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Fracture analysis of a plane crack problem under chemo-mechanical loading is presented based on a linear chemo-elasticity
model. The flux conductivity is introduced to characterize the influence of the crack defect on the diffusion process. Using
Fourier transform and the dislocation density functions, the crack problem is reduced to a set of singular integral equations,
which are solved numerically by the Lobatto-Chebyshev method. Parametric studies are conducted to reveal the effects of flux
conductivity, geometric configuration, chemical and mechanical loads on the crack tip field. The numerical results show that the
stress singularity at the crack tip is usually a mixture of mode I and mode II types.
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1. Introduction

Chemo-mechanical coupling is common in the complex
behavior of natural porous media [1], biological tissues,
advanced functional materials [2], and energy conversion
and storage devices [3,4]. The transfer and transformation of
mass, momentum, and energy will occur under various sti-
muli such as temperature [5], pH [6], light [7], chemical
reaction [8], chemical potential, and stress. In general, there
are two mechanisms for mass transfer of fluids in media [9]:
Darcy’s law, i.e., pressure-driven diffusion [10], such as the
consolidation process of clay and fluid seepage in oil/gas
extraction; and Fick’s law, i.e., chemical potential driven
diffusion [11,12], such as ion diffusion in polymers and
biological materials.

Chemo-elasticity mainly refers to the coupled theory of
diffusion and deformation in elastic solids. Generally, it is
necessary to solve the mass conservation equation coupled
with strain (or stress) and the elasticity equations considering
the diffusion effect. Currently, finite element methods are
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mainly used to obtain numerical solutions [13-16]. Only
some studies have given analytical solutions or asymptotic
solutions under equilibrium or some other special cases.
Christensen and Newman [17] studied the one-dimensional
volume expansion and contraction and stress distribution
problems, which are arisen from lithium intercalation in
electrode spherical particles. The asymptotic perturbation
methods are used to analyze the two-dimensional chemo-
elasticity problems under chemical equilibrium, such as a
circular hole in an infinite plate, a straight edge
dislocation [18], and a circular nano-hole in a large thick
plate [19]. Further, Bishay et al. [20] developed a perturba-
tion finite element formulation to analyze chemo-elastic
boundary value problems under chemical equilibrium, ex-
emplified in several cases such as plates with elliptical holes
and cracks. Xu et al. [21] studied the degradation of materials
due to exposure to chemical species and temperature, and
obtained semi-analytical solutions of spherical shells, beams,
and cylindrical structures under the quasi-static state. Re-
cently, Zhang and Zhong [22,23] developed a continuum
theoretical framework of coupled deformation, mass diffu-
sion, heat conduction, and chemical reaction for chemically
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active solids. And they formulated a generalized isotropic
linear theory of chemo-elasticity at isothermal conditions.
Numerical cases of transient swelling accompanied by the
chemical reaction of a polymer membrane were analyzed.
Zhong et al. [24] studied a gel with moisture absorption and
hydrolysis reaction by using the above model and predicted the
chemo-mechanical responses at the transient and steady states.

At present, there are also some studies on crack problems
considering chemical-mechanical coupling. Haftbaradaran
and Qu [25] constructed the path-independent J-integral
under electrochemical equilibrium and solved the problem of
a thin elastic film delaminated from a thick elastic substrate.
Zhang et al. [26] presented J-integral and L-integral under
electrochemical equilibrium based on Noether’s theorem,
and the path-independent integrals can provide a practical
tool for numerical evaluation of singular fields. In a recent
paper, Yang and Qu [8] conducted molecular dynamics si-
mulations to obtain the material properties and critical
fracture strain, and then calculated the concentration and
stress-strain fields using an implicit procedure in ABAQUS
based on a continuum chemo-mechanical model. However,
most available work only considered the crack problems
under chemical equilibrium states, and comparatively few
studies focused on the crack problems under steady or
transient chemical processes.

Hence, in this paper, we are devoted to studying the cou-
pling chemical and mechanical fields near a crack under
steady state diffusion. The paper is organized as follows.
Section 2 summarizes the governing equations for plane
strain cases under steady state diffusion and describes an
equivalent decomposition of the original crack problem. In
Sect. 3, the Fourier transform is used to derive the singular
integral equations corresponding to the crack problem in
terms of the dislocation density functions. The field quan-
tities near the crack are analyzed in Sect. 4. In Sect. 5,
parametric studies are conducted for the chemical potential
and stress intensity factors. Section 6 concludes the present
study with a summary.

2. Problem formulation

2.1 Governing equations

Consider a chemically active body made of an elastic host
solid and a diffusive species coming from outside. For two-
dimensional plane problems, we assume that all field quan-
tities are only functions of x and y, that is

u=u(x,y), v=v(x,y), ¢ = c(x,y), (D
where u and v are respectively the displacement components
along x-axis and y-axis directions, and c is the concentration
of the diffusive species (defined by the molar number of
molecules per unit volume). Furthermore, for a plane strain
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problem, the linear strain components are given as

o em 2 (2 2)

xoox> "ty oy tw 2\oy ox ) )
e,=¢,=¢,=0.

Assume that the host solid is an isotropic and linearly
elastic material, whose material properties will not change
during the species diffusion process. The components of the
Cauchy stress tensor in the chemically active material are
related to the strains and concentration as [12,23]

o, = i(e,+e,)+2Ge, ~3nK (c—cy),

O'yz/‘L(gx""gy)-i_ng _37]K(C_CO)> (3)
o,= /l(gx+ y) 3K (c—cy),
Oy = 2G8W, O =0, = =0,

where 4, G, and K are respectively the Lame constant, shear
modulus, and bulk modulus of the material with K =31+ 2G,
n is the coefficient of chemical expansion, and ¢, is the re-
ference concentration in the initial state which is taken to be
stress-free, and has a reference chemical potential . In the
absence of body forces, the stress components need to satisfy
the following equilibrium equations:

do, Ooy 0oy  Ooy,
The chemical potential can be given as [12]
u=po =Ne=co)=3nK(e,+¢,), 5

where N is the chemistry modulus and g = 1 —yu,, is defined
as the chemical potential difference. Although in many cases,
the chemical potential can be described by a logarithmic
function of the concentration, a linear approximation can
also be used in some cases [12,23,27,28]. The linear model is
easy for theoretical analysis by invoking superposition
principle so that it is employed as the first step in tackling
many complex muti-physics problems. When the body
reaches a state of chemical equilibrium, the chemical po-
tential will remain constant and distribute uniformly every-
where. In a steady or transient state, however, the driving
force for diffusion is the gradient of chemical potential, and
the diffusion flux will follow a generalized Fick’s
law [12,27,28]:

o = Doy = Do (©)
where j, and j, are two flux components, and D,, is constant
fluid mobility. The mass balance for the diffusive species
should be written as Q—C =-Yx —Oﬁj—y. Under steady state

ot ox oy

diffusion, the mass balance equation becomes
,-,2,.\ ZA

gﬂ+6ﬂ:

oxz  Oy?

(N
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Substituting Eq. (5) into Eq. (3), we can rewrite the stress
components as

o, = ic(ex-i-ey)-i-ZGex—MTKﬁ,
ay:ic(ex-i-gy)+2G8y—%,u, ®)

0, =2Ge

X2

where 1, = 2—95°K?/ N. With the help of Egs. (2), (4), and
(8), we can obtain the governing equations:

0%u 52v o%u _3nKou

(%, +2G) +(4, +G)a 8y é‘y2 =N oo o)
8214 2y 33K on
(%, +2G)—+(/1 +G)a ay W_T@'

As shown in Fig. 1, a strip contains a crack of length 2/.
The crack face is along the x-axis direction, and the midpoint
of the crack is taken as the coordinate origin. The thickness
of the upper and lower layers are a and b, respectively. The
chemical potential differences on the upper and lower sur-
faces of the strip are kept constant, given by g, and a,
(assume g, > @ ). The normal stress and shear stress on the
strip surfaces are py(x) and gy(x), respectively.

The superscripts “+” and “—” are used to denote the field
quantities for y > 0 and y < 0, respectively. On the crack face,
the two extreme diffusion boundary conditions are the fully
impermeable,

O (x,0) _ 8@ (x,0) _
ay - ay - 0, |x| < l’ (10)
and the fully permeable,
N o (x,0 o (x,0
B0 =i o), T IO gy

In the fully permeable case, the chemical potential distribu-
tion problem is solved by simply ignoring the crack. Thus,
the diffusion flux can be obtained as

Jxe =O7 jyc =_ij0’ (12)
. ﬁb_ﬁa
where j, = P

4. 4. V] —4. 9%

= =

Figure 1 Geometry and loads of a plane crack problem.
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The actual diffusion boundary conditions on the crack face
are much more complex than those given by Egs. (10) and
(11). And a more general model is adopted in this study, with
an assumption that the crack allows a diffusion flux j, which
is only a certain percentage of the flux j,. corresponding to
the fully permeable case [29]. Therefore, these partial con-
ductive boundary conditions on the crack faces can be
written as
OF(x,0) _ 9 (x,0)

oy oy
where £* € [0, 1] s the flux conductivity for the crack, which

= k%o, Kl <1, (13)

characterizes the influence of the crack defect on the diffu-
sion process. The limiting case k* = 0 represents the fully
impermeable condition along the crack face. While for
k* =1, the diffusion flux on crack face is the same as the
fully permeable case, so the boundary condition Eq. (13) is
equivalent to Eq. (11).

The boundary conditions of the problem shown in Fig. 1
can thus be written as

o7 (x,b) = 0, (x,~a) = po (¥), ”
Ux;(xa b) = O-x;(xa _a) = qO(x)a |-x| <00,
0, (x,0) = 0,5(x,0)

=0, (%,0) =0,(x,0) =0, \ </, 15)
ﬁ+(x’ b) :ﬁba ﬁi(xﬂ _a) :ﬁa’ |x| <o, (16)
o' (x,0) _ o (x,0) _ ..
P = TD) — iy, o < (7

2.2 Superposition principle

For a small deformation case with linear constitutive rela-
tions, the superposition principle can be applied. As shown in
Fig. 2, the original crack problem is further decomposed into
two subproblems with the following equivalent super-
position conditions:

JE=p R, (18)
where the superscripts “I”” and “II”” denote the field quantities
of subproblem I and subproblem II, respectively.
Subproblem I As shown in Fig. 2a, the uncracked strip is
subjected to the same external loads as the original problem.

w=utull v=yl 4yl

Under a steady state, there is a diffusion flux J, = Jye in the
strip. The normal stress and shear stress across the dotted line
(k] <,y = 0) are p(x) and q(x), respectively. The boundary
conditions of subproblem I can be written as

o, (x,0) = 0} (x,—~a) = po (),

I+ . (19)
Ty (X, 0) = 0, (x,—a) = qo(x), k| <0,
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Figure 2 Geometry and loads of two subproblems: a subproblem I, b
subproblem II.

AN b) = iy, i (x=a) = 1, b < oo (20)

And the distribution of chemical potential difference in the
lub lua + aﬁb+bﬁa

atb” atb -’

Subproblem II As shown in Fig. 2b, both the chemical
and mechanical loads on the strip surfaces vanish. The ap-

strip is a' =

plied crack face normal stress and shear stress are —p(x) and
—q(x). The sum of the crack face flux J and the flux J; should
be the same as Eq. (13), so that J = (k*—1)j,.. The detailed
solutions of this subproblem will be given in the next section.

3. Subproblem II: loads on the crack face

For convenience, although not labeled, the field quantities
discussed in this section are for subproblem II. The corre-
sponding mechanical boundary and continuity conditions are
expressed as

o (r,b) = 0, (x,b)

7, (x,=a) = o,(x,=a) =0, x| <0, 2D
7, (x,0) = 7, (x,0), 0,5(x,0) = 7,,(x, 0), ki <0, (22)
u'(x,0) =u (x,0), v'(x,0) =v (x,0), x| > 1, (23)
7, (x,0) = —p(x), 0,5(x,0) = —¢(x), k| <1, (24)

and the chemical boundary conditions are given by

B (x,b)=f (x,=a) =0, j <oo, (25)
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A~T ~

B0 - HLD <, 26)
0 0) = (.0, > 1 @)
o (x,0 .

P = (e, W <1 (28)

3.1 General solutions

The Fourier transform can be used to transform partial dif-
ferential equations (7) and (9) into a system of ordinary
differential equations, as follows:

M+56—A24 —0, (29)
~*(1, +2G)U +iw(l, +G)Q+G%—lzf—'w3’7NK ,
, o . 3nK oM
(2 +2G) > 52 lw(}vc‘FG)E ZGV——E, (30)

733

where “1” is the imaginary unit. The Fourier transform and
inverse Fourier transform are given by

M(w.y) = mj Axy)e “dr,
U(w,y) = 51 J‘iwu(x,y)efiwxdx,

1 [~ iox
V(w,y) = 2_11.[ _v(x.p)e “dx,
3D

ay) = [ M@, do
u(e.y) = | Ul@.y)e" do,
V) = [ V() do.

Then, the general solution of Eq. (29) may be expressed as
linear combinations of fundamental solutions:

M (w,y) = i B, ()M, (32)

n=1
where Bni(w)(n = 1,2) are unknown functions, and the fun-
Y M, =¢e". According to
Eq. (25), we obtain the general solution of chemical potential
using the inverse Fourier transform:

damental solutions are M, =e

o & .
A =" Y Bi(@M,e " do. (33)
=1

The general solutions of the homogeneous equations cor-
responding to Eq. (30) are written as

~+
U (»,y) 4 U,
S DWW A (34)
Viwy)| n=1 "
where A,f(w)(n =1,2,3,4) are unknown functions, and the
fundamental solutions are
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U=e™, |U=ye",

Vi=ie ™, |h=i(/o+ye ™,
Uy=¢”, [U=ye”,
Vv, =—ie", =i(x/ w—y)e”,

(A, +3G)/(4.+G).
The special solutions of non-homogeneous equations Eq.
(30) are assumed as

Ui(a),y) 4m W { } 36
{Vi(w,y)} Loy, (36)

1,2,3,4) are unknown functions. When

(35)

where y =

where m (@, y)(n =

2wy Ge?y
G S

a Ye T o+ G)

mx 0 -2y B*
2 1
= g ,
m}i . G0e72a)y . 1Bzi}
m 41 (A + G)
e*Zmy 0

N . ImK(L.+G)
whnere o = lm.

The general solutions of the non-homogeneous equations
can be expressed as the superposition of the general solutions
of the homogeneous equations and the special solutions of
the non-homogeneous equations. So, the general solutions of
Eq. (30) can be written as

Ui(a),y) _ 4 . N Un
{Vi(w’y) } = Zl[An (w)+m, (a),y)]{ v

Using the inverse Fourier transform, we obtain the general
solutions of displacements as

}. (40)

u(x,y) = .[1 24: (A S4m :)Uneiwxd(u ,

(41)
vix,y) = J Z A +m )Vem’xda)
n=1
and the stresses as
a, () = '[ Z A +m ) ¢““dow
—3’771( . Z B, M,e""do, (42)
n=1
o & .
o) = [ X (47 m )0 e do
. ov, ou,
where P(w,y) = iwi U, + (4. + ZG)E’ 0, (v & +

ioGYV, Furthermore, the concentration is
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the following conditions are met

4 om,;
(37

n=1 ay
substituting them into Eq. (30) yields

4 8m ou, 37]Kw(Bi 7Wy+Bi wy)

8y 8 NG \P1 ¢

n=1 yi Y (38)
24: m, aVn _ 377K(U {*Bi a)y+Bi (uy)

=y ay NEr26))

0

According to Egs. (37) and (38), m,, —*(n=1,2,3,4) is

easy to get, and then

(39)
cf—cy= N.[ ZBM e“*dw +37VK
SN )
n 1.
_[ Z A +m )[ > +Wl/ne “dw.

3.2 Singular integral equations

To obtain the singular integral equations, we introduce the

following dislocation density functions:

2100 = 2" (2.0) & (x,0)]. (44)
£:0) = 21 (.0)~ u (x,0)] (45)
g3 = 21V (.0~ v (x,0)]. (46)

According to Egs. (23) and (27), g, (x) = O(}x| = ).
For the chemical boundary conditions Egs. (25)-(27) and
(44), we get the following equations for determining the

unknown coefficients B, (w)(n = 1,2):

2 2
> B, M, (w,b) =0, Y B, M,(w,~a) =0, (47)
n=1 n=1
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2 OM,(,0) _
Z( ) a;u ’

" | (48)
Z( B, M, (,0) = 2mj ils)e “ds.

For the mechanical boundary conditions Egs. (21)-(23),
(45), and (46), we get the following equations for de-

termining the unknown coefficients Ani(w)(n =1,2,3,4):

A, +m, (@,b)|P(o,b) =
(49)
[4, +m, (0,~a)|P(w,~a) =0,

4
2
n=1

4
2
n=1

M-

A, +m, (@,b)]0,(w,b) =0,
! (50)

[An +m, (o, a)]Q (w,—a) =0,

i T

n

M-

A, =4, +m,(@,00=m, (,0)]P(w,0)
. (s1)
VK'Y (8,7~ B, M, (.0) =0,

n=1

n

LoJ

4
DA A, (@,00=m, (.0

n=1

0,(0,0)=0, (52)

4

DA =4, +m, (@.0)=m, (@.0)

n=1

i ! —iws
= oz ] &as)e s, (53)

U,(w,0)

M-

4, 4, +m ) (©,00~m, (,0)

Vi(@,0)

n=1
i ! —iws
=z ] &i(s)e ds. (54)
Combining the boundary conditions Egs. (24) and (28), the
following integral equations are obtained:

1 Lo iw(x—s * .
EJ:[J.WK”(w)gI(s)eI “Idewds = (k*— 1)j,,

i ; iw(x—s _
1 om0,

Ll § iw(x—s)

=] [ Y K@)z (9)e™ Vdeds = (),
k=1

W <1,

where K;,(w) and K(o)(i
in terms of w.
To ensure the accuracy of the solutions, further transfor-

=2,3;j = 1,2,3) are expressions

mation is required to isolate the Cauchy type integral kernel.

Define k; = Im [wlLrQwK ij(m)], we get

421439-6

1, _GrG
k=5, kza—m» ks

ky1 = ky = k3 = k33 =

_G(t*G)
~T7.72G° (56)

and the integral formula J sinwscoswxdw = ; ( 5 }_ il %)

[30] is used. And we find that K;(w) has the following
properties: K,,(®), K, (w), Ky;(w), and K;,(w) are odd
functions and imaginary numbers; K,,(®), K;(w), and
K;(w) are even functions and real numbers. Then Eq. (55)
can be simplified as

k
%,[,11 ﬁ +0n1(gi(s)ds = (k"= )jy,
k
#l, [ 00, o)+ 0]
=p(x) = p.(x), (57)
k

%J:ll [s—32 8(5)+Q33g5(s)|ds
=—q(x) —qx), K</,
where
0,((s,%) = — IOOO(ImK“—kl sino(x —s)do, (58)
0o(s,x) = IwReKzzcosa)(x —s)dw,

¢ (59)
O0s(s,) = = | " (ImKoy — ks sineo(x —5)doo,
Oi(s,%) = = [ (ImKs kg sineo(x — )do, o
Ox5(s,x) = J‘OwReKncosw(x —s)dw,
0,,(s,%) = - jow MK, sina(x — s )da,

(61)

P = 1] 05,008 (5)ds,
05 (s,x) = ImReK3]cosw(x —s5)dw,

’ (62)

1!
4.0) = 1 | 0s1(5,0),(s)ds.

The above three equations are Cauchy type singular in-
tegral equations of the first kind. p_(x) and ¢ (x) can be
considered as “equivalent diffusion stresses”. That is, the
stress intensity factors generated by the chemical loads are
the same as that produced by acting p_(x) and g (x) on the
crack faces. According to the chemical loads, we know that
g,(s) is an odd function, so that p.(x) and g(x) are odd and
even functions, respectively.

3.3 Numerical integration method

By introducing § =s// and X =x//, the singular integral
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equations can be transformed into standard form
T | §—

—tR
x

lJ‘l ka3

TJ §—x

h($)ds = (k"= 1)jy,

h3(8) TR, (S) TRy hy(8)|dS

= p(lx),
k
2 [ﬁ + R y(8) + Ry hy(5)HR3hs(5)|ds
=—q(x), K|<I, (63)

where hys) = g,(Is) and Rij.(g,f) = lQij(lsN,b?)- The solu-
tions of the Cauchy singular integral equations can be ex-
pressed as [31]

his) = JLSL (64)
where f:(s) is continuous and bound in |s] < 1 and non-zero
at the endpoints |§| = 1. To guarantee the existence of Cauchy
principal value integral, the Holder condition needs to meet

|his)—h®)| <dls—x”, < 1, k| < 1, (65)

where d is a non-negative real constant, and S € (0, 1] is an
exponent.

The above three Cauchy type singular integral equations
can be solved numerically by the Lobatto-Chebyshev
method, and we can finally discretize Eq. (63) into a system
of linear algebraic equations [32]:

m Ak S
2 jsll_f)lc( ) Z'l Rllfl( ) m(k*— 1),
Jj=0 j Yk
¢ g,kzs_@(s,) 30 Rusi(s)
=0 S;T Xk =0
+Rzzfz( )+R23f3(~1)] —mp(I%; ), (66)
w ik fls)
j~32_ ZN(S/) Z ’lj[RMfl(gj)
j=0 Sj xk j=

Zﬂujfl(@)=0, Zm(f) 0. 31A(E)=0. @D
=0 j=0 j=0

where the discrete points
§.=cos(jm/m), (j=0,1,---,m),
= cos(jn/ m), (j ) )
X =cos[2k—Dn/(2m)], (k=1,2,---,m),

with the corresponding weights given by 1,=41, =1/2,
Ay=-=4 = 1. The above Egs. (66) and (67) contain
3m+ 3 algebraic equations and meanwhile 3m + 3 unknown

constantsfl( )(z 1,2,3;j=0,1,--,

discrete points increases, the calculated results will gradually

m—1

m). As the number of
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converge. The numerical convergence appears to be very
good for small values of m, so m is taken to be 30 in this

paper.

4. Field quantities near the crack

To characterize the stress field near the crack tip, the stress
intensity factors (SIFs) are defined as

K= limo (x,0)2n(x — 1),
x—1
K= limgxy(x, 0)./2n(x—1),

1, 1
=cl+ =g+
where o, =0, a "and 0y =0yt 0y,

(69)

I. .
o, is non-singular, and

according to Eq. (63),
o0y = 1 J' ] £()

[ k23

NG) p S26)

J1-2 J1-52

5 . I
Moreover, cr; is used to represent the singular part of o, so

Ry, ds. (70)

we get
VAN

1-52

. s k23 . ~
lim ,0) = —=1im ds, 71
xﬁfro_y(x ) n X— 1+J. 1 S—X ( )

and then transform the formula as follows:

hma 5(x,0) = k23 1 J' f3(sz _Ji3(f) 1 &
xol - §—x 1_52
k231 Il f;(x) . o)
4>1 1§— l_S

According to Eq. (65), the first term of the above formula
is non-singular, so it can be disregarded. For the second term,
the following integral formula is employed:

1 1
ds = ,Xx>1 (73)
J. 1§—x \/: fz -1
Combined with Eq. (69), we finally get K| = —k23f3(1)m .

Similarly, we can get Ky, = —ks, f,(1)/nl.

With the help of Egs. (18) and (33), the chemical potential
difference on the crack plane in the original problem is
A(x,0)

N 1 [ poo 4 .
= @', 0) 1 L jo K (0)g,(s)sinao(x — s)dwds, (74)

where K ;1(®) are expressions in terms of . Combined with
Eq. (60), it can be further expressed as

A (1%,0) = 7 (1%,0) — = foi.,-Rﬁ(S},f)ﬁ (/) (75)
J=

where R 5(5,%) = Zjowal(w)sinwl(f —§)dw. According to
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Egs. (57) and (66), the equivalent diffusion stresses on the
crack faces can be calculated numerically as

Pell) = 0 3 7,001, 1505 (5),
J=0
L (76)
4ul) = 57 24,05, 1))
Fe

5. Numerical results and discussion

5.1 Chemical potential and equivalent diffusion
stresses distribution

In this section, the effects of flux conductivity and geometric
parameters on the distribution of chemical potential and
equivalent diffusion stresses on the crack plane are studied.
For the convenience of comparison, the following normal-
ized chemical potential and concentration are used

A(x,0)—7 (x,0)

~t 0) = : )
2 (x,0) To -
CNj:(x O) — NCi(x,O)*CI(X,O)

’ Ljo '

Based on Eq. (8), we can define a parameter with the same
dimension as stress 0,0=3Knj,l/N- Then the normalized
equivalent diffusion stresses are defined as
P = FE g0 = L2, (78)

The material parameters [23,33] used for the numerical
calculations are given in Table 1.

Next, we present the numerical results for a special case
with @ = b = . The normalized chemical potentials at the
midpoint and tip of the crack under different flux con-
ductivities £ * are shown in Fig. 3. The chemical potentials on
the upper and lower crack faces are the same when the flux
conductivity £* = 1. That is, the fully permeable crack im-
plies that a crack has no impact on the diffusion process. For
other cases (k* € [0, 1)), there is a chemical potential jump
on the crack face, especially at the crack tip. The influence of
flux conductivity on the chemical potential of the crack face
is linear, and the smaller the flux conductivity, the greater the
chemical potential change on the crack face.

According to Eq. (57), the influence of flux conductivity
on the singular integral equation only exists at the right side
and is linear, so the influence on the chemical potential and
the stress is linear. Therefore, in the following analysis, we

Table 1 Values of material parameters

Material parameters Notation Value

Lame constant (GPa) A 1.154

Shear modulus (GPa) G 0.769
Coefficient of chemical expansion (m3/mol) n 10°°
Chemistry modulus (J mz/molz) N 1.5
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only need to consider the case of £* = 0. Then the diffusion
flux on the crack face in subproblem Il'is j, =D, jo.

Figures 4 and 5 present the distributions of chemical po-
tential and concentration along the crack plane y = 0 under
chemical loading with different layer thicknesses. As shown
in Fig. 4, the normalized chemical potential on the upper
crack face is greatly affected and gradually increases as the
upper layer thickness increases, but the normalized chemical
potential on the lower crack face is slightly affected. Under
chemical loading, the concentration has a similar distribution
to the chemical potential, as shown in Fig. 5. As the layer
thickness increases, the normalized concentration on crack
face increases.

Figure 6 gives the distribution of equivalent diffusion
stresses along the crack plane y =0 with different upper
layer thicknesses for a fixed a/[l = 1. The equivalent diffu-
sion normal stress and shear stress are even function and odd

1.0

Chemical potential

a=b=1

0.0 0.2 0.4 0.6 0.8 1.0
Flux conductivity k"

Figure 3  Effects of flux conductivity k" on the chemical potentials at the
midpoint and tip of the crack (a = b = /).

—— ji*, b/1=5

L = i, b/l=1

—— g, b/1=02

= 0.5 a/l=l
o
Q“ v
5 0.0 v
&
5 A
e A4
-0.5 g e i, b/1=5
gzzsgzssE e I, b/1=1
10 ~o- 7, b/1=02
0.0 05 1.0 15 2.0

Coordinate ¥

Figure 4 The distribution of chemical potential along the crack plane
with different upper layer thickness b //=0.2, 1, 5 for a fixed a//= 1.



J. Shi, et al. Acta Mech. Sin., Vol. 38, 421439 (2022)

function, respectively, as can be seen in Fig. 6. The
equivalent diffusion shear stress is greater than the equiva-
lent diffusion normal stress. The equivalent shear stress in-
creases with respect to the upper layer thickness.

5.2 Stress singularity under chemo-mechanical loading

The normalized stress intensity factors (NSIF) are defined as
r_ K Kn

K=—F= Kj=——.
! Ucom ’ 11 0, Co‘\lﬁ
Assuming that the crack propagation direction is along the

x-axis, the normalized energy release rate (NERR) can be

obtained as

(79)

G, =K' +Ky. (80)
In this section, the effects of loads and geometric para-
meters on the NSIF and NERR under chemical and me-

1.0

0.5

0.0

Concentration

0.0 0.5 1.0 1.5 2.0
Coordinate X

Figure 5 The distribution of concentration along the crack plane with
different layer thickness a = b =0.2/, , 5..

1.5

‘ ~— p,, b/1=0.5
10 : - p,, b/1=02
‘ —— p,, b/1=0.1

8

£ 05

g

£ 00|z

g

g

=-05 8

£ ) .

g |4, b/1=05 S
-10| a G, b/1=02
 slmo e b/1=01 all=1
) -05 0.0 0.5 1.0

Coordinate X

Figure 6 The distribution of the equivalent diffusion normal stress 3 (b?)
and shear stress qc(lx“) on the crack face with different upper layer thick-
ness b/1=0.1,0.2, 0.5 fora fixeda /I = 1.
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chanical loads are studied. Based on the above analysis of
chemical potential, some special cases of crack face stresses
p(x) and g(x) in subproblem II are explored:

(1) Case of pure chemical loading: p(x) =¢g(x) =0

When the crack face normal stress and shear stress are
zero, the stress intensity factors induced by pure chemical
loading (j, = D,,j,) are studied. Figure 7 shows the effects
of crack geometric location on the stress intensity factors
with different strip thicknesses a +b = 2/ and a+b =20/. In
general, the chemical load induces both mode I and mode II
SIFs. However, when a = b, K] is zero but Kj; is non-zero.
This indicates that the chemical load only results in mode II
SIF when the crack is in the mid-plane of the strip.

As the upper layer thickness gradually increases, K; de-

creases and changes from positive to negative values, and Ky;

increases first and then decreases. The negative K; means that
it is possible to have crack face interference [29], and the
corresponding solutions given are not valid. In such cases,
the contact of the crack faces would occur, so that the normal
stress near the crack tip is negative and the crack face is in a
state of compression together with in-plane shear. The ne-
gative and positive Kj; means that the shear stress at the crack
tip can change direction in some cases.

It can be seen that K and K}; show odd symmetry and even
symmetry with respect to the mid-plane of the strip, re-
spectively. The absolute value of the stress intensity factors
in the case of a + b = 20/ is smaller than those in the case of
a+b =2l. This indicates that the strip thickness has a great
effect on SIFs, and an increase in thickness leads to a de-
crease in the magnitude of SIFs induced by chemical load-
ing.

(2) Case with crack face normal stress: p(x) = kg,
q(x) =0

15| B - K,a+b=2I
—— K, a+b=20l
1.0 N .

-8 K, a+b=2]

0.5 = p=an a+b=20/

=

>

NSIF

-1.5 M

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Geometric size b/(a+b)

Figure 7 Effects of crack geometric location on stress intensity factors
induced by chemical loading.
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The crack face shear stress is zero, and the normal stress is
uniformly distributed as p(x) = kg, where k is the load
factor and represents the magnitude relationship between
chemical loads and mechanical loads. The crack tip stress
field is mainly affected by the chemical loads for the case of

small |k0|. However, it is mainly affected by the mechanical

loads for large |k0, and it is affected by both chemical and

mechanical loads for other cases.
The effects of the crack face normal stress on stress in-
tensity factors for a fixed a// = 1 are given in Fig. 8a. For the

case b/1=0.2, K; and K}; linearly increase and decrease
respectively as k increases. This is, the normal stress can
induce both mode I and mode II SIFs in general. However,
for the special case a = b, K| increases linearly as ky in-
creases, but Kj; is not affected. This indicates that when the

crack is in the mid-plane of the strip, the normal stress only
results in mode I SIF.
Ilustrated in Fig. 8a, as the upper layer thickness in-

creases, the slope of the solid line K| gradually decreases and
approaches the dot-dashed line, which has the expression

K| = kg, and this is consistent with the mode I crack problem

a

— K, b/1=02 | al/l=1
6 — K, b/1=1
- K =k,
oo Ry, b11=02
- Ky, b/1=1

-1.0 -0.5 0.0 0.5 1.0
Load factor &
b
60 — p/1=02
----- bll=
50
40

-1.0 -0.5 0.0 0.5 1.0
Load factor k,

Figure 8 Effects of the crack face normal stress on a stress intensity
factors and b energy release rate.
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in linear elastic fracture mechanics (LEFM). As shown in
Fig. 8b, the energy release rate is not symmetrically dis-
tributed in the case b/ = 0.2, but symmetrically distributed
in the special case a=>5b. The smaller the upper layer
thickness, the greater the energy release rate. This indicates
that the crack geometric location has a great effect on the
energy release rate: the NERR increases rather rapidly as the
crack approaches the strip surface.

(3) Case with crack face shear stress: p(x) = 0, g(x) = ko,

The crack face normal stress is zero, and the shear stress is
uniformly distributed as g(x) = kg, where k, is the load
factor. The effects of the crack face shear stress on stress
intensity factors are given in Fig. 9a. For the case b/ = 0.2,
both K] and K, linearly increase with respect to ko That is,
the shear stress can affect both mode I and mode II SIFs.
However, for the special case a = b, K] remains zero, but K}

linearly increases as k, increases. This indicates that the
shear stress only results in mode II SIF when the crack is in
the mid-plane of the strip.

As the upper layer thickness increases, the slope of the
dashed line K gradually decreases and approaches the dot-

dashed line, which has the expression Kj; = ky, and this is

a

4
2 .
0 —
1<) Je%
a .
Z_o # .
| — R, bl1=02
5 % — K, b/l=1
=4 - K, b/1=02
e Ry, bli=1
-6/ all=1| --- K =k
-3 -2 -1 0 1 2 3
Load factor k,
b

—0b/1=02

NERR

-3 =2 - 0 1 2 3
Load factor k,

Figure 9 Effects of the crack face shear stress on a stress intensity factors
and b energy release rate.
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consistent with the mode II crack problem in LEFM. The
energy release rate is not symmetrically distributed for both
the case //=0.2 and a = b, as shown in Fig. 9b. The
smaller the upper layer thickness, the greater the energy re-
lease rate.

In summary, the stress field near the crack tip is affected by
the chemical loads, mechanical loads (normal stress or shear
stress), and geometric configuration, thus the stress singu-
larity at the crack tip is usually a mixture of mode I and mode
IT types. The numerical results reveal that the SIFs can be
either positive or negative depending on the combination of
the chemical and mechanical loads. For a certain load factor,
mode II (or mode I) SIF could be zero, that is, only a pure
mode I (or mode II) SIF is generated.

(4) A limit case: a =b —

When the geometric size a = b increases gradually, we
studied the change of stress intensity factors induced by four
crack face loads in subproblem II: (i) chemical load

Jy =D, jo» (i) constant normal stress p(x) = o, (iii) con-

stant shear stress g(x) = o, (iv) shear stress g(x) = o x.
As the geometric size a = b — oo, numerical results show

that K}; induced by the chemical load approaches to zero.

Therefore, the other non-zero stress intensity factors ap-
proach a limit value respectively, as shown in Fig. 10:

K -1, for p(x) = a,,
ku -1, for q(x) = o, (81)
Ky — 0.5, for g(x) = o .

These results are consistent with the SIFs of mode I and
mode II crack in LEFM, which validate the theoretical deri-
vation and the numerical calculation procedure in this paper.

6. Summary and conclusions

This paper studies a plane crack problem in a strip subjected
to chemo-mechanical loading under steady state diffusion.

—a-- K, q(x)=0,x
ku’ Jy= D, j,
[ g
% ¥ [ - RN . 5}
0
-1
-2

0 5 10 15 20 25 30
Geometric size a = b

Figure 10 Effects of the geometric size a = b on stress intensity factors
under different loading.

421439-11

Using the Fourier transform and dislocation density func-
tions, the crack problem is reduced to a set of singular in-
tegral equations, which are solved numerically by the
Lobatto-Chebyshev method. By analyzing the chemical po-
tential distribution and stress field near the crack, the fol-
lowing conclusions can be drawn. The influence of flux
conductivity on the chemical potential of the crack face is
linear, and there is a change of chemical potential on the
crack face in general. Affected by the chemical loads, me-
chanical loads (normal stress or shear stress), and geometric
configuration, the stress singularity at the crack tip is usually
a mixture of mode I and mode II types. The crack geometric
location has a great effect on the stress intensity factors and
energy release rate. As the strip thickness gradually in-
creases, the stress intensity factors approach the classical
results in LEFM.

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 11932005 and 11772106).
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