activation dislocation motion, k
is the Boltzmann constant.

The main purpose of this paper is to discuss the influence of
thermal activation effects on the critical stress intensity factors
when edge dislocation is assumed to be emitted from an ellipti-
cally blunted crack tip under mode I and mode II loads. And the
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critical stress intensity factors for dislocation emission are calcu-
lated by using the model of dislocation emission advanced by
Lubarda [43].

2. Modeling

Zhang and Li [44,45] calculated the image forces acting on the
dislocation which is created by imposing the displacement disconti-
nuity along the cut from a finite-length crack tip to the center of the
dislocation, and in the second case, from the center of the dislocation
to infinity. Lubarda [43] showed a comparative study of image forces
acting on the dislocation which is emitted from the free surface of
the void and comes from elsewhere. Then Zeng et al. [46] and Zhao
et al. [47] investigated the stress fields of an edge dislocation emitted
from the surface of nanovoid with surface effects. In this paper, the
stress fields of an edge dislocation emitted from the surface of the
elliptically blunted crack are analyzed. As shown in Fig. 1, an infinite
elastic medium with the elastic properties v (Poisson's ratio) and μ
(shear modulus) contains an elliptically blunted crack of a the radius
of curvature ρ¼ b2=a. An edge dislocation with Burgers vector b1
emits from the surface of the blunted crack to the point
z0 ¼ a�ρ=2þr0eiθ , and the other edge dislocation with Burgers
vector b2 locates at the surface of crack zd ¼ a�ρ=2þrdeiθ , where
b1 ¼ �b2 ¼ bxþ iby ¼ breiθ .

Firstly, the associated effective stress component τn is consid-
ered. The activation energy GðτnÞ in Eq. (2) can be written as [40]

GðτnÞ ¼ G0 1� τn

τm

� �p� �q
; 0rpr1; 1rqr2; ð3Þ

where p and q are phenomenological parameters reflecting the
shape of a resistance profile, G0 is the activation energy under the
absence of the applied effective stress and τm is the effective stress
at 0K. From Eqs. (2) and (3), we have

τn ¼ τm 1� kT lnð_γ0=_γÞ
G0

� �1=q( )1=p

: ð4Þ

So this equation expresses that the effective stress τn depends on
the temperature and strain-rate for given G0, _γ0, p and q [38].

Then, the effective slip stress τm at 0K is calculated. According
to the work of Nakatani et al. [48], the effective slip stress agrees
with Rise's theoretical prediction. The infinite region outside the
elliptical blunted crack in the z¼ xþ iy plane is conformally
mapped to the infinite region outside a circle of a radius R in the
ζ¼ ξþ iη plane through a transformation function

z¼ ωðζÞ ¼ c
2

ζþ1
ζ

� �
; ð5Þ

where c¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�b2

p
and R¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðaþbÞ=ða�bÞ

p
.

So, the stress fields can be expressed as [49–55]

syþsx ¼ 2½φ0ðzÞþφ0ðzÞ� ¼ 2½φ0ðζÞ=ω0ðζÞþφ0ðζÞ=ω0ðζÞ�; ð6Þ

sy�sxþ2iτxy ¼ 2 zφ″ðzÞþψ 0ðzÞ½ �
¼ 2ωðζÞ½φ″ðζÞω0ðζÞ�φ0ðζÞω″ðζÞ�=½ω0ðζÞ�3þ2ψ 0ðζÞ=ω0ðζÞ: ð7Þ

Using Muskhelishvili's complex potential method [56], the
complex potential functions in the ζ¼ ξþ iη plane can be easily
calculated as

φðζÞ ¼ γ lnðζ�ζ0Þ�γ lnðζ�ζdÞ�γ lnðζ�R2=ζ0Þþγ lnðζ�R2=ζdÞ

þ a0γR
2

ðζ�R2=ζ0Þζ20
� adγR

2

ðζ�R2=ζdÞζ2d
; ð8Þ

ψðζÞ ¼ χðζÞ�ωðR2=ζÞ
ω0 ζð Þ φ0ðζÞ; ð9Þ

χðζÞ ¼ γ lnðζ�ζ0Þ�γ lnðζ�ζdÞ�γ lnðζ�R2=ζ0Þþγ lnðζ�R2=ζdÞ
þ a0γ
ζ�ζ0

� adγ
ζ�ζd

; ð10Þ

where γ ¼ μb1=4πið1�νÞ, ζ0 ¼ ð1=cÞðz0þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z20�c2

q
Þ, a0 ¼ ððR4þζ20Þζ0=

R2ðζ20�1ÞÞ�ðζ20ðζ
2
0þ1Þ=ζ0ðζ20�1ÞÞ, ζd ¼ ð1=cÞðzdþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2d�c2

q
Þ, ad ¼

ððR4þζ2dÞζd=R2ðζ2d�1ÞÞ�ðζ2dðζ
2
dþ1Þ=ζdðζ2d�1ÞÞ.

When the minor semi axis of elliptically crack tends to zero, i.e.,
b¼ 0, the Eqs. (8 and 9) can be reduced to the solution of a edge
dislocation emitted from a finite-length crack tip, which is in
accordance with the results of Zhang and Li [45].

According to the Peach–Koehler formula [57], and considering
Eqs. (6 and 7), we obtain the image force acting on the dislocation

f x� if y ¼ ½τ̂xyðz0Þbxþ ŝyðz0Þby�þ i½ŝxðz0Þbxþ τ̂xyðz0Þby�
¼ ðbxþ ibyÞ½φ̂0ðz0Þþ φ̂0ðz0Þ�þðby� ibxÞ½z0φ̂″ðz0Þþ ψ̂ 0ðz0Þ�; ð11Þ

where f x and f y are the force in the x and y directions, respectively,
ŝxðz0Þ, ŝyðz0Þ and ŝxyðz0Þ are the components of the perturbation
stress fields at the dislocation point z0, φ̂0 ðz0Þ and ψ̂ 0ðz0Þ are the
perturbation complex potentials in the matrix.

And the perturbation complex potentials are calculated as
follows [58]:

φ̂0 ðz0Þ ¼ � γ

ζ0ðζ20�1Þ�
γ

ζ0�ζd
� γ

ζ0�R2=ζ0
þ γ

ζ0�R2=ζd

"

� a0γR
2

ðζ0ζ0�R2Þ2
þ adγR

2

ðζ0ζd�R2Þ2

#
ω0ðζ0Þ;

�
ð12Þ

φ̂″ðz0Þ ¼
γð2ζ20�1Þ
ζ20ðζ20�1Þ2

þ γ

ðζ0�ζdÞ2
þ γ

ðζ0�R2=ζ0Þ2
�

"(
γ

ðζ0�R2=ζdÞ2

þ 2ζ0a0γR
2

ðζ0ζ0�R2Þ3
� 2ζdadγR

2

ðζ0ζd�R2Þ3

#
� c
ζ30
φ̂0ðz0Þ

)
½ω0ðζ0Þ�2;

�
ð13Þ

ψ̂ 0ðz0Þ ¼ � γ

ζ0�ζd
� γ

ζ0�R2=ζ0
þ γ

ζ0�R2=ζd
� γ

ζ0ðζ20�1Þ

(

þγζ20ðζ
2
0þ1Þ

ζ0ðζ20�1Þ3
þ adγ

ζ0�ζdð Þ2
�γðR4þ1Þðζ30þ3ζ0Þ

R2ðζ20�1Þ3

�ζ0ðζ20þR4Þ
R2ðζ20�1Þ

γ

ðζ0�ζdÞ2

"
þ γ

ðζ0�R2=ζ0Þ2
� γ

ðζ0�R2=ζdÞ2

þ 2ζ0a0γR
2

ðζ0ζ0�R2Þ3
� 2ζdadγR

2

ðζ0ζd�R2Þ3

#
� a0γR

2

ðζ0ζ0�R2Þ2

þ adγR
2

ðζ0ζd�R2Þ2

#)
ω0ðζ0Þ:

�
ð14Þ

The primary physical interest lies on the effective slip stress τm
which are given by [59]

τm ¼ Refi½φ̂0ðz0Þþ φ̂0ðz0Þ�� ie2iθ½z0φ̂″ðz0Þþ ψ̂ 0ðz0Þ�g: ð15Þ
Secondly, for the linear elastic analysis of plane cases, Creager and
Paris's equations [60] can be used to evaluate the stress fields for
an elliptically blunted head. So from Creager and Paris's solutions,

y

x1b2b

2a

2

drb

0r

ρ

θ

Fig. 1. Dislocation emission from an elliptically blunted crack tip.
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