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ARTICLE INFO ABSTRACT

Keywords: In this paper, we considered a thermal shock problem of a strip with an inner crack parallel to the
Biot’s number heated or cooled surface. The effect of the surface heat transfer properties and the non-Fourier
Non-Fourier effect effect, which are modified by effective Biot’s number and the non-Fourier factor, were considered
Crack

to investigate the transient temperature field and the dynamic stress intensity factors (SIFs).
Fourier transform and Laplace transform were used to reduce this mixed boundary value problem
to singular integral equations (SIEs). The Gauss-Chebyshev numerical integration method was
applied to the SIEs and linear equations are obtained. Finally, numerical inverse Laplace trans-
form was used to obtain the temperature field and SIFs. The numerical results showed that Biot’s
number not only affects the uniformity of the temperature field and the magnitude of the SIFs
strongly, but also makes contributions to the non-Fourier effect. This finding can help better
understanding the fracture behaviors of advanced materials and making a progress to determine
the applicable conditions of the non-Fourier effect.

Fourier transform
Singular integral equations

1. Introduction

The thermal shock problem is an important issue in improving the performance of advanced materials and high-temperature
engineering structures, such as thermal barrier materials [1-9]. To solve this problem, the temperature field should be determined
first. When the classical Fourier thermal conduction theory is applied on large temperature gradient, the assumption that thermal
disturbance will be felt instantaneously at distances infinitely far from its source becomes unacceptable [10]. Researchers began to
pay attention to this paradox science around 1950. Cattaneo [11,12] and Vernotte [13] modified the classical Fourier model by
introducing thermal relaxation time to the thermal conduction equation. The modified non-Fourier model, known as the hyperbolic
heat conduction model or the C-V model, results in a hyperbolic heat conduction equation and a finite heat wave propagation speed.
Joseph et al [14] proposed the Jefferey’s type model for heat conduction, which would predict a smoother heat wave front. Ozisik and
Tzou [15-17] claimed that the relaxation of both heat flux and temperature gradient should be taken into account, which leads to the
dual phase lagging model. Alvarez and Jou [18] elucidated that the in nanosystems, the phonon wave package can be assumed to a
series of standing waves with the wavelength the fraction of characteristic size of systems.
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In recent years, a great amount of thermal elastic study of cracked materials has been carried out based on C-V model. Chen and
Hu [19,20] studied the temperature and SIF behavior of a cracked plate under thermal shock loading with considering the non-
Fourier effect. Guo et al [21] studied the similar problem with a model of a cracked cylinder. Atkinson et al [22] and Fu et al [23]
introduced the coupled effect of the thermos-elasticity to the cylinder model and pointed out that taking the thermomechanical
coupling effect into account does not bring too much difference in comparison with the uncoupled model. Moreover, Li et al [24] and
Li [25] comprehensively studied the thermal barrier effect of the crack, the non-Fourier effect and the inertia effect in his research.
The authors pointed out that the non-Fourier effect was not negligible when the study scale is very small or in some special materials,
such as some non-homogeneous materials [26] or biological tissue materials [27], while the inertia effect was only considerable in
small scale [25]. However, the thermal barrier effect of the crack, which is related to the heat conduction performance of crack gap,
was significant to the distribution of both temperature and stress field in both small and large scales. In addition, the magnitude of the
thermal barrier effect was influenced by many factors, such as the material properties, the filler of the crack gap, the temperature and
so on. Therefore, the thermal barrier effect study would help better understanding the failure mechanisms of the materials and
provide guidance for the design of new materials.

Apart from all these factors, another important factor in failure analysis of thermal shock is the surface heat transfer coefficient,
which may depend on many factors such as the thermal properties of the solid and the liquid, their temperatures at thermal shock, the
surface state of the solid etc. A high surface heat transfer performance leads to a high temperature gradient in the solid near the
surface, and therefore to high thermal stresses. Basing on hollow cylinder model, Guo [21,28] and Fu [10] found the Biot’s numbers
of the surfaces affect the temperature fields and the SIFs remarkably. However, the heat transfer study of the heated and free surfaces
of the crack problem is rare.

In this article, the surface heat transfer effect and non-Fourier effect on a cracked plate under thermal shock loading were studied
in a same framework. Newton’s law of cooling which describes the heat flux to or from a surface by convection heat transfer was
applied to the entire boundary, including the crack surfaces. Three heat transfer coefficients, which correspond to three different
effective Biot’s numbers in dimensionless form, were examined in this research. In addition, the hyperbolic heat conduction theory
was adopted to analyze the thermal fracture characteristics of an isotropic plate containing a crack. By solving mixed boundary
problem, the effect of effective Biot’s number and the non-Fourier effect on the thermal fracture response was analyzed.

2. Statement of the problem and basic equations

We consider a strip which contains a straight crack of half-length r parallel to the free surface, as shown in Fig. 1.

The material is assumed to be homogeneous, isotropic and linearly elastic. A Cartesian coordinate system is established with the x-
axis coincided with the crack plane and the origin at the crack center. The distance between the crack and the two boundaries are [,
and I, respectively, as shown in Fig. 1. In this work, only thermal loading is considered in evaluating the temperature and stress
fields. The initial temperature is assumed to be uniform and equals to T, in the plate. Then the free surface y = — [, is suddenly
exposed to a convective-medium of temperature T.., while the ambient temperature in the range of y > I, stays the initial tem-
perature T,. Convective heat transfer conditions are applied at all the boundaries and surfaces.

2.1. Temperature fields

The famous Fourier’s law of heat conduction presents a linear relationship between the heat flux g through a material and the
gradient of temperature T, as § = —kVT, where k is the material thermal conductivity and V is the gradient operator. In principle,
however, the Fourier’s law leads to an unphysical infinite heat propagation speed within a continuum for transient heat conduction
processes because of its parabolic characteristics. To overcome this contradiction, a hyperbolic model, named the Cattaneo-Vernotte
model, has been proposed by introducing a time-dependent term into the Fourier equation [26,29]. The introduced time-derivative
term describes a wavy nature of heat propagation at a finite speed, which has been proved in both theory and experiments [29-31].
The governing equation of hyperbolic thermal conduction writes
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Fig. 1. A finite strip with an inner crack and initial temperature T, suddenly exposed to a convective medium of temperature T...
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vp=1 ﬂ+roﬂ , i=1,2

a\ ot or? (D)
where the subscript 1 and 2 of T denote the temperature in the range of — I, < y < 0and0 < y < I, respectively; a = k/(p C,)
stands for thermal diffusivity; t is the time; p, C, and 7, are the mass density, the specific heat capacity the thermal relaxation time,
respectively. Referring to Fig. 1, the hyperbolic heat Eq. (1) is subjected to the following boundary conditions:

k%:hl(n—Tw) Xl < o0, y=—lg t>0 (a)

k%:hz(n—n) bl < oo, y=1y, t>0 (b)

a a

7?: T?:h;(Tz—Tl) bkl <r, y=0,t>0 (c)

ki—f:k% d>r,y=0t>0 (d)

=T xlzr,y=0,t>0 (e) 2

where h; (i = 1, 2, 3), in unit W/(m?K), denote the heat transfer coefficient of the lower surface, the upper surface and the crack
surface, respectively. In the boundary conditions (2), equations (a) — (c) denote heat is transferred by convection in all the free
surfaces; Equations (d) and (e) denote the heat flow and temperature are continuous at the extension line of the crack. The initial
conditions of the thermal conduction problem are:

a 2
L=5=0 I <oo, —lg<y<b, t=0 (b) 3

{leTZ:ﬂ) Xl < 00, —lg<y<ly t=0 (a)
2.2. Thermo-elastic field equations
The two-dimensional thermo-elastic theory provides formulations involving the solution of boundary-value problems. In this class
of problems two special cases, namely the plane stress and the plane strain should be distinguished. In the frame of the plane elasticity
theory, the solution of a plane stress problem can be converted to that of the corresponding plane strain problem and vice versa. The
basic equations of the 2-dimension thermos-elasticity problem for a homogeneous isotropic body are:

(1) Equilibrium equations in absence of the body forces:

Box @_0

ox y
Otxy doy _ 0
o Ty T “@

(2) Hooke’s law:

o = [(1 +10%+ (3 —K)j—; — 4a(T - To)]

x—1

E 3
o = Kﬁl[(3 — 0%+ (1 + 02— 4a(T - TO)]
du dv
=n(+3) ®)
where u and v are the displacement components; ey, €, £xy, are the components of the strain tensor; u and a are the shear modulus and

the coefficient of linear thermal expansion, respectively, xk = 3 — 4v for plane strain and x = (3 — v)/(1 + v) for generalized plane
stress. By substituting the stress-displacement relationships (5) into the equilibrium equations (4) we obtain:

%u o%u Rl ar
(1+1<)y+(7<—1)6y—2+2%_4a§
Rl Eal o%u ar
(K—1)¥+(1+K)ay—z+2%_4a5 ©)

The thermal shock problem should be solved under the following boundary conditions and initial conditions:
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o1 =0 xl < o0, y=-1I, (a)
Ty1 =0 Ixl < o0, y=-1I, (b)
0, =0 xl <00, y=1, (c)
Ty2 =0 Xl <00, y=1I (d)
Oy1 = Oyp Xl >r, y=0 (o)
Tyl = Tg2 IxI >r, y=0 (f)

or1=0,=0 kI<r, y=0 (g
Ty =Ty =0 XI<r, y=0 (h)
W= U Xl>r, y=0 (i)
V=V, Ixl >r, y=0 () )

where the subscript 1 and 2 of the displacements and stresses denote the temperature in therangeof — [, < y < 0and0 < y < I,
respectively. In (7), (a) — (d) translate the traction free conditions at the top and bottom surfaces of the plate; (e) and (f) denote the
stress continuity across the ligaments which extend the crack while (g) and (h) describe the traction free conditions of the crack

surfaces; (i) and (j) denote the displacements are continuous at the extension line of the crack. The initial conditions are written as
follows:

uj=v=0 Ixl < 00, =lg <y <l t=0 (a)
0i =0y =Tgi =0 Ixl <oo,=l,<y<l,, t=0 (b)

(8)

3. Solving process

In the following, we present the resolution procedure of the above-defined thermo-elastic equations. Globally speaking, the
Laplace and the Fourier transform techniques and Gauss-Chebyshev numerical integration method are used in resolving the problem.

3.1. Temperature fields

As is discussed previously, the governing equations of the temperature fields and the displacements in the form of partial dif-
ferential equations with the mixed boundary conditions are obtained. Obviously, the solution of the temperature fields and dis-
placement fields can be written as:

T=Tx, y, t, a, k, 79, hy, hy, b3, 7, lg, Ip)
u=ux, y, t, a, k, 7, ¥, u, a, hy, hy, hs, v, lo, lp)
v=v(x, y, t, a, k, 70, ¥, u, o, by, hy, B3, 1, Loy bb) 9)

The form of solutions contains the coordinate variables X , y; the time variable t; the material parameters a, k, 7o, hy, h, hs, , i, k
and the geometrical parameters r, l,, l. The diversity of parameters makes the solving process and the expressions of the formulas
very complex. In general, nondimensionalizing the governing equations and the boundary conditions would benefit the solution and
analysis of engineering problems. This process often yields important dimensionless parameters and reduces the dependency of the
solution on a potentially large number of dimensional parameters.

Since the numerical techniques are heavily based on the properties of the related Chebyshev and Jacobi polynomials, it would be
useful to set the crack in the normalized coordinate interval [—1, 1]. Hence, we define the dimension-independent variables as
follows:

Oy I )= SR e

r r2
v _ =T
™= To—To’
* A (u, v) * * £\ (o, ox: Ty)
W V) = e O % ) = aq (10)

The governing equation and the boundary conditions of the temperature fields have the following dimensionless forms:

Ty oy

V2T = +
ET e T an
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‘;% = Bi\(T} — 1) 'l < o0, ¥ =L (a)
‘Zf = —Bi,T} X'l <o, y =1 (b
oT; _ 9T, « . _
Pl x1>1,y =0 (o)
=T, X1>1, ¥y =0 (d)
ory _ 4T, p— - * *
L="2=Bi(T, - T <1,y =0
3 » i3 (T, 1) X< y (e) (12)
T'=0 IxI <o, —ly <y <1, =0 (a)
o1y _ . e e e
S =0 Xl <oo, =, <y <, =0 (b) 13)

where the gradient operator V is related to the dimensionless coordinates x* and y*. 7; is the normalized thermal relaxation time
which we named the “Non-Fourier factor” (NFF) [24,32] and is defined as:

5= 00
17 72 14)
The coefficient Bi is defined as
. hir .
Bi; = o i=1,2,3) (15)

and named “Effective Biot’s number”. It is worthy to note that in this work Bi; (i = 1, 2, 3) differs slightly from the conventional Biot’s
number, which should be defined as Biot; = h; (I, + l,)/k (i = 1, 2, 3). In this study, the values of [, and [, are preset to be r and 4r
therefore the relations between Bi; and Biot; is Bi; = Biot;/5. In the following analysis, the superscript “*” will be omitted for
simplicity.

In heat conduction problems, the Laplace transform is generally applied to the time variable t. The Laplace transform is defined as:

_ > o
gx,y) = _/0‘ g(x, y, e Pidt a6
By definition, g (x, y, t) can be expressed in term of g(x, y)
0y D)= — 77 g(x, yerd
g, y, 1) = 2t Jy—ico g8,y p a

where the parameter “i” is the imaginary unit. It should not be confounded with the italic letter “i”, which is used as a subscript order.
y is a real constant that exceeds the real part of all the singularities of g (x, y). The functions g (x, y, t) and g(x, y) are called a Laplace
transform pair [33]. By substituting the Laplace transform (17) to Egs. (11) and (12), and taking use of the initial conditions (13), we
have the governing equations and boundary conditions in Laplace domain:

Vh=@+ap)T i=1, 2 (18)
a- . -
a—? = Bll(Tl - %) Xl < o0, y=—ls (a)
%ﬁz =BT Xl <oo, y=1y (b)
of _ o _
Eialy xl >1, y=0 (c)
=10 xXl>1,y=0 (d)
Of _ 0D _ pi o _
5 =% =Bi3(L—-T) IxI<1l, y=0 (e) 19)
a- . —
a—? = Bll(Tl - %) Xl < 00, y=-1, (a)
%ﬁz = BT Xl <oco, y=1y (b)
of _ o _
5 =% xIl >1, y=0 (c)
=1 xXl>1,y=0 (d)
0 _ 0D _ p: (o o —
Fialir Bi(hL—-T) KXI<1,y=0 (e (20)
By taking use of the Fourier transform, the general solutions of the temperature fields can be written as:
T = i/f; (Cr,1e™™ + Cr ,e™)ei¥df  Ixl < o0, —l, <y <0
T, = i_/:: (Cr,3e™™ + Cr 4e™)e¥dE  Ixl < 00, 0<y <1y 1)
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wherem = (£ + p + 7, p)V?, Cr,; (i = 1, 2, 3, 4) are unknown functions and can be obtained by the boundary conditions. Introduce
the density function as:

0L, 9%
=——-——, IXl<oo,y=0
) ox  ox sy (22)
It is clear that from the symmetry of the model that
1
‘/:1 $(x)dx =0 (23)
and at the extension line of the crack, the density function satisfies:
$(x) =0, Ixl >1 24

By substituting (21) into the boundary conditions (20) (a) — (c¢) and the density function (22), Cr, ; can be obtained and the
temperature fields in Laplace space can be expressed as:.

- 1 - 1 . -
L= f(;oo T, g cos(&x) f,l ¢sin(&x)dxdé + T;
- 1 - 1 . -
L= E./(;m T, gcos(éx) [ psin(Ex)dxdé+T; (25)
where
7= (@Bt m)e2™Mlb + Biy — m)((Biy + m)e*m(a+¥) _ Biy + m)
Lé = T e (Biy + m)(Bin + me2mUat 1) _ (m — Biy)(m — Bin))
T = e~"MY(m — Bij — €2™la (m + Biy))(e2™ (m — Bip) + €2™lb (m + Biz))
28 T T E(C(m—Bin)(m - Bip) + e2mUat 1) (m + Biy)(m + Bia))
T e(=Y+la)mo pj; (e2M0(—Bip + mo) + e2b™0 (Biz + my))
87 p(Bir— mo)(=Biz + mo) + 20+ )MOp (Biy + mo)(Biz + mo) (26)

where mg = (p + 7, p>)!/2 Noting that ¢ is the only undetermined function in (25), therefore, the boundary condition (e) in (20) is
sufficient to determinate the unknown. Substituting (25) into (20) (e), we obtain the integral equation in which the only unknown is

).
1 1
S, ¢(n)(m +k(x, n))dn =g -
where k (x, 1) is the Fredholm kernel and given by
ke, m=

fOO _2 m (Bij cosh(mlg) + msinh(mlg))(Biz cosh(mlp) + msinh(mlp))
0 & (Bi1Bip + m?) sinh(m (Iq + Ip)) + (Bi1 + Biz)m cosh(m (g + Ip))

— §Bi3 + 1)-sin(§(x —n))d¢ (28)

and

27Biy m (Biy cosh(mylp) + mgsinh(mgly))
p(BiyBiy + m¢) sinh(mq (I, + 1)) + (Biy + Bi)mop cosh(my (I, + 1)) (29)

& (x) =

Eq. (27) is the singular integral equation of the first kind which arises from the formulation of the mixed boundary value
conditions. According to the singular properties of the crack tip, the solution of (27) can be rewritten as

()
V1 —x? (30)
An effective numerical solution of (27) can be obtained by using a quadrature formula of the Gaussian type with appropriately

selected orthogonal polynomial and values of x; (j = 1, 2, ..., n — 1). Thereby Eq. (27) and (23) can be reduced to the following
system of linear algebraic equations of the unknown function ®(#;), written as

$(x) =

L 0y ke ) =gl J=Ln—1
T @) =0 (31)

Once the function ®(#;) is obtained, the temperature fields in Laplace space can be obtained by using the following numerical
integration:

S psin@ax= 25 @0)sin(@) 2

The temperature fields in time domain can be given by applying the Laplace inverse transform developed by Miller and Guy [34].
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3.2. Displacement fields
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Similarly, the dimensionless governing equations and boundary conditions of the displacement fields have the following form:

In the following analysis, the superscript

2u* 2u* 32" _ 4or*
(1 + K) Bx*2 + (K - 1) ay*2 + 23x*5y* T Toxt
92v* 92v* P  _ oT*
(x—1) 2 +(1+ K)W + ZW =4 (33)
0 =0 Xl < o0, ¥y =—I; (a)
Ty =0 X'l < o0, y' =—1; (b)
0, =0 X1 <o, y =1 (¢
Ty =0 X1 <oo, y =1 (d)
cr;1 = 0;2 xX1>1, y =0 (e
Ty = Tuga XT>1, y' =0 ()
on=0,=0 KI<1, » =0 (g
Tp1 =Ty =0 K11, y =0 ()
Uy = u; Wl>1 y=0
v =V, X1>1, y =0 () (34)
uf=v =0 Ix* < o0, =ly <y <ly, t*=0 (a)
05 =0y =Tg; =0 X'l <00, =lg <y<ly, t*=0 (b) (35)

@y

will be omitted for simplicity. Applying the Laplace transform to (33) and (34),

3%a; 3%; 8%v; _ 4900
(1+k)ax2+(k—1)ay2+zaxay_ ™ 1,
8%5; 8% 8%v; _ 3717",', -7

(x — l)ﬁ + zaxay + 1+ ")572 = 4ay 36)

61=0 Ixl < o0, y=-I, (a)

Tg1 =0 Ixl < o0, y=-—1, (b)

8,=0 Ixl <oo, y=1 (c)

Ty2 =0 Ixl <00, y=1, (d)

Gy1 = Gy xl >1, y=0 (e

Z_')g,] = TXyz Ixl > 1, y= 0 (f)

Gn1=0,=0 k<1, y=0 (g

fxyl = ‘Exy2 =0 Ixl <1, y= (,’l)

i =i xl >1, y=0 (i)

V=7, xXl>1, y=0 () 37)
The above PDEs have the following characteristic polynomial obtained by setting their general solutions of the form "

A=2282 484 =0 (38)
The roots of the polynomial equation (38) are given by
h==8 == 3=§ 4,=¢ (39

The displacement fields in Laplace domain satisfying the boundary condition and regularity condition can be expressed as

) = 5[5 [(C + e + (¢ + f'y)edy + af  + af sleidg

L) = o 5 1CH + Clly)er + (Cf + Clly)eby + af 5 + af sleidg

01() = 5 [ (B + Bfy)e ¥ + (B + Bfly)e®r + il 4 + il 5]eidg

020) = 5 S0 (B + BIy)e™ Y + B + B y)ek + iy + af s]edg (40)

where B?and ¢/’ (i = 1, ---, 8) are unknown functions to be determined. The functions B’ and ¢ (i = 1, ---, 8) are inter-dependent.
Their relationships, obtained by substituting Eq. (40) into either one of Eq. (36), are given in (A.1). The expressions of
4%y, @5, 0l 95 = 1, 2) are given in (A.2) — (A.9).

To solve the unknown functions C* (i = 1, ---, 8), the boundary conditions (a) — () in (37) can be used. This allows providing six
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equations. The other two equations are found by considering the mixed boundary conditions (g) and (h) in (37) which would give a
pair of dual integral equations. Now we define two dimensionless dislocation functions f; (i = 1, 2) along the crack lips y = 0 as
follows:

i, Jeli
=52 -5 y=0

_ o0y AV _
h =730 -5 y=0 1)

From the conditions (i) and (j) of (37), we know that f; (i = 1, 2) also satisfy the single-valued conditions:

[ifwdc=0 (=12 “42)
and
fik)=0 (i=1,2) Ixl > 1 (43)

Physically speaking, Eq. (43) means that the displacements are single-valued for the non-cracked portion along y = 0.
¢ (i =1, -, 8) can expressed in terms of fi @i = 1, 2) by applying the definition of the dislocation function f; (i = 1, 2) in (41)
and the boundary conditions (a) — (f) in (37):

8 2
" 1 1, o
Ci _ZAiJ"Yj"'EZ:AiJ‘/_‘If}E '5"dx i=1, 2, ---, 8
Jj=1 j=1 (44)

where A is a square matrix and y is a column vector and are given in (A.10) — (A.12). The subscript i and j of A denote the ith row and
jth column of A. By applying the boundary conditions (g — h) in (37), it can be shown that f; (x) (i = 1, 2) satisfy the following
singular integral equations(SIEs):

1

2 _ © 51" oo
> ff,-(n)(f Kij (€ x, n)d¢ + — ]dn= S Kis(6 0)dé, i=1, 2
j= 0 0

, n—x (45)
where K (i = 1, 2;j = 1, 2, 3) are given in — and ¢, is given by:
L T2y, — 1)
¢y = Z sm(é’cos(ni))@(ni)
pus 2n (46)

According to the singularity of the crack tips, the solution of the SIEs can be rewritten as

Fx) (=1, 2)

V1 —x? 47)

where F; (i = 1, 2) satisfies the Holder condition on the closed interval of [—1,1] and F; (—1) = 0, F; (1) = 0. An effective numerical
solution can be obtained by using a quadrature formula of the Gaussian type with appropriately selected orthogonal polynomial and
values of x; (j = 1, -, n — 1). Thereby the SIEs (45) can be reduced to the following system of linear algebraic equations of the
unknown function, written as

S =

2 n ) L b
% (ZAi(f Ky, xj, m)dé + L )Fl(ﬂi)] = [ K36 x)¢,dé, k=12
1=1 \i 0 0

= i =%

3

AFi() =0, 1=1,2
i=1

(48)

where Ki; (k = 1, 2; 1 = 1, 2, 3) are given in (A.14) — (A.19). The discrete points »; (i = 1, ---, n) correspond to the zeros of the
orthogonal polynomials which related to the particular Gaussian quadrature. The corresponding Gauss point are:

i

7 = cos( o

1 .
7'[), i=1,-,n

_ J i=1 e n—

X = cos(nn') j=1-,n-1

T

2(n—1)
= il i = “ee —

A = i=2 -,n-1 (49)

n—1

Ai=

In this paper, the number of Gauss point is set to be 15.

3.3. Stress intensity factors

The dimensionless stress intensity factors (SIFs) at the right-side crack tip in Laplace space are defined as:
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K = lim {27 (x — 1) &1 (x, 0)
x—1
K= lin}\/27'[(x — DTy (x, 0) 50)

The stress components at the crack ligaments can be rewritten as

1
20+ D)o, 0) = f T, (ndy
-1

1

+ X ff;’(ﬂ)(.;‘oKZ,j(§9 X, n)d§)d7] - mez,s(g, X)¢odé
0 0

j=1-1

S+ D 0= f Seh (dn

1

+ X ffj(’])(fwKu(f, X, n)d%')dr] - mem(g, x)¢,d€
0 0

j=1-1

(51)

The stresses are expected to be singular at the crack tip. It is clear from the definition of the stress intensity factors that no terms in
(51) is more singular than the square root singularity. Regarding the behavior of Cauchy integral [35]:
1 E(-1)e5 E()e 5
= dn = =2 - = +F(x), i=1,2; IxI>1
n_{n—x 7 21T +x V241 =x 0 ~ (52)
where Fy (x) is a bounded function. By omitting the less singular terms, we deduce the dimensionless stress intensity factors as
follows:

K1) = -2 F1)

B =-SZRO) (53)

The stress intensity factors in the time domain can be obtained from (53) by using the numerical Laplace transform developed by
Miller and Guy [34].

4. Numerical results

In this paper, the dimensionless geometrical parameters [, and I, are preset to be 1 and 4, respectively; the Poisson’s ratio v is
assumed to be a constant because the effect of its variation on the SIFs was shown to be negligible [36,37]. Here we choose k = 2,
which corresponding to v = 0.33 in plane stress and v = 0.25 in plane strain. Therefore, the parameters that influence the dis-
tribution of the temperature field and the magnitude of the SIFs include the three effective Biot’s number Bi; (i = 1, 2, 3) and the non-
Fourier Factor 7;. When Bi; = oo and Bi, = 0, the model is similar with the study of Hu and Chen [38]. The numerical results in this
paper corresponding well with the results given in previous literatures.

The coupling of the non-Fourier effect and the convection boundary conditions provides complex temperature and stress fields
near the crack. In the following we will study the effect of these four factors in detail.

4.1. Temperature fields

The temperature at the mid-points of the crack surface(TM) versus dimensionless time is shown in Fig. 2 for Bi; = Biy = oo,

L

T3(0, 0, 1)
10,0, 1)

DimensionlessTemperature

2 4 6 8 10
Dimensionless time (r*=at/r?)

Fig. 2. Effect of the non-Fourier factor 7; on the normalized temperatures at the mid-points of the crack surfaces (T; (0,07, t) — To)/(T.. — To) and
(T, (0,0%, ) — To)/(T.. — To) when Bi; = Bi, = « and Biz = 0.
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Fig. 3. Effect of Bi; on the normalized temperatures at the mid-points of the crack surfaces (T; (0,07, t) — To)/(T.. — To) and (T (0, 0%, 8) — To)/
(T.. — Ty) when 7; = 0, Biy = * and Biz = 0.

Biz = 0. The solid red curve and the long-dashed curve denote the temperature at the mid-point of the lower crack surface while the
dotted red curve and the short-dashed curve denote the temperature at the mid-point of the upper crack surface, which is the same in
Fig. 3, Fig. 5 and Fig. 7.

As 7 increases from 0 to 0.6, the magnitudes of the positive fluctuation on the lower face increase accordingly, while their steady
state values convergent to a same value as time is long enough. Because of the presence of the attenuation term 0T/0t in the
hyperbolic heat conduction Eq. (1), the oscillation amplitude and frequency of the curves decrease with the dimensionless time and
converge to 0 as t* goes to infinity. The general results for the hyperbolic model can be reduced to the Fourier heat conduction results
when either r; = 0, or t*— oo, as shown in Fig. 2. The effect of 7; were more thoroughly studied by Li [24] and Fu and Chen [10,20].

Fig. 3 shows the effect of Bi; on TM when 7; = 0, Bi; = < and Bi; = 0, respectively. Fig. 4 shows the maximum temperature
difference between the mid-points of the crack surfaces (MTD) versus Bi; for different z;. When Bi; equals to 0, the lower surface is
thermally insulated and the temperature of the plate remain unchanged after the thermal shock loading. Therefore, Bi; = 0.01, a
value that slightly larger than 0, is chosen as the smallest Bi; for plotting the curves. As the increasing of Bi;, the heat transfer
performance of the lower surface increases, and therefore, the temperature field and the MTD increase too. It is also shown in Fig. 4
that the MTD is not sensitive of the non-Fourier effect for small Bi; value, but becomes obviously sensitive and increase with z; when
Bi; greater than 0.2.

Fig. 5 shows the effect of Bi, on TM when 7; = 0, Bi; = oo and Biz = 0. Fig. 6 illustrates the MTD versus Bi, for different r;. When
Bi, equals to 0, the upper surface is thermally insulated. Therefor the heat accumulates over time in the plate and the temperature of
the plate increases and can reach up to the dimensionless thermal shock temperature when the dimensionless time is long enough.
The temperature field reaches a static equilibrium state and there is no heat flux in the plate. As the increasing of Bi,, the heat flow
out of the upper surface is no longer zero. Therefore, the temperature field would reach a dynamic equilibrium state when the
dimensionless time is long enough. In this case, the dimensionless temperature of the upper surface is less than 1 at the final state. It is
shown from Fig. 6 that the MTD is not sensitive of Bi, and slightly decreases with Bi,, but increases significantly with z;.

Figs. 7 and 8 show the effect of Biz on TM when Bi; = Bi, = o and 7; = 0, respectively. Fig. 8 illustrates the MTD versus Biz for
different values of 7;. When Bis equals to infinity, the crack surfaces have perfect thermal contact and the temperature field is the
same as that obtained from the non-cracked plate model. Correspondingly, the temperature curves of the two mid-points coincide

Biy=co, Biz=0

1.2
1.0y
0.8
0.6
=04
0.2

0.0 ‘ ‘ ‘
0.01 0.10 | 10 100 1000

Bi1=/’11/‘/k

2)

ax( Tl

Fig. 4. Effect of Bi; on the maximum temperature difference between the mid-points of the crack surfaces (T; (0,07, t) — T (0, 0%, 0)/(T.. — To)
when Bi, = e and Biz = 0.
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71=0, Bij=co, Bi3=0

Dimensionless Temperature

0.4
Bi, =0
0.2 Bi, =0.1
I Bi = 1.
/ Bir = 10.
0.0 Bip = co
0 10 20 30 40

Dimensionless time (*=at/r?)

Fig. 5. Effect of Bi, on the normalized temperatures at the mid-points of the crack surfaces (T; (0,07, t) — To)/(T.. — To) and (T (0, 0%, t) — To)/
(T.. — To) when 7; = 0, Bi; = < and Biz = 0.

0.01 0.10 1 1‘0 100 1000
Bizzhzl‘/k

Fig. 6. Effect of Bi, on the maximum temperature difference between the mid-points of the crack surfaces (T; (0, 0™, ) — T, (0,0%, ))/(T.. — To)
when Bi; = o« and Biz = 0.

e
)

<
o

71=0,

Dimensionless Temperature
f=}
=

0.2
Bi3=0.1
i Biz =1
0.0 Biz = 10.
0 5 10 15 20

Dimensionless time (t'*=ar/r2)

Fig. 7. Effect of Biz on the normalized temperatures at the mid-points of the crack surfaces (T; (0,07, t) — To)/(T.. — To) and (T (0,07, ) — Tp)/
(T.. — To) when 7; = 0 and Bi; = Biy = oo.

together (the orange curves in Fig. 7). The thermal insulation of crack gap increases with Biz and the temperature curves of the two
mid-points get away from each other. Fig. 8 shows that the values of MTD are not sensitive of the non-Fourier effect for big Bis values,
but increase evidently with ; when Biz < 20.

4.2. Stress intensity factors

The inertia effect of the stress wave and the coupled effect between the temperature and the stress are ignored in this study.
Therefore, the temperature field is the only source which generates the thermal stress. Predictably, the SIFs have the similar prop-
erties to those of the temperature field. In the following we will analyze the properties of the SIFs by using the similar method to that
described in the previous section.

Fig. 9 shows the effect of the non-Fourier factor, 7;, on the normalized SIFs (K;*, K2*) = (Kj, Ky)/(uart’*(T.. — To)) when

11
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0.0l 010 1 10 100 1000

Bi3=h3l‘//{

Fig. 8. Effect of Biz on the maximum temperature difference between the mid-points of the crack surfaces (T; (0,07, t) — T (0, 0%, 0)/(T.. — To)
when Bi; = Biy, = oo.

Dimensionless SIFs

4 5 6 ) 8
Dimensionless time (*=at/r?)

Fig. 9. Effect of the non-Fourier factor 7; on the normalized stress intensity factors (K;*, K»*) = (K3, K2)/(}1arl/ %(T.. — To)) when Bij = Bip = o
and Biz = 0.

Bi; = Biy = oo and Biz = 0. The solid red curve and the long-dashed curve denote K;* while the dotted red curve and the short-
dashed curve denote K,*. This graphical convention applies also to Figs. 10, 12 and 14. In Fig. 9, the red curve (z; = 0) is obtained by
neglecting the non-Fourier effect. As 7; grows, the oscillation property appears in the evolution curves of the SIFs, similarly to that of
the temperature field. The steady state values of the SIFs converge to a constant value when the time is long enough. From the
tendency of these two groups of curves, we can conclude that the principal effect of the non-Fourier factor on the stress field is the
oscillation of the later during the thermal shock process. It is clear that the stress oscillation occurs as the consequence of the
temperature wave. More importantly, the maximum SIFs can be much higher than those obtained with the conventional Fourier heat
conduction analysis.

The curves SIFs versus dimensionless time for different Bi; and the curves maximum SIFs versus Bi; for different r; are shown in
Figs. 10 and 11, respectively. There is no temperature change in the plate and no stress concentration at the crack tips when the lower
surface is completely heat insulated. Similarly, when Bi; is small, the surface heat resistance is large and the variation of temperature
field around the crack is small, which lead to small SIFs. The magnitude of SIFs increase as the effective Biot’s number Bi; increase
and reach the peak value at Bi; = . The orange curves in Fig. 10 correspond to the red curves in Fig. 9.

0.05
(%) F = =
=) I/
«»2 0.00
w £\
s
E 7120, Biy=co, Biz=0
2 -0.05 L
8 | B =0.01
=1
g Bi1=0.1
2_0.10 Bij=1
Biy=10.

0 2 4 6 8 10
Dimensionless time (¢"=at/r?)

Fig. 10. Effect of Bi; on the normalized stress intensity factors (K;*, K»*) = (Kj, Kz)/(uarl/ (T.. — Ty)) when ; = 0, Bi, = o and Biz = 0.
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0.01 0.10 1 lb 100 1000
Bil = hlr/k

Fig. 11. Effect of Bi; on the maximum stress intensity factors (Kimax*> Komax™) = (Kimax Komax)/(ar'’*(T.. — To)) when 7; = 0, Bi, = o and
Bis = 0.

0.05],

0.00

71=0, Bij=c0, Bi3=0
-0.05 It e

Dimensionless SIFs

0 10 20
Dimensionless time (+'=at/r?)

Fig. 12. Effect of Bi, on the normalized stress intensity factors (Ky*, K»*) = (Ky, K2)/(uar/*(T.. — T,)) whenr; = 0, Bi; = o and Biz = 0.

The variation of SIFs versus dimensionless time for different Bi, and the variation of peak-value of SIFs versus Bi, for different r;
are shown in Figs. 12 and 13, respectively. It is clear from these two figures that the magnitude of Bi, doesn’t change the peak value of
the SIFs, whereas the final convergence value and the convergence speed of SIFs increase as Biy increases. Especially, the di-
mensionless time used to reach a stable state when Bi, = 0 is almost 4 times higher than the corresponding time when Bi, tends to
infinity.

Figs. 14 and 15 exhibit the variation of SIFs versus dimensionless time for different Biz and the variation of peak-value of SIFs
versus Bijs for different 7;, respectively. When Bi; equals to infinity, the temperature field is the same as that obtained from the non-
cracked plate model and the temperature gradient has no singularity at the crack tips. Therefore the SIFs are almost 0. As the decrease
of Bis, the thermal insulation of the crack gap increases and then the SIFs increase. The absolute value of K; and K, increase at the
beginning and decrease after they reach the top value. The peak values increase as the effective Biot’s number Biz decreases. This
trend is directly related to the dependence of the temperature field on effective Biot’s number. As discussed above, the crack behaves
as a thermal resistance: smaller effective Biot’s numbers signify bigger thermal resistance. Therefore, the smaller the effective Biot’s
number is, the higher the temperature gradient is around the crack and consequently, the higher the SIFs will be.

0.05
0.00 Bij=co, Biz=0

*
KZ Max

-0.05

Max SIFs

-0.10

-0.15

-0.20
0.01 0.10 1 10 100 1000
Bizihlr/k

Fig. 13. Effect of Bi, on the normalized stress intensity factors (Kimax*, Komax™) = (Kimaxs Komax)/(uar'’*(T.. — To)) when 7; = 0, Bi; = « and
Bis = 0.
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Fig. 14. Effect of Bi; on the normalized stress intensity factors (K;*, K»*) = (Kj, Ko)/(uar(T.. — Ty)) when r; = 0 and Bi; = Biy = oo.
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Fig. 15. Effect of Biz on the normalized stress intensity factors (Kimax*, Komax™) = (Kimax Kz,,,ax)/(uarl/ %(T.. — Ty)) when; = 0 and Bi; = Bi, =
oo ADDIN

5. Conclusions

The thermal shock problem of a cracked thermoelastic plate has been studied using the hyperbolic thermal conduction theory.
Surface heat transfer properties are considered in all the boundaries during the analysis. The governing equation and the boundary
conditions are written in dimensionless form. The Laplace transform and the Fourier transform are applied to solve the mixed-
boundary condition problem. The numerical integrations and the numerical Laplace transform are used to obtain the temperature and
the stress intensity factors in the time domain.

The curves in Figs. 4, 6, 8, 11, 13 and 15 are almost parallel to each other, which means the non-Fourier effect and the heat
transfer condition of the surfaces are uncoupled. On the one hand, larger 7; always leads to larger maximum values of the tem-
perature difference between the two crack surfaces and therefore to the larger values of the SIFs for a given group of boundary
conditions. On the other hand, the influence of Biot’s numbers on the temperature field and on the SIFs is quite similar for different z;
values.

It is suggested that in designing engineering structures, decreasing Bi; and Biz and increasing Bi, will help to increase the thermal
shock resistance and the strength against thermal fatigue. In this spirit, trying to modify the effective Biot’s numbers remains an
efficient way to improve the high temperature performance of structures without changing the physical properties of the material.
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Appendix

The relations between B and CF (i = 1, ---, 8) in (40) are:

B/ = M B;' = ic/Tsign(4),
Bl = M Bl = —icfsign (%),
B = M B = icfsgn(®),
BH = w Bf' = —ic{sgn(¢)

where sgn(€) is the signum function.
The functions &y, a5, v/, 953 = 1, 2) in (40) are defined as:

o = 2" (Bl + m)et™ + B — m)((Bi + m)e* () — Biy + m@
247 e+ 1)(m? — E2)((Biy + m)(Bi, + m)e?latl) — (m — Bi))(m — Bi))
ar, = 2e~™((Bi; + m)e*"a + Bi; — m)((Bi, + m)e?"b + (m — Bi,)e?™)

? T (e + D(m? — E2)((Biy + m)(Biy + m)e?latl) — (m — Bi))(m — Biy))

o, = 2ime~"((Biy + m)e*™ + Bi, — m)((Biy + m)e*"(a*) + Bij — m)
' (c + DEm? — E)((Biy + m)(Bi + m)e?™lath) — (m — Biy)(m — Bir))

_p_ 8ime™*)(Bj; cosh(ml,) + msinh(ml,))(Biycosh(m(y — 1)) — msinh(m(y — 1)))

tae = (1 + 1)é(m? — E((Bir + m)(Biy + m)e?ath) — (m — Biy)(m — Bi))
U s=0

4y 5=0

P 4Biymye™ e ((my — Bip)e?™Y — (Biy + my)e?™ob)

G+ Dpmd((Biy + mo)(Bi, + mg)e?0la+h) + (Bi; — mo)(mo — Biy))

_ 4Bi1mem01“_m0y((m0 — Biz)ezm(]y — (Blz + mo)e2m0’b)
(x + Dpmg ((Bir + mo)(Biy + mg)e?mola*v) 4 (Biy — my)(mg — Bi))

Vi, s

A and vy are in (44) are defined as:

[ (11'1 alvz ll]y3 (11’4 0 0 0 0 1!
0 0 0 0 @ms me a7 s
31 432 W3 B A5 e A7 d3g
A41 Q4p Q43 Q44 Q45 Qae Q47 Qag

A=
0 0 0 0 Ass5 Qse Qs7 Asg
0 0 0 0 ass5 A6 67 Qog
-1 -1 -1 -1 1 1 1 1
|-B, —B, —B; —B, B, B, B; B |
where
aj = (1§v + Bjxlj)e"l.f’a ] =1, -,

4
) = (iB; + A;)e~Hh j=1 -4
a3y = (=DHI=*9 (& + By) j=1,-,8
agy = (=DHI(EEB + 4)  j=1,-,8
as; = (v + BjA;)ell j=5 8
asj = (i€B; + 4;)eb j=5 8

15

(A1)

(A.2)

(A.3)

(A.4)

(A.5)
(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

(A.11)



W. LI, et al Engineering Fracture Mechanics 228 (2020) 106923
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where H(x) in (A.11) is the Heaviside step function. It is a discontinuous function whose value is zero for negative argument and one
for positive argument:

0 x<0

H(x) = {1 x>0 (A.13)

Kii (k = 1,2;1 = 1, 2, 3) in (48) are written as:

Kii = g s (481 (8 (& — 1) = sinh(&L))
+ 2& (I (&l (sinh (2&l,) — 1) — 2sinh?(&ly)) + &2 (2&l, + sinh(2€l,) — 1))
—sinh(2E (I, + Ip)) + cosh(2€ (I, + 1)) + sinh(2&l,) + sinh(2&l,) — 1] (A.14)
2E2(I2sinh?(&ly) — IZsinh?(&l,
K, = 25 ( 2(§ b). 21, (&la)) cos((x — &)
E2(ly + 1p)? — sinh?(E (1, + 1p)) (A.15)
_ 2msin(&) 1
Ky = =016+ D2 IE1(A - A)B + (< — D(A; + A)B)
m((Biy + m)e*™a 1 Biy — m)((Bip + m)e2lb + Bir — m)
(m = §)(m + §)((Bir + m)(Biz + m)e2MUa+lb) — (m — Bir)(m - Biz)) (A.16)
2£2(12sinh?(&l,) — 12sinh?(£l
K = f (5 2(5 a). L (&) cos((x = n)E)
E2(1y + Ip)? — sinh?(E(l, + 1p)) (A.17)
_ sin((x = n)§) inh2 _
K= 2o U+ 1)~ 26%0a 4 1) [28L, (2sinh?(§ly) — 281, (&lp + 1))
+ 2£(lp (&ly (sinh (2€l,) — 1) + 2sinh?(&l,)) + 513(—2&, + sinh(2&l,) — 1))
—sinh(2€ (I, + Ip)) + cosh(2¢€(l, + 1)) + sinh(2&l,) + sinh(2&,)—1)] (A.18)
Kp3 = ;g0 + DEQ IE(A + Ag)-B + (x + 1)(A; — Ay)B)+
4i§em(la+lb)(Bi1 sinh(mlq) + m cosh(mlg))(Biz cosh(mlp) + m sinh(mlp))
(m = &)(m + £)((m — Bir)(m — Big) — (Biy + m)(Biz + m)e?" (la+lp)) (A.19)

where the subscript i (i = 1, 2, 3, 4) of A denotes the ith column of A and the operator “-” denotes dot product of vectors.
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