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Abstract

This paper presents a numerical simulation of wave-type heat transfer phenomena propagating in an aluminum thin

foil irradiated by a pulsed laser using the cubic interpolated propagation method coupled with a thermo-convective

model. We did not use the two-step model and dual-phase lag model, which are generally known as the non-Fourier

heat conduction law, but wave-type heat transfer phenomena could be observed by our method. The main characteristic

of the method is to solve the governing equation including the equation of continuity, the equation of motion, the

equation of energy and the equation of state. It is found that when the pulse duration is under the order of picosecond,

the pure heat conduction is hardly observed and heat transfer toward the inside of materials occurs only by a thermal

shock wave. The heat conduction mode after pulse laser irradiation is strongly dependent upon the value of total in-

cident laser energy density Ein and the threshold value for pure heat conduction is 5.0 · 104 J/m2 for an aluminum.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Although the high-power pulsed laser was originally

developed for laser fusion applications, it has been ap-

plied to various engineering problems, for example,

microscale or nanoscales processing and investigation of

extreme properties under high-temperature and high-

pressure conditions. In practical applications, the heat

transfer mechanisms in materials subjected to a high

heat flux for a very short-time heating pulse have been of

great interest, for example, in conjunction with the im-

provement of accuracy of laser processing. However,

since the scales of time and size of these phenomena

cover the region from micro to macro and it is difficult

to obtain dynamic information on materials by experi-
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ments, it is important to elucidate them by using nu-

merical simulations.

From a microscopic point of view, the mechanism of

heat transfer in a metal material is governed by phonon–

electron interactions, the collisions between phonons

and the energy transfer by free electrons. In the study of

a very short-time phenomenon, we have to consider the

mean free path of phonons and free electrons, the exci-

tation process of atoms by an electron and the mecha-

nism of exchange of energy between phonons and free

electrons. Therefore, the heat transfer velocity must be a

finite value. In heat conduction theory from a macro-

scopic perspective, however, there is inconsistency in

that the heat transfer velocity has an infinite value.

Generally, it has been mentioned that heat transfers as a

wave rather than a diffusion in materials subjected to

heat load during a very short time. This fact have been

investigated by many researchers since Cattaneo [1] and

Vernotte [2,3] proposed wave-type heat transfer theory

including the CV equation, which is an energy balance
erved.
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Nomenclature

B isothermal bulk modulus (N/m2)

Cv specific heat at constant volume¼ oe=oTq

(J/kgK)

d depth (m)

e internal energy per unit mass (J/kg)

g acceleration of gravity (m/s2)

G shear modulus (N/m2)

Ein total incident laser energy density (J/m2)

F volume force generated by surface tension

(N/m3)

I0 initial incident laser energy intensity (W/m2)

I laser energy intensity at the depth d (W/m2)

Nc a number of contour line

P pressure (N/m2)

PTH T ðoP=oT Þq (N/m2)

Q volume heat source (W/m3)

r distance from beam center (m)

rc position of beam center (m)

rg Gaussian beam radius (m)

S stress (N/m2)

s specific entropy (J/kgK)

t time (s)

tg Gaussian distribution time (s)

tp pulse duration (s)

T temperature (K)

u velocity (m/s)

v specific volume (m3/kg)

x spatial coordinates (m)

Y0 yield strength (N/m2)

a absorption coefficient (1/m)

b isobaric volumetric expansion coefficient

(1/K)

d Kronecker delta

e strain tensor

/ density function

j curvature of interface between different

materials

k thermal conductivity (W/mK)

q density (kg/m3)

r surface tension coefficient (N/m3)
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equation considering a thermal relaxation time accord-

ing to Fourier�s law. The principal method is to solve the
hyperbolic heat conduction equation (HHCE) derived

from the energy balance equation. Chandrasekharaiah

[4] investigated wave-type heat transport using thermo-

elasticity theory, which was approached by introducing

a flux-rate into the heat conduction law and by including

temperature-rate among constitutive variables. Tzou [5]

succeeded in simulation of heat source generated due to

plastic deformation at a tip of a dynamically propagat-

ing crack in a metal using HHCE. Furthermore, €OOzisik
and Tzou [6] described physical interpretation according

to the CV equation, though the theoretical basis was

insufficient. They recently proposed the dual-phase-lag

(DPL) model extended from HHCE [7,8], in which the

phase lag of both the heat flux and the temperature

gradient were considered. Mitra et al. [9] showed ex-

perimental evidence of hyperbolic heat conduction and

Kaminski [10] considered the physical meaning of the

constant s in HHEC and discussed experimental deter-
mination of s. Tang and Araki [11,12] analyzed temper-
ature profile in finite medium irradiated by short-pulsed

laser using HHCE and indicated a condition such that

thermal shock wave can penetrate to the back surface of

target material. Moreover, They also extended DPL

model to elastic material [13]. As well as Tang et al.,

Sumi [14] investigated the temperature behavior in finite

medium irradiated by short-pulsed laser using the

equation of motion, the constitutive equation and

HHCE based on generalized thermoelasticity theory. In
these studies, however, interrelation between tempera-

ture and other properties, e.g., pressure and density, is

not considered and thus the result is confined to physical

interpretation only. Generally, in the formulation of

HHCE, the thermal relaxation time s is assumed to be
constant in a medium. However, this is equal to the

assumption that the material has no compressibility

because density is related in the definition of s. In ma-
terials under a short-pulse thermal load, the heating time

is shorter than the time required for thermal expansion

to occur. In this case, pressure and temperature rapidly

rise in the energy deposition region and shock wave

propagates toward the inside of the material, which is

brought about by the reaction force due to an explosive

thermal expansion of the energy deposition region. In

these processes, a dilatation and compression process

must be naturally considered and thus it is insufficient

to analyze these phenomena as practical engineering

problems using the assumption of incompressibility.

Ozoe et al. [15] considered this point and analyzed the

interference of shock wave with wave reflected by the

opposite surface in fluid between two walls, in which one

wall is subjected to pulsed heating. They used a thermo-

convective model, which consists of the equations of

continuity, motion and energy and the adequate equa-

tion of state (EOS). Moreover, Churchill et al. [16]

compared thermo-convective model with HHCE and

described how this model can provide an adequate

representation of the heat transfer as a wave with suffi-

cient accuracy for practical purposes. However, their
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analysis is also restricted to a homogeneous material

with no phase change process and the ideal fluid because

an adequate EOS is unavailable. Kuznetsov [17,18] an-

alyzed a wave of temperature difference between solid

and fluid phases in a porous packed bed using a per-

turbation technique of the full energy equation for fluid

and solid in one- and two-dimensional systems. In his

analyses, an incompressibility and no phase change are

also assumed and interrelation between temperature and

other properties is neglected. Since in the case of mate-

rial subjected to high-energy flux, a phase change occurs,

such as melting, their analysis is insufficient for practical

phenomena as well as HHCE.

On the other hand, the cubic interpolated propaga-

tion (CIP) method proposed by Yabe et al. [19], which

enables accurate solving of the convective term by in-

terpolating information on physical quantity between

grids with cubic-polynomial, has been developed as a

method which can solve discontinuous region of physi-

cal quantity while keeping relative numerical stability.

Since the CIP method can be easily extended to mixture

field of more than two kinds of materials and can

consider compressibility and incompressibility simulta-

neously, there have been numerous applications to

phenomena with phase change and multiphase flow.

Yabe [20] analyzed laser-induced evaporation and

welding process using the CIP method and the results

provided an interpretation of cutting and keyhole cre-

ation processes. Fujii et al. [21] and Utsumi et al. [22]

also analyzed laser-driven shock wave in a silver thin foil

irradiated by high-power ultra-short-pulsed laser using

the CIP method. However, they investigated only the

profile of pressure and density, and the temperature was

obtained from the EOS table by using the calculated

pressure and density. In their paper, the wave-type

heat transfer was not referred. We will apply the CIP

method and investigate the generation and propagation

of wave-type heat transfer, that is, the so-called thermal

shock wave in aluminum thin foil irradiated by a pulsed

laser.
2. Numerical model

In the CIP method, transport equations of physical

quantities f are split into two steps, advection phase and
non-advection phase, as follows.

of
ot

þ ui
of
oxi

¼ f 0 ð1Þ

where f 0 presents the right-hand side of governing

equations and subscript i is the index describing the axis
of the coordinates. In CIP method, it is possible to solve

the equation explicitly with the finite difference method

in non-advection phase. A characteristic of the CIP

method is to solve the first spatial derivative.
The model consists of the equations of continuity,

motion and energy and appropriate EOS as follows:
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P ¼ P ðq; T Þ; e ¼ eðq; T Þ ð5Þ

Here, subscript j is also the index describing the axis of
each coordinates as well as i.
For surface tension, we apply the continuum surface

force (CSF) model proposed by Brackbill et al. [23]. In

the CSF model, a discontinuity problem of interface is

represented as transition region of finite thickness, and

thus the surface tension represented as surface force can

be changed to volume force. It is assumed that the

properties of interface are continuous in this transition

region, and the curvature of interface required to solve

volume force is described using a gradient of ‘‘color

function’’. On the other hand, in the CIP method, a

density function / is introduced to distinguish the ma-
terials in a field where multiphase or different materials

exist [24]. The density function takes a value only from 0

to 1 and in each grid.X
n

/n ¼ 1 ð6Þ

where subscript n is the number of the phase or material.
For physical quantity having spatial discontinuity, we

can calculate the physical quantity with this density

function as follows:

f ¼
X
n

/nfn ð7Þ

Since the color function required in the CSF model can

be considered as the density function in the CIP method,

introduction of the CSF model to the CIP method is

easy. In the CSF model, the volume force F is written
using the density function as follows:

F ¼ rj
r/
½/	 ð8Þ

where ½/	 ¼ /2 � /1, which subscripts, 1 and 2, are the
numbers of materials.

For the stress S, we apply a viscous elastic–plastic
model, in which the elastic–plastic model proposed by

Wilkins [25] and Xiao and Yabe [26] is applied in solid

region and the stress term is regarded as the viscous term

in fluid region. In the elastic–plastic model, the stress is

developed by the following equation:
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When the stress satisfies the von Mises condition as

follows:
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The stress can be modified as plastic deformation using

the following equation:

Sij ¼
ffiffiffi
2

3

r
Y0ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sij 
 Sij

p Sij ð11Þ

The energy contribution by laser irradiation is consi-

dered as a volumetric heat source in the equation of

energy. The absorption of laser energy is usually de-

scribed by Beer�s law,

I ¼ I0 expð�adÞ ð12Þ

Most lasers have profiles of Gaussian distribution in

both time and space. The distribution of light source

forms Gaussian distribution in every propagation path,

and the distribution changes only when laser is focused

by lens and is guided by mirror. In this study, we use

laser with Gaussian distribution.

Iðr; t; dÞ ¼ I0 exp

"
� ad � 2 ðt � 2tgÞ

2

t2g
� 2 ðr � rcÞ2

r2g

#

ð13Þ

Volumetric heat source Q in Eq. (4) is given by

Q ¼ Qðr; t; dÞ ¼ Iðr; t; dÞ
d

ð14Þ

In this study, the energy transferred by radiation and

interaction of laser driven plasma is not considered and

the absorption coefficient is 1.0 · 107 m�1 under the as-

sumption that the wavelength of laser is 532 nm for

second-harmonic generation of Q-switching Nd:YAG
laser.

As EOS, we used data from SESAME EOS data li-

brary [27] as well as Utsumi and Sasaki [22]. In SES-

AME, pressure, internal energy and Helmholtz free

energy are prepared as functions of temperature and

density, and the first derivative for each independent

variable can be calculated by SESAME.

If v is a specific volume and s specific entropy, the
total differential can be expressed as

de ¼ �P dvþ T ds ð15Þ

When s ¼ sðv; T Þ, Eq. (15) is changed into
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Substituting the Maxwell relation
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into Eq. (16), the total differential of internal energy is

obtained as
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v
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�
� P þ T
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Eq. (19) can be rewritten by

de ¼ Cv dT þ f�P þ PTHg
�
� 1

q2

�
dq ð20Þ

where Cv ¼ ðoe=oT Þq and PTH ¼ T ðoP=oT Þq. From Eqs.

(2), (4) and (20), the heat conduction equation is derived

as follows:
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k
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We use Eqs. (2), (3), (21) and (5) as governing equations.

Here, the isobaric volumetric expansion coefficient b and
the isothermal bulk modulus B are defined as follows:

b  � 1
q

oq
oT

� �
P

; B  q
oP
oq

� �
T

ð22Þ

Thus, PTH can be considered as follows:

PTH ¼ TbB ð23Þ

Namely, the first term of the right-hand side in Eq. (21)

expresses an energy dissipation due to generation of

thermal stress by temperature difference with neighbor

regions.
3. Analytical system

Fig. 1 shows the two-dimensional simulation system.

We consider an aluminum thin foil as a target material

and it has a thickness and a width, 10 lm· 20 lm, re-
spectively. The region of upper aluminum thin foil is

filled with air assumed to be ideal gas and the total

calculation system size is 20 lm · 20 lm. The initial
conditions of the pressure and temperature are 0.1 MPa

and 500 K, respectively, and the density is calculated

from EOS as the value corresponding to 0.1 MPa and

500 K over the system. Because SESAME is basically

provided for a high temperature region, the accuracy in



Fig. 1. Simulation system. The size is 20 lm · 20 lm and the

center of laser radius is located at X ¼ 10 lm. Initial condition
is P0 ¼ 0:1 MPa, T0 ¼ 500 K and q0 of both regions is the value
corresponding to P0 and T0.
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the vicinity of room temperature is insufficient. In the

present study, thus, the initial temperature is set to a

relatively high value, 500 K. In the simulations, we

treated a pulse duration, tp, and an initial incident laser
energy intensity, I0, as parameters, which are considered
in the ranges of 0.5–100 ps and 1.0 · 1016–1.0· 1017
W/m2, respectively.
4. Results and discussion

Figs. 2–4 show temperature distributions within an

aluminum thin foil. The pulse duration tp is 1.0 ps in
Case 1, 10.0 ps in Case 2, 100.0 ps in Case 3 with the

common value of I0 ¼ 5:0� 1016 W/m2, respectively. In

Figs. 2 and 3, (a) is the temperature distribution at 0.1

ns, (b) at 0.5 ns and (c) at 1.0 ns, and in Fig. 4, (a) is the

temperature distribution at 0.09 ns, (b) at 0.39 ns and (c)

at 0.76 ns. A number of a contour line for a temperature,

Nc, is 400 and the display range of the contour line is
shown in the figures.

As shown in Fig. 2, the thermal shock wave propa-

gates toward the inside of a thin foil and it has been

simulated that the propagation velocity is supersonic by

authors [28]. Though the surface temperature is raised to

over 1000 K, the temperature rise is small at the depth of

about 2 lm from the surface in the center of X -direction.
In Fig. 3, there is continuous and gradual temperature

distribution under a high-temperature region at the

surface. The pattern in Fig. 3 indicates that the con-

duction transport of heat is dominant. Generally, in a

laser processing, a region subjected to deformation and

transmutation by heat load is referred to as a heat af-

fected zone and it is spread by heat conduction. As

shown in Fig. 2, it is found that heat conduction hardly
occurs and there is no spread of the heat affected zone in

the case of using ultra-short-pulsed laser of picosecond

order. It is generally considered that the heat affected

zone does not occur when the pulse duration is shorter

than the characteristic time of a specimen for pure heat

conduction. When heat load is applied to material by an

ultra-short-pulsed laser, the energy deposition takes

place in very short time compared to the thermo-

mechanical relaxation time, which is the shortest possi-

ble time for a thermal expansion to occur. The order of

the time is r=c, in which r is the deposition range and c is
the sound speed in solid [29], and here it is called a

thermal expansion time tr. In this study, since

r ¼ 1:0� 10�7 m and c ¼ 6420 m/s, tr ¼ 1:56� 10�11 s.
The thermal expansion time is equivalent to the char-

acteristic time and the pulse duration of picosecond

order is shorter than tr. Thus, the spread of the heat
affected zone doesn�t become large when the pulsed laser
with a duration of a range shorter than picosecond is

used. As shown in Fig. 3, it is found that the thermal

shock wave propagates faster than thermal diffusion by

heat conduction and heat transfers to deeper region of

thin foil by the thermal shock wave, which is isotropi-

cally spread in a semicircle except for a neighboring

region of the surface. Heat transfer by the thermal dif-

fusion is damped at an early stage. As shown in Fig. 4,

there is no clear peak of the thermal shock wave and a

step-type wave front is observed in this case. However,

the temperature gradient from the deepest position of

heat conduction region to the step-type peak, where

T ¼ 738:722 and 691.228 K in Fig. 4, respectively, is

smooth and a steep gradient in front of the wave is not

clearly formed as a result of heat conduction. In Fig. 2,

another compressive region can be observed clearly at

the back of the thermal shock wave. This can be also

observed in Fig. 3 slightly. This region shows a rar-

efaction wave and it appears as a result of elastic release

at the front of the thermal shock wave. In Case 3, the

propagation velocity of the thermal shock wave is about

7400 m/s. The rarefaction wave propagates toward a

direction opposite to that of propagation of the thermal

shock wave. In this case, thus, the rarefaction wave is

canceled by the thermal shock wave because the prop-

agation velocity is very fast. Regarding other charac-

teristics shown in Fig. 4, a remarkable temperature rise

can be observed out of laser diameter at the surface. This

reason can be seen in Fig. 5. Fig. 5 shows snapshots of

temperature distribution for the total calculation system.

In Fig. 5, (a) is Case 1 at 1.0 ns, (b) is Case 2 at 1.0 ns

and (c) is Case 3 at 0.76 ns, and a number of the contour

line for a temperature and the display range of the

contour line is shown in each figure. As shown in Fig. 5,

it is found that an ablation occurs and a surface region

irradiated by a pulsed laser is emitted to an air region

with phase changes, which are melting and evaporation.

The emitted surface material is called a plume. In Case



Fig. 2. Temperature distribution within an aluminum thin foil in Case 1, in which tp ¼ 1:0 ps and I0 ¼ 5:0� 1016 W/m2. (a) 0.1 ns and
T ¼ 510–4700 K, (b) 0.5 ns and T ¼ 501–1500 K, (c) 1.0 ns and T ¼ 501–700 K.
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3, the plume is spread to the X -direction, which is a
radius direction, and the bottom of the plume is in

contact with a surface region out of a laser irradiation

radius. So, the surface region out of the radius is also

molten and evaporated as well as the center region ir-

radiated by a pulsed laser as shown in Fig. 4. The
thermal expansion time has the time scale required to

start the expansion after absorption of the incident laser

energy as mentioned above. In this case, since the pulse

duration is longer than it, the injection of the laser en-

ergy doesn�t finish during the laser irradiation. So the
laser irradiation to the surface region starting the ex-



Fig. 3. Temperature distribution within an aluminum thin foil in Case 2, in which tp ¼ 10:0 ps and I0 ¼ 5:0� 1016 W/m2. (a) 0.1 ns and
T ¼ 545–19,000 K, (b) 0.5 ns and T ¼ 510–5000 K, (c) 1.0 ns and T ¼ 501–2000 K.
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pansion continues and the expansion is accelerated. As a

result, the plume spreads to the radius direction.

Fig. 6 shows temperature distributions within a thin

foil at 1.0 ns. Case 4 is tp ¼ 1:2 ps, Case 5 is 2.0 ps and
Case 6 is 4.0 ps, and I0 ¼ 5:0� 1016 W/m2, respectively.

Nc ¼ 400 and the display range of the contour line is
shown in each figure. With the pulse duration in-

creased, heat conduction can be observed under the

region irradiated by laser and the region transferred by

heat conduction spreads to the X -direction. Fig. 7
shows a temperature distribution within a thin foil

at 1.0 ns. Case 7 is I0 ¼ 7:0� 1016 W/m2, Case 8 is



Fig. 4. Temperature distribution within an aluminum thin foil in Case 3, in which tp ¼ 100:0 ps and I0 ¼ 5:0� 1016 W/m2. (a) 0.09 ns

and T ¼ 800–125,000 K, (b) 0.39 ns and T ¼ 550–20,000 K, (c) 0.76 ns and T ¼ 525–10,000 K.
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1.0 · 1017 W/m2 and Case 9 is 5.0 · 1017 W/m2, and

tp ¼ 1:0 ps, respectively. Nc ¼ 400 and the display range
of the contour line is shown in each figure. With the

laser intensity increased, heat conduction and the

spread to the X -direction can be observed as well as in
Fig. 6. As shown in Figs. 6(b) and 7(b), the two tem-
perature distributions are almost equal. In both cases,

the total incident laser energy density, which can be

described by Ein ¼ tp � I0, is the same value, Ein ¼
1:0� 105 J/m2. In short, the appearance of pure heat

conduction mode can be predicted by the value of Ein.
Although it is not shown here, heat conduction slightly



Fig. 5. Temperature distribution for the total calculation sys-

tem. (a) Case 1 at 1.0 ns, T ¼ 500–1700 K and Nc ¼ 20; (b) Case
2 at 1.0 ns, T ¼ 1000–9000 K and Nc ¼ 30; (c) Case 3 at 0.76 ns,
T ¼ 1000–82,000 K and Nc ¼ 50.
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occurred for tp ¼ 1:1 ps and I0 ¼ 5:0� 1016 W/m2 and a

temperature distribution for tp ¼ 0:5 ps and I0 ¼ 1:0�
1017 W/m2 was the same as in Fig. 2(c). Therefore, the

effect of heat conduction can be ignored when Ein have
a value under 5.0 · 104 J/m2. In this paper, however,

thermal radiation from a plume is not considered and

thus the problem of reheating by a plume cannot be

represented. In future work, thermal radiation should

be introduced to this simulation. Although the plume is

not changed to plasma when Ein is small, plasma is
generated when Ein is large. So, the plasma should be
considered in order to perform more accurate analysis

of the ablation phenomenon but it need not to be

considered for an analysis of the thermal shock wave. It

is important to pay attention to Ein for the thermal
shock wave.

The peak temperature of thermal shock wave does

not exceed a melting point of aluminum in every case

except for Case 3. Thus, thermal shock wave in these

cases has no chance to disturb an internal structure.

As a result, in laser processing, if laser with a pulse

duration shorter than the characteristic time for pure

heat conduction and the total incident energy den-

sity of under 5.0 · 104 J/m2 is used for aluminum, the

processing can be performed with more accuracy.

Therefore, it can be concluded that the inherent op-

eration parameter of laser processing for each material

exists in order to suppress the heat conduction effect

and increase the accuracy of processing and is deter-

mined by the value of the total incident laser energy

density.

In this study, we basically used the Fourier law in our

formulation but wave-type heat transfer can be analyzed

by our method. Conventionally, for the study of short-

pulsed heating phenomena, the two-step model or the

DPL model has been used. However, phase change,

compressibility and mass transfer are not considered in

these models and the convective term is not included in

the equations used. Thus, they are unsuitable for an-

alysis of thermal transient phenomena with phase

change in materials subjected to irradiation of a high-

power short-pulsed laser, which is the subject of the

present study. According to our previous work using the

molecular dynamics method [30], the wave-type heat

transfer phenomenon can be considered to be a highly

compressive fluid phenomenon with high density and

high pressure, what is referred to as the thermo-

mechanical coupling effect. Fig. 8(a)–(c) shows pressure,

density and temperature distribution in the center of X -
direction, X ¼ 10 lm, for Case 1 and Fig. 9 shows the
extended diagram of the temperature distribution inside

the Al thin foil, which means the region from Y ¼ 0 to
10 lm, in the center of X -direction. As shown in Figs.
8(a)–(c) and 9, pressure and density waves propagating

toward the inside of Al thin foil with the pressure,

density and temperature coupling are observed. The



Fig. 6. Temperature distribution within an aluminum thin foil for I0 ¼ 5:0� 1016 W/m2 at 1.0 ns. (a) Case 4, in which tp ¼ 1:2 ps, and
T ¼ 500–700 K; (b) Case 5, in which tp ¼ 2:0 ps, and T ¼ 500–700 K; (c) Case 6, in which tp ¼ 4:0 ps, and T ¼ 500–1000 K.
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surface temperature rises to about 14000 K but it de-

creases to about 5000 K after 0.1 ns and about 1000 K

after 1.0 ns. Atoms given the laser energy can leave the

potential well and approach the neighbor atom. So, the

wave-type heat transfer does not occur as a result of heat
conduction but as a result of heat transfer with mass

transfer. From this point of view, the method using the

Fourier law in the equation of energy includes the con-

sistency such that the thermal propagation velocity is

infinite, but the thermo-convective model, which con-



Fig. 7. Temperature distribution within an aluminum thin foil for tp ¼ 1:0 ps at 1.0 ns. (a) Case 7, in which I0 ¼ 6:0� 1016 W/m2, and
T ¼ 500–700 K; (b) Case 8, in which I0 ¼ 1:0� 1017 W/m2, and T ¼ 500–700 K; (c) Case 9, in which I0 ¼ 5:0� 1017 W/m2, and

T ¼ 501–1000 K.
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sists of the equation of continuity, the equation of mo-

tion, the equation of energy and the EOS, can describe

the wave-type heat transfer since it is a compressive fluid

phenomenon.
5. Conclusions

Simulation using the CIP method is performed for

the wave-type heat transfer in aluminum thin foil
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Fig. 8. Pressure, density and temperature distribution in the

center of X -direction, X ¼ 10 lm, for Case 1. Solid lines in
these graphs describe the distribution from 0.1 to 1 ns at 0.1 ns

interval. (a) Pressure, (b) density, (c) temperature.
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Fig. 9. Extended diagram of temperature distribution inside the

Al thin foil, which means the region from Y ¼ 0 to 10 lm, in the
center of X -direction.
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irradiated by a pulsed laser. The results are summarized

as follows:

1. When pulse duration is under the order of picosec-

ond, heat conduction is hardly observed and heat

transfer toward the inside of aluminum thin foil

occurs only by a thermal shock wave. However,

heat transfers by conduction if laser fluence is

large.

2. The appearance of heat conduction mode after pulse

laser irradiation is strongly dependent upon the value

of Ein and the threshold value to suppress the appear-
ance of heat conduction mode is 5.0 · 104 J/m2 for
aluminum. When the thermal shock wave occurs so

as to suppress the heat conduction mode, the wave

makes no disturbance in the internal structure.
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