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Abstract - In this work, a three-dimensional model of the Lord and Shulman (L-S) generalized thermoelasticity with memory-
dependent derivative (MDD) and fractional order strain is established. This model is developed by extending classical thermoelasticity
models in two aspects: fractional order strain is employed to depict the mechanical phenomena caused by viscoelasticity; while the
memory dependence of heat conduction is considered using MDD. The effects of each parameter on the behavior of the field quantities
are elucidated and represented graphically. The results show that the introduced parameters make the distribution of the studied fields
smoother in comparison with the classical models.
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1. Introduction

In recent years, inspired by the successful applications of fractional calculus in different areas of physics and
engineering, generalized thermoelasticity (GTE) models have been further extended into temporal fractional ones [1-3] to
express memory-dependence in heat conductive sense. Recently, Wang and Li [4] proposed a memory-dependent
derivative (MDD), which is defined in an integral form of a common derivative with a kernel function on a slipping
interval, which is better than the fractional one in reflecting the memory effect (instantaneous change rate depends on the
past state). Yu et al. [5] first introduced the MDD instead of fractional calculus into the rate of heat flux in the Lord and
Shulman (L-S) theory [6]. More applications on the MDD of thermoelasticity model can be found in references [7].

On the other hand, ultrafast pulsed lasers have been widely used in engineering, especially in materials processing.
Thermal stresses due to laser heating of a material play an important role in materials processing applications where the
goal is to alter the microstructure of the material near its surface. A viscoelastic constitutive model is more appropriate for
the preheated material in these situations since the temperature in the material adjacent to the surface is close to its melting
temperature (rather than melting) [10]. In a latest work, Youssef [11] established a one-dimensional generalized
thermoelasticity theory with fractional order strain. Xue et al. [12] conducted nonlocal thermoelastic analysis considering
fractional order strain in multilayered structures in the one-dimensional case.

To our knowledge, till now, one-dimensional generalized thermoelastic models with MDD or fractional order strain
have been applied to different problems by many researchers with different approaches. Nevertheless, hardly any attempt
has been made to investigate the three-dimensional thermoelastic problems considering MDD and fractional order strain,
which is very important in materials processing applications. The aim of the present work is to investigate a half-space
subjected to a thermal shock under the L-S model with MDD and fractional order strain in three-dimensional. Laplace
transform and double Fourier transform techniques and inverse transforms are adopted to get the solutions. Numerical
results for temperature, displacement and stress distribution are presented graphically.

2. Formulation of the Problem And Basic Equations

Consider an isotropic, homogenous  thermoelastic half-space  which fills the region
R={XY,2:0<X<00,—00<y<00,—00< <0}
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The body is initially at rest and has been thermally shocked at the bounding plane x =0 when this surface is assumed to be
traction free. Employing the Cartesian co-ordinates (X, y, z), and the components of the displacement vector are
u; = (u,v,w). The basic equations of the theory of L-S model with MDD and fractional order strain in the absence of body

forces and heat source, take the following forms:
Memory-dependent heat conduction law [5]:

0 +7,0,0 = _kei (l)

where z, is the thermal relaxation time, g, is the heat flux vector, k is thermal conductivity, 6 =T —T, is the temperature
increment and T, is the reference temperature.
The m order MDD of function f has the form:
m 1 t m
DI (0)==[ K(t-¢) ™ (£)de 2
of which the kernel function K (t-¢) and the time delay o are arbitrarily chosen, as a result, providing more possibilities

to capture material’s real behaviors. In particular, the kernel function can be chosen as [4].
Stress-strain relation with fractional order strain [11]:

oy =2u(1+7°D/ )e, + A(1+7°D/ )es; — 05, (3)
where 2 and u are Lame’s constant, y=(31+2u)e, in which ¢, is the coefficient of linear thermal expansion, r is
defined as the mechanical relaxation time, g is fractional order strain parameter, o; is the Dirichlet function, e=u,, isthe

volumetric strain.
The time fractional derivative is defined as in [13]:

. 1 f7(
D/ £ )(t)zr(l—ﬂ)JO(t—(,E)”)dg 0<p<1 (4)

Equation of motion with fractional order strain:

pii = 1+ 7D Y, +(2+ ) 1+ D Ju

Jodi

-0, (5)

The heat conduction equation with MDD and fractional order strain:

k0, =(1+7,D,)( pe,6+ 7T, (1+7°D )5, ) ©

where I'(1-3) is the Gamma function, u; is the component of the displacement vector, c, is the heat capacity.
Introduce the following non-dimensional variables:
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(X, Y, Zu VW) =comy (X, Y, Z,U,V, W), (t',r’,ro’):
o'ty (t.7,7,), 0'=y0)(A+2u), o) =0y [(A+2u)
9 = 7Qi/kpcg770 1 G = \/(’1"'2/1)//0: 1, = PCe /K
Applying the above dimensionless variables, Eq. (5) can be written as (dropping the prime for convenience):

(1+2/D/ )Vie-Vio=¢

()
In addition, the heat conduction equation and the stress components become:
&’ :(l+r(,Dm)[é+ & (l+r‘“Df)é} ®)
o, =2f,(1+7/D) e, +(1-24,)(1+7°D/ Je-0 9)
o, =2p,(1+7"D e, +(1-24,)(1+7’D} )e-0 (10)
o, =2p,(1+7°D/ Je, +(1-28,)(1+7’D )e-0 (11)
where B, = u/(A+2u), & =y"T,/[ pcc (A+2u)].
By using Egs. (9)-(11), we consider the invariant stress to be the mean value of the principal stresses as:
o=aqa, (1+r5D{’)e—0 (12)
where a, =(3-44,)/3.
We assume that the boundary conditions have the forms:
o(0,y,z,t)=0,(0,y,z,t)=0,,(0,y,2,t)=0,(0,y,2,t)=0 (13)
0(0,y,z,t)=6,H(t)g(y,z) (14)
where ¢, is constant and H (t) is the Heaviside unit step function.
Applying Laplace transform to both sides of Egs. (7)-(11) and considering zero initial conditions, we obtain:
(1+27s")Ve-V?0 =58 (15)
V2§=(1+G)[s§+go (l+r/’sﬁ)s€] (16)
Gy =2 (1475 )8, +(1-28))(1+7's" e -0 (17)
G, =2p,(1+7°s" g, +(1-2p,)(1+7"s" )e -0 (18)
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G, =2f,(1+7"s")e, +(1-24,)(1+s" )e -0 (19)

G=a,(l+7’s")e-0 (20)
2 2
Where G = T—{(l—e‘s’”)[l—z—bJr%j—(az —2b+zi)e‘s’”}
w WS S s

Eliminating & among Egs. (15), (16)and (20), we get:
Ve =a,0 +a,G (21)
V0 =a,0+a,c (22)

a,=s(a, —1)(1+G)(1+€0/0:0)+52/(l+r'gsﬂ), a,=s(a, ~1)(1+G) &, /o, +SZ/(1+rﬂSﬂ)
a,=s(1+G)(1+¢,/a, ), a,=5(1+G) ¢,/

Where

Applying the Fourier transform to Egs. (21) and (22), we have the following system of ordinary differential equations:

a2/ g, 15 = a0 (23)
I ]
[d*/dx* -3, 10" =, 5 (24)

where B=q’+p°+a, and B,=q° + p° +«, in which p, q are the Fourier variables.
By eliminating " and 6" , we obtain:

[d*/dx* —Ld*/dx*+M |6" =0 (25)

[d*/dx* —Ld*/dx* +M ]&" =0 (26)
where L=+, and M =48, —aq,.
Considering the boundary conditions at infinity, the general solutions of Egs. (25) and (26) can be written as:

5*:_22: Ae ™, E*:ZZ: B, [kf —ﬁzje""x (27)

where k, (i =1, 2) are positive the roots of the characteristic equation:

k*—Lk*+M =0 (28)

Substituting Eq. (27) into Eq. (24), we obtain:
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A=a,B

where B, can be determined by the boundary conditions after the Laplace and Fourier transform:

& (0,p.0,5)=5,(0.p,a,5) =5, (0, p.q,3)
=5,(0,p,q,5)=0

0°(0,p,0,5)=6,9"(p.q)/s

After applying the Laplace and Fourier transform to Eq. (5), we can get the displacement:

i_kz o= 1 i_l—ﬁoﬁi_*
dx* B(1+7/s") x By ox

where k,>=p’ +q° + sz/[ﬂo (1+ s’ )J :
Substituting Egs. (27) and (29) into Eq. (32), we get:

(d?/dx® =k, )" = Le™ +Le ™"

where L, = kl[(l_ﬂo)(kf -5 +a4)_aoa4:| Bl/[aoﬂo (l"'zﬁsﬂ ):|’ L, =k, I:(l_ﬂo)(kzz -5 +0£4)—0£0a4:| B, /[aoﬁo (1+Tﬁsﬁ ):|

The general solution of Eq. (33) takes the following form:

L1 e—klx + L2 e—kzx

o =Ce ™+
kiz - ksz k22 - ksz

where k? =kZ #k,> and C is constant to be determined.

Considering Egs. (17) and (20), after using the double Fourier transforms we have:

. T 1-28, . [1-2 .
5, =2p, (14205 ) b 5 1220 4 g
XX 0 6X

@ 20

By using the boundary conditions (30), we get:

1| (-2 -24)(B+B,)a, Lk Lok,

k, 20, (1+775") kP —k? KZ—k;?

In the same manner, we can get the other components of displacement.
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To obtain the solutions of the problem in the physical domain, inverse Laplace and double Fourier transforms should
be conducted. Firstly, we invert the double Fourier transform using the inversion formula in the literature. Then, the
inverse Laplace proposed by Brancik [14] is used.

3. Numerical Results and Discussion

In this section, we aim at illustrating the numerical results of the analytical expressions obtained in the previous
section and elucidating the influence of time-delay, and mechanical relaxation time on the behavior of the field quantities.

Here, the function g(y,z)=H(c-|y|)H(c-|z) and g (p.q)=2sin(pc)sin(qc)/(#pq), in which c is constant. This
means that the thermal shock is acting on a band of width 2c centered around the y-axis and z-axis on the surface of the
half space (x=0).

The calculations are performed for g, =1, ¢=0.1, 7, =0.05, and t=0.05. The copper material is chosen for numerical

evaluations with the physical constants used in [12]. It is worth noting that in the following calculations the kernel function
is assumed to be 1-(t-¢)/w.

Firstly, we consider the effects of time-delay on the response when r=0.02and 8 =0.5, as shown in Figs. 1-3. It is

observed from Fig. 1 that the time-delay has great effects on the temperature: the larger the time-delay, the smoother the
temperature distribution, which means the particles transport the heat to the other particles easily and this makes the
temperature decreases faster than the other ones. Fig. 2 indicates that although very small, the displacement is also affected
by the time-delay due to the change of the temperature. One may get from Fig. 3 that the stress field has the same behavior
as the temperature, that is, the distribution of stress becomes smoother as the time-delay increases. In addition, we can also
find that the values of temperature, displacement, and the magnitude of stress are higher for y=z=0 than for y=z=0.1, which

may be due to the fact that the position y=z=0 is adiabatic owing to the symmetrical condition, whilst the heat can still pass
around from other locations.
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Fig. 1: The temperature distribution for different values of y,zand o.
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Fig. 2: The displacement distribution fbr different values of y, zand .
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Fig. 3: The stress distribution for different values of y,zand o.

The effects of mechanical relaxation time on the responses are given in Figs. 4-6 with @=0.05and #=0.5. It can be
seen that the introduction of the mechanical relaxation time eliminates the discontinuities and sharp points in the
distribution of displacement and stress. Although the mechanical relaxation time has great effects on the displacement and
stress, the non-dimensional displacement is on the order of 107, which may further induce temperature change on the same

order, i.e. 102. The influence is much smaller than that of the temperature change on the boundary, i.e. on the order of 10°,
resulting in little influence on the temperature.
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Fig. 4: The temperature distribution for different values of y, zand - .
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Fig. 5: The displacement distribution for different values of y,zand 7.
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Fig. 6: The stress distribution for different values of y,zand <.

Also, the results may be presented under different kernel function and fractional order strain parameters to investigate
the effects of each parameter, while here we would like to cross this step.

4. Conclusion

A three-dimensional model of the L-S generalized thermoelasticity with MDD and fractional order strain is
established and the study shows that time-delay and mechanical relaxation time have great effects on the thermoelastic
responses. The introduction of these parameters makes the discontinuities and sharp points of studied fields disappear,
resulting in the curves being smoothed. These findings lay the ground for further applications of ultrafast lasers in
materials processing applications.materials processing applications.
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