Solid State Phenomena Vol. 127 (2007) pp 307-312
Online available since 2007/Sep/15 at www.scientific.net
© (2007) Trans Tech Publications, Switzerland
doi:10.4028/www.scientific.net/SSP.127.307

Prediction of Laser Fusion Zone Profile of Lotus-type Porous Metals by
3D Heat Transfer Analysis
Takuya Tsumura1, a, Fuxing Ye1, b, Taichi Murakami2, c,
Hideo Nakajima3, d and Kazuhiro Nakata1, e
1

Joining and Welding Research Institute, Osaka University, Mihogaoka 11-1, Ibaraki, Osaka
567-0047, Japan

2

Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Katahira 2-1-1,
Aoba-ku, Sendai, Miyagi 980-8577, Japan
3

The Institute of Scientific and Industrial Research, Osaka University, Mihogaoka 8-1, Ibaraki,
Osaka 567-0047, Japan
a

tsumura@jwri.osaka-u.ac.jp, byefx@jwri.osaka-u.ac.jp, ctaichi@tagen.tohoku.ac.jp,
d
nakajima@sanken.osaka-u.ac.jp, enakata@jwri.osaka-u.ac.jp

Keywords: Lotus-type porous metal, Laser welding, Absorptivity, Anisotropy, Equivalent thermal
properties, Heat transfer analysis, Finite element method

Abstract. Lotus-type porous metals, whose pores are aligned in one direction by unidirectional
solidification, have a unique combination of properties. These are expected as revolutionary
engineering materials with anisotropy of the properties. For the industrial use of the lotus-type
porous metals, a reliable joining technology is required. We already reported the melting property of
a few lotus-type porous metals by laser welding. These results indicated that these materials
possessed anisotropy of melting property with the pore direction perpendicular and parallel to the
specimen surface, especially remarkable anisotropy was obtained for the copper specimen owing to
the difference of the laser energy absorption to the specimen surface. In this report, the
three-dimensional heat transfer analyses, which take into account the difference of the laser energy
absorption comparing with the anisotropy of thermal conductivity inherent to lotus-type porous
metals, were performed by commercial code with user-defined subroutine. Predicted profile of weld
fusion zone is in good agreement with the cross-sectional view obtained by experiments.
1. Introduction
Porous metals have a unique combination of properties such as light weight, high impact energy
absorption capacity, sound insulating and vibration damping properties, low thermal conductivity,
good electrical insulating property, etc. The development of the porous metals and its application
for the industrial use are recently extended in the world. However, the mechanical strength is
certainly low mainly due to the stress concentration [1] because the pores are randomly distributed
and spherical. On the other hand, lotus loot like (lotus-type) porous metals [2-17], whose pores are
formed by supersaturated gas utilizing the difference of gas solubility between liquid and solid are
aligned in one direction by unidirectional solidification, have higher strength than the conventional
porous metals. In particular, these are expected as the innovative engineering materials, which yield
various anisotropic properties, depending on alignment of the pore growth direction.
For the industrial use of foamed and porous metals as various parts, reliable joining technologies
such as welding as well as processing technologies are important. There have been some reports on
welding of the conventional porous metals [18-23]. However, weldability of porous metals with
controlled pore direction such as lotus-type porous metals had not been investigated previously.
Murakami, et al. investigated and reported the melting property of the lotus-type porous copper [24]
and magnesium [25] by laser beam irradiation. These results indicated that there was the pore
anisotropy in the penetration depth, especially remarkable anisotropy for the lotus-type porous
copper. They also suggested that the extraordinary difference in the penetration depth for the
lotus-type porous copper may be caused by the notable increase of the effective laser power by the
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multiple reflections of the laser beam at the pore wall in the case of the pore direction parallel to the
specimen top surface as well as the high reflectivity of a laser beam.
In this report, therefore, three-dimensional finite element analysis of temperature distribution for
the lotus-type porous copper with higher laser reflectivity as well as the lotus-type porous
magnesium with lower laser reflectivity under the non-steady-state conditions were performed in
order to investigate the effect of the anisotropy of the laser energy absorption. The effect of this
factor on the profile of a fusion zone by comparing the results of numerical simulation and the
experimental observations were discussed.
2. Experimental Procedure and Results
The ingots of lotus-type porous copper and magnesium with 100 mm in diameter and 100 mm in
height were prepared by casting process under unidirectional solidification [9,10,12-14]. The
average pore diameter and the porosity of copper and magnesium ingot were 0.1 mm and 30 %
[9,10,12] and 0.15 mm and 35 % [13, 14],
respectively. The specimens cut out of the
porous ingots with the pore growth
perpendicular and parallel to the specimen
surface using a spark-erosion wire-cutting
machine (Brother Industries Ltd., HS-300). The
specimen size of porous copper and magnesium
were 40 mm x 50 mm with
4 mm in
thickness and 40 mm x 40 mm with 1.8 mm in Fig. 1 Schematic views of specimens during laser
welding in the porous metal with the pore
thickness, respectively.
growth (a) perpendicular and (b) parallel to the
Figure 1 shows schematic views of
specimen surface [24-26].
specimens during laser welding. The welding of
the specimen was conducted using an Nd:YAG
laser unit with a maximum output power of
3.2 kW in continuous wave mode and the
wavelength of 1064 nm. The laser beam was
irradiated on the specimen surface with the spot
diameter of 0.6 mm at an angle of 80 degree to
prevent damage to the optics by a reflected
laser beam. Argon was used as a shielding gas
with a flow rate of 30 l/min. The cross-section Fig. 2 Macrostructure of the lotus-type porous copper
welds with the pore diameter of 0.1 mm and
of the welded specimen was observed by
the porosity of 30% for the welding speed of
optical microscopy to determine the profile of
0.2 m/min with the laser power of 3.2 kW [24].
the weld fusion zone.
Figure 2 shows the bead appearance and the
cross section of copper welds with the pores
perpendicular and parallel to the specimen
surface in the thickness of 4 mm for the
welding speed of 0.2 m/min with the laser
power of 3.2 kW [24]. As shown in Fig. 2, the
smooth weld bead was formed and the
specimen completely melted through the
bottom in the perpendicular direction. On the
Fig. 3 Macrostructure of the lotus-type porous
other hand, only the groove with little molten
magnesium welds with the pore diameter of
copper was shown in the parallel direction.
0.15 mm and the porosity of 35% for the
Figure 3 also shows the macrostructure of the
welding speed of 5.0 m/min with the laser
magnesium welds with the pores perpendicular
power of 1.0 kW [25].
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and parallel to the specimen surface in the thickness of 1.8 mm for the welding speed of 5 m/min
with the laser power of 1.0 kW [25]. As shown in Fig. 3, the smooth weld bead was formed and the
specimen melted in the both direction. In the perpendicular direction, the specimen melted through
the bottom like as the copper welds. The depth of the weld metal is approximately 70 % of the
specimen thickness in the parallel direction, and this is the big difference between copper and
magnesium specimen.
3. Modeling of Thermal Properties and Heat Input for Lotus-Type Porous Metals
The three-dimensional finite element calculations were performed, which takes into account
equivalent thermal properties and anisotropy of thermal conductivity. The analyses were performed
using a commercial FEM code, ABAQUS with user-defined subroutine. The lotus-type porous
metal is modeled by an orthotropic material, in which the principal axis for material properties is
along the aligned direction of pores. Here the modeling of thermal properties and heat input are
only described briefly. More detailed description has been introduced in the previous reports
[25,26].
The thermal analysis was conducted using temperature dependence of material properties. They
are density, specific heat, and thermal conductivity. The equivalent thermal properties of the
lotus-type porous metal were calculated from that of nonporous metal by the rule of mixture.
Assuming the porosity of the lotus-type porous metal is constant with the temperature change, the
equivalent density, the equivalent specific heat, and the equivalent thermal conductivity of the
lotus-type porous metal are expressed by the following equations [25,26].

ρ eq (T ) = (1 − ε )ρ n (T ), C p eq (T ) = C p n (T ) .

(1)
−1

λeq/ / (T ) = (1 − ε )λn (T ), λeq⊥ (T ) = (1 − ε ) ⋅ (1+ ε ) ⋅ λn (T ) .

(2)

dir
Here, ρ sub (T ) , C p sub (T ) , and λsub (T ) are the density, the specific heat, and the thermal
conductivity, respectively. The subscript sub of eq and n means the equivalent property and the
nonporous property, respectively, and the superscript dir of / / and ⊥ indicate the direction
parallel and perpendicular to pores, respectively. ε is the porosity of the lotus-type porous metal.
The heat input to the weld is generally calculated from the energy supplied at the keyhole. There
have been many reports on the distributed heat source models by arc and laser welding [27-34],
which were based on Gaussian distribution of heat flux. In this study, however, the growth of the
keyhole during the laser welding is modeled, where any distribution is not considered. Moreover,
the convection in the weld metal and the heat transfer by the phase transformation of the specimen
are neglected for the simplification of the calculation. The model of the heat source assumes a
uniform density distribution of energy on the weld pool simulated by a half-spheroid. The shape of
the heat source, which changes with time, is defined as the diameter of 0.6 mm and the depth of d
mm, which is set to the depth of the weld pool at the laser spot by the ABAQUS enhanced with
user-defined subroutine. The absorbable laser power at the specimen surface is assumed that the
most similar results between the calculated depth of fusion zone and the experimental result for the
each pore growth direction.
The heat conduction on the specimen surface is only considered as the boundary condition. Heat
loss due to thermal radiation between the specimen and environment is neglected for the
simplification of the calculation. The heat flux on the specimen surface is defined as following
equation.

qs = α s (Ts − Ta ).

(3)
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Here, Ts is the temperature on the specimen surface, Ta is the ambient temperature, and α s is
the heat transfer coefficient. In this study, α s is adopted as 1.0 W m-2 K-1, which is the minimum
value of air without flow [35].
4. Predicted Results and Discussions
Thermal analysis under the non-steady-state conditions was carried out and the temperature
distribution was evaluated. The specimen size, the welding speed and the spot diameter for the
lotus-type porous copper are 40 mm (x) × 20 mm (y) × 4 mm (z), 0.2 m/min and 0.6 mm,
respectively, and 20 mm (x) × 10 mm (y) × 1.8 mm (z), 5 m/min and 0.6 mm, respectively for the
lotus-type porous magnesium. The initial specimen temperature is 298 K and the initial depth of
heat source d is 0.3 mm. The ambient temperature Ta is assumed to the constant value of 298 K.
The analysis region is y > 0 due to space symmetry because the welding direction is along the x-axis.
The unit element size for the copper specimen is 1.0 mm (x) × 1.0 mm (y) × 0.5 mm (z) and the
element size for the magnesium specimen is 0.25 mm (x) × 0.25 mm (y) × 0.3 mm (z). The porosity
of the copper specimen and the magnesium specimen are 30 % and 35 %, respectively. In the case
for the direction of the pore is perpendicular to the specimen top surface, the equivalent thermal
//
⊥
conductivity are λz (T ) = λeq (T ) and λx (T ) = λy (T ) = λeq (T ) . On the other hand, the equivalent
//

⊥

thermal conductivity are λy eq (T ) = λeq (T ) and λx (T ) = λz (T ) = λeq (T ) for the pore direction
parallel to the specimen top surface. Here the subscripts x, y and z mean the thermal conductivities
along with the x-, y- and z-axis, respectively. The profile of the weld metal was estimated the region
that the cross section of the maximum temperature distribution exceed the melting temperature at
half of the x direction.
Figure 4 shows the maximum temperature distribution in the copper specimen with the pores
direction perpendicular and parallel to the
specimen top surface. Here the absorbable laser
power for the perpendicular direction is twice
lager than that for the parallel one. As shown in
Fig. 4, the specimen melted through the bottom
in the perpendicular direction. On the other
hand, the groove with little molten copper was
shown in the parallel direction. Moreover, the
Fig. 4 Calculated maximum temperature distribution
calculated profile and the experimental one as
of the lotus-type porous copper in the
shown in Fig. 2 were also similar in the both
cross-section at half of the x direction for the
cases. Figure 5 also shows the maximum
welding speed of 0.2 m/min. The absorbable
temperature distributions in the magnesium
laser power for the perpendicular direction is
0.33 kW, and that for the parallel direction is
specimen with the pores direction perpendicular
0.18 kW.
and parallel to the specimen top surface. Here
there is not so much difference of the
absorbable laser power between two directions.
In the perpendicular direction, the specimen
melted through the bottom, and, in the parallel
direction, the depth of the weld metal is
approximately 70 % of the specimen thickness.
The calculated profile and the experimental one
as shown in Fig. 3 were also similar in the both Fig. 5 Calculated maximum temperature distribution
of the lotus-type porous magnesium copper in
cases.
the cross-section at half of the x direction for
The effective absorptivity of laser power for
the welding speed of 5 m/min. The absorbable
these four cases can be estimated from the ratio
laser power for the perpendicular case is
of nominal laser power for experiments and the
0.48 kW, and that for the parallel case is
absorbable laser power for calculations. It is
0.40 kW.
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10.3 % and 5.6 % for the perpendicular and the parallel directions of the copper specimen,
respectively, and 48 % and 40 % for the perpendicular and the parallel directions of the magnesium
specimen, respectively. The reason is considered as follows: the laser beam mostly reflects on the
copper surface due to the high reflectivity of copper, about 95 % at room temperature [36]. In the
perpendicular direction, a part of laser beam deeply penetrates into open pores because the growth
direction of original pore nearly equals to the incident direction of the laser. In this case, the
multiple reflections of the laser beam at the pore wall extraordinarily increases the absorbable laser
power. The similar phenomenon had found in the welding for the high-density energy heat source
and this is called “Wall-focusing Effect” [37]. On the other hand, as the reflectivity of magnesium is
74 % at room temperature [36], a part of laser beam penetrates into open pores but almost laser
power is absorbed within a few reflections in the perpendicular direction. In this case, therefore, this
phenomenon slightly increases the absorbable laser power.
Compared between calculated and experimental profiles of weld fusion zone, however, the
calculated width of the weld metal is slightly larger than the experimental result. The reason is the
simplification of analysis, in which the following factors are not considered: the distributed energy
density for the heat source, the heat transfer by the latent heat due to the melting and vaporization of
the specimen, and the heat loss due to thermal radiation on the specimen surface. These factors,
however, not so influence significantly on the profile of weld fusion zone than the difference of the
laser energy absorption. Accordingly, the extraordinary difference between the weld fusion zone of
the lotus-type porous copper with the pores parallel to the specimen top surface and perpendicular
one is mainly controlled by the difference of the laser energy absorption on the specimen top
surface, and the relatively slight difference of profile for the lotus-type porous magnesium is mainly
controlled by anisotropy of thermal conductivity.
5. Conclusions
Three-dimensional finite element calculations of temperature distribution for the lotus-type
porous copper with higher laser reflectivity as well as the lotus-type porous magnesium with lower
laser reflectivity under the non-steady-state conditions were performed in order to investigate the
effect of the anisotropy of the laser energy absorption. The effect of this factor on the profile of
fusion zone was discussed by comparing the results of numerical simulation and the experimental
observations.
The effective absorptivity of laser power has been estimated from the ratio of nominal laser
power for experiments and the absorbable laser power for calculations. The effective absorptivity of
the lotus-type porous copper for the perpendicular direction is 2 times larger than that for the
parallel one, but there is not so much difference between two directions for the lotus-type porous
magnesium. These results are due to the difference of the reflectivity of laser beam between copper
and magnesium.
It has been concluded that the profile difference between the weld fusion zone of the lotus-type
porous copper with the pores parallel to the specimen top surface and perpendicular one is mainly
controlled by the difference of the laser energy absorption on the specimen top surface and the
profile difference for the lotus-type porous magnesium is mainly controlled by the anisotropy of
thermal conductivity.
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