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Abstract: The pores in lotus-type porous copper are formed due to the difference in hydrogen
solubility between the liquid and solid phases of copper. In a pressurized hydrogen atmosphere,
hydrogen gas is released at the gas release and crystallization temperature, which is the melting
point of copper. This study systematically analyzes the effects of process parameters, including
hydrogen ratio, total pressure, and continuous casting speed, on the pore structure of lotus-type
porous copper, with the aim of identifying the most critical process parameters for controlling pore
diameter and density. Within the hydrogen ratio up to 50%, it was observed that as the hydrogen ratio
increases, the pores tend to increase in porosity, and the pore diameter increases. As the hydrogen
ratio increased from 25% to 50%, the pore diameter increased from 300 µm to 400 µm, while the
pore density decreased from 3.3 N·mm−2 to 2.8 N·mm−2. As the total pressure increased, the pore
diameter tended to decrease, and the pore density increased. Specifically, when the total pressure
increased from 0.2 MPa to 0.4 MPa, the pore diameter decreased from 1100 µm to 400 µm, while the
pore density increased significantly from 0.5 N·mm−2 to 2.8 N·mm−2. In addition, as the continuous
casting speed increased, 30 to 90 mm·min−1, the pore diameter decreased from 850 µm to 400 µm,
and the pore density increased from 0.7 N·mm−2 to 2.8. N·mm−2. Specifically, the increase in
total pressure led to a decrease in Gibbs free energy and a reduction in the critical pore nucleation
radius, which promoted pore formation and resulted in the creation of more, smaller pores. These
results suggest that total pressure is the primary factor influencing both pore diameter and density in
lotus-type porous copper.

Keywords: lotus-type porous copper; continuous casting; process parameter; porosity; pore diameter;
pore density

1. Introduction

Porous metals have low density and large specific surface areas, which allow them to
be used in a wide range of applications, including lightweight materials, catalyst supports,
electrodes, vibration and sound energy damping materials, and impact energy absorption
materials [1,2]. While most porous metals have isotropic pore structures, lotus porous
metals have an anisotropic pore structure characterized by long cylindrical pores aligned in
one direction [2]. This anisotropy results from differences in scattering caused by dislocations
and electrons, resulting in superior mechanical strength compared to conventional porous
metals [3].

In particular, lotus-type porous copper has excellent thermal properties and a large
specific surface area, making it a promising material for use in heat sinks [4–8]. It is also
gaining attention as a cooling technology for next-generation electronic devices, such
as electric vehicles (EVs), which use semiconductor devices with high heat generation
densities. While conventional forced convection cooling systems require high power
consumption, a novel cooling method that combines lotus-type porous copper with heat
transfer surfaces significantly enhances the critical heat flux, providing an energy-efficient
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cooling solution [9–11]. In addition, lotus-type porous copper has shown potential for
application in heat pipes, providing high-efficiency heat exchange and energy-efficient
cooling systems [12].

Recently, the miniaturization of semiconductor devices and the increase in current
density have led to a significant increase in the heat generation density of power devices.
For example, the heat generation density of SiC-based inverters for automotive applica-
tions is expected to reach 300–500 W/cm2 [13]. This is significantly higher than that of
conventional silicon (Si) power devices, requiring compact cooling solutions with high
heat transfer performance. Lotus-type porous copper is proving to be an efficient material
capable of satisfying these requirements [14].

The manufacturing of lotus-type porous metals is based on the principle that gases
such as hydrogen, nitrogen or oxygen, which are insoluble in the solid phase, are soluble
in the liquid phase [2,3,5,6]. As the molten metal solidifies, the difference in gas solubility
between the liquid and solid phases leads to the formation of pores driven by insoluble gas
atoms [2,14,15]. In this unidirectional solidification process, key parameters such as gas
pressure, solidification rate, and melting temperature control the pore diameter, density,
and porosity, allowing for the manufacturing of various porous metals.

The diameter, density, and shape of the pores in lotus-type porous copper are signifi-
cantly influenced by the process parameters, especially the hydrogen ratio, total pressure,
and continuous casting speed. The hydrogen ratio is a key factor in determining porosity
and pore diameter, with higher hydrogen concentrations leading to an increase in both
pore diameter and porosity [16]. In contrast, total pressure plays a critical role in decreasing
pore diameter and increasing pore density [17]. As total pressure increases, gas expulsion
is suppressed, resulting in smaller pores and higher pore density. Similarly, an increase in
continuous casting speed accelerates the solidification process, resulting in the same effect:
smaller pores and higher pore density [18].

Although there have been studies on the individual effects of process parameters on
pore structure, comprehensive research that identifies which parameters are more effective
and which parameters play a more critical role in controlling pore diameter and density is
still lacking. Previous research [16–20] has primarily focused on analyzing the influence
of individual process variables, such as the solidification rate or gas pressure, on pore
formation, while in-depth analysis of the interactions between these process parameters
has been relatively inadequate. As a result, the development of clear process strategies for
achieving the optimal pore structure in lotus-type porous copper has been limited.

In this study, three key process parameters (hydrogen ratio, total pressure, and con-
tinuous casting speed) are systematically analyzed for their effects on the pore structure
of lotus-type porous copper. The effects of each parameter on porosity, pore diameter,
and density are evaluated to identify the critical factors that best control pore formation.
In addition, the contributions of each parameter to the pore formation mechanism are
evaluated to determine which has the greatest influence.

2. Materials and Methods

First, 2 kg of 99.99% pure copper was placed in a high-pressure chamber and evacuated
using a rotary pump to create a vacuum. A mixed gas of hydrogen and nitrogen with
hydrogen ratios of 25%, 34%, and 50% was pressurized between 0.2 and 0.4 MPa. The
copper was melted by induction heating and held at 1628 K for 1800 s, with the temperature
continuously monitored by an R-type thermocouple. To prevent premature flow of the
molten copper, a start bar and a dummy bar were combined at the bottom of the crucible.
The continuous casting process was initiated by lowering the start bar with a motor
that controlled the continuous casting speed. The speed was adjustable between 1 and
100 mm·min−1, and for this study, casting speeds of 30, 60, and 90 mm·min−1 were used to
control the solidification rate.

The hydrogen-saturated molten copper was cooled by a copper chiller as it moved
to the lower chamber. During solidification, hydrogen was expelled at the solid–liquid
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interface due to the significant difference in hydrogen solubility between the liquid and
solid phases. Since the solubility of hydrogen in the liquid phase is much higher than in
the solid phase, hydrogen gas formed cylindrical pores that grew parallel to the solidifi-
cation direction. The resulting slab had a cross-section of 30 × 40 mm2 and a length of
300–400 mm (Figure 1).
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Figure 1. Schematic of the continuous casting apparatus.

The slab was cut both parallel and perpendicular to the casting direction using a
wire-cut electric discharge machine (model AQ550L, Sodick Co., Yokohama, Japan). Each
cross-section was polished with a series of sand papers and observed under an optical
microscope (VHX-7000, Keyence Co., Osaka, Japan). Pore diameters and density were
analyzed from the cross-section perpendicular to the casting direction using an image
analyzer (Image-Pro Plus 6.1, Media Cybernetics Co., Silver Spring, MD, USA). Porosity
was calculated from the weight and volume of the rectangular specimens.

3. Results
3.1. Hydrogen Ratio

The effects of various process parameters on the pore structure of lotus-type porous
copper were analyzed by examining porosity, pore diameter, pore distribution, and pore
density. The pore structure of lotus-type porous copper is mainly determined by the
hydrogen solubility, pressure, and solidification rate [14]. In continuous casting, the
hydrogen solubility is controlled by the hydrogen ratio, the pressure is controlled by
a pressure chamber, and the solidification rate is controlled by adjusting the casting speed
of the start bar. Therefore, the hydrogen ratio, total pressure, and continuous casting
speed are the key process parameters in the continuous casting of lotus-type porous copper.
Figure 2 shows the measured porosity results for different hydrogen ratios, with total
pressure set at 0.4 MPa and continuous casting speed at 90 mm·min−1. The results show a
trend of increasing porosity from 36% to 53% as the hydrogen ratio increased from 25% to 50%.

Figure 3 shows the changes in pore morphology as a function of hydrogen ratio under
the same conditions as in Figure 2, with a total pressure of 0.4 MPa and a continuous
casting speed of 90 mm·min−1. An analysis of the pore shape in both the perpendicular
and parallel directions to the continuous casting direction showed a tendency for the pore
diameter to increase with increasing hydrogen ratio.
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As shown in Figure 3b, the average pore diameter tended to increase from 300 µm
to 400 µm with the hydrogen ratio increasing from 25% to 50%. There was a trend of
increasing variation in pore diameter with higher hydrogen ratios because the pressurized
hydrogen atmosphere in continuous casting dissolves hydrogen in the molten copper,
leading to pore formation during solidification. In contrast, the pore density tended to
decrease from 3.3 N·mm−2 to 2.8 N·mm−2 as the hydrogen ratio increased. According to
Sieverts’ Law, the hydrogen concentration is proportional to the square root of the hydrogen
pressure. Conversely, according to Boyle’s Law, the gas volume in the pores is inversely
proportional to the external gas pressure, since the pore pressure equals the external gas
pressure. Therefore, the increase in porosity and pore diameter with an increasing hydrogen
ratio is primarily due to the greater influence of hydrogen solubility [2,16].

3.2. Total Pressure

Figure 4 shows the changes in porosity as a function of total pressure when the
hydrogen ratio is 50% in a hydrogen–nitrogen mixed gas, and the continuous casting speed
is set at 90 mm·min−1. The experimental results confirmed a trend of decreasing porosity
from 53% to 47% as the total pressure increased from 0.2 MPa to 0.4 MPa. This decrease in
porosity is attributed to the suppression of pore formation as the total pressure increases.

Figure 5 shows the pore morphology in both parallel and perpendicular directions as
the total pressure increases while the hydrogen ratio and continuous casting speed remain
constant. The experimental results indicate that the pore diameter tends to decrease as
the total pressure increases, while the number of observed pores increases. In particular, a
larger distribution of smaller pores was observed.
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Figure 5b shows the changes in pore diameter and pore density with increasing total
pressure. The measurements show that as the total pressure increases from 0.2 MPa to
0.4 MPa, the pore diameter tends to decrease from 1100 µm to 400 µm, while the pore
density increases sharply from 0.5 N·mm−2 to 2.8 N·mm−2. Therefore, as the total pressure
increases, both porosity and pore diameter decrease, but the total number of pores increases
due to the increase in pore density.

3.3. Continuous Casting Speed

The continuous casting speed is closely related to the solidification rate, with the
solidification rate increasing as the continuous casting speed increases. Figure 6 shows
the changes in porosity as a function of continuous casting speed when the hydrogen
ratio and total pressure are kept constant. The experimental results show that the average
porosity remained unchanged at 52% as the continuous casting speed increased from 30 to
90 mm·min−1. Therefore, it was found that changes in continuous casting speed had little
to no effect on porosity.

Figure 7a shows the pore morphology as a function of increasing continuous casting
speed while keeping the hydrogen ratio and total pressure constant. As the continuous cast-
ing speed increased 30 to 90 mm·min−1, the pore diameter decreased, while the number of
pores observed increased. In addition, a larger distribution of smaller pores was observed.

Figure 7b shows the measured pore diameter and pore density as a function of in-
creasing continuous casting speed. As the continuous casting speed increased from 30 to
90 mm·min−1, the average pore diameter decreased from 850 µm to 400 µm, while the pore
density increased sharply from 0.7 N·mm−2 to 2.8 N·mm−2. Therefore, as the continuous
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casting speed increases, the porosity remains constant, the pore diameter decreases, but the
pore density increases, resulting in an overall increase in the number of pores.
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4. Discussion
4.1. Porosity

Pore formation in lotus-type porous copper occurs due to the difference in hydrogen
solubility between liquid and solid copper. The porosity varies depending on the amount
of hydrogen gas expelled during the solidification process as the copper transitions from a
hydrogen-saturated liquid state to a solid state with lower hydrogen solubility [16,21–23]. In
the copper–hydrogen system, hydrogen solubility can be calculated based on temperature
and phase (liquid or solid) using Sieverts’ Law, where the hydrogen concentration is
proportional to the square root of hydrogen pressure and temperature [2,14].

The amount of rejected hydrogen is determined by the difference in solubility between
the liquid and solid phases of copper. Therefore, porosity can be estimated by calculating
the volume ratio of hydrogen rejected during gas evolution crystallization in a hydrogen
atmosphere to the volume of pores formed [2,16,21]. Porosity is expressed in terms of pore
volume (Vρ) and solid copper volume (VS) as shown in Equation (1) [18,21].

ε ≈
Vρ

Vρ + VS
·100 (1)

where ε represents the porosity. Since the pore volume varies with the amount of rejected
hydrogen, the pore volume is described using Equation (2) as follows [18]:
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Vρ =
(kl − ks)

√
PH2 ·R· Tm

PN2 + PH2

(2)

ε ≈ (kl − ks)·R·Tm

(kl − ks)·R·Tm + m·Vs·
PN2 +PH2√

PH2

(3)

PN2 is the partial pressure of nitrogen and PH2 is the partial pressure of hydrogen. R is
the gas constant, and Tm is the crystallization temperature at which the rejected hydrogen
gas is released, which is the melting point of copper. kl is the equilibrium constant for the
hydrogen solubility reaction in liquid copper, and ks is the equilibrium constant for the
hydrogen solubility reaction in solid copper. m is a fitting parameter that accounts for the
amount of escaping hydrogen [14,16,18]. As shown in Equations (2) and (3), the porosity
is determined by the total pressure and the partial pressure of hydrogen. Therefore, the
continuous casting speed has little effect on porosity, and as shown in the results of Figure 6,
changes in continuous casting speed result in minimal changes in porosity.

As the hydrogen ratio increases, the porosity increases because, as described by
Equation (3), the pore volume increases in proportion to the square root of the hydrogen
partial pressure, leading to an increase in porosity [16]. Since nitrogen does not dissolve in
molten copper, the pores are composed entirely of hydrogen. In addition, the pore pressure
must balance the total pressure, so if the total pressure is constant, the pore pressure remains
stable regardless of changes in the hydrogen partial pressure. As a result, an increase in the
hydrogen ratio increases the solubility of hydrogen in the molten copper, which ultimately
leads to an increase in porosity at constant total pressure [2,14,16]. On the other hand, as
the total pressure increases, the pore volume decreases, resulting in a decrease in porosity.
In other words, higher total pressure makes it more difficult for gas to diffuse into the
pores, which, in turn, reduces the partial pressure of hydrogen required for pore formation,
resulting in a decrease in porosity [22,24].

4.2. Pore Diameter

In lotus-type porous copper, pore nucleation occurs due to the difference in hydrogen
solubility between liquid and solid copper. The hydrogen dissolved in the liquid copper is
expelled as the copper crystallizes into a solid phase, as it cannot enter the solid copper.
This expulsion creates pores that eventually form pores [22].

The nucleation of pores based on the hydrogen ratio is related to the nucleation rate J
and the Gibbs free energy. The relationship between the nucleation rate J and the Gibbs
free energy of a pore is given by [18,25]:

J =
NkT

h
exp

(
− 1

kT
·16π

3
· γ3

∆P2 · f (θ)
)

(4)

where N is the number of gas molecules in the liquid phase, k is the Boltzmann constant,
T is the temperature, h is Planck’s constant, γ is the surface energy of the pores, ∆P is the
difference between the ambient pressure and the internal pressure of the pores, and (θ) is
a function of the surface energy, which depends on the contact angle θ between the solid
and the pores. The nucleation rate based on the hydrogen ratio is related to N, where the
hydrogen concentration in the liquid phase increases as the hydrogen ratio increases. This
leads to a proportional increase in the number of hydrogen molecules in the liquid, which
means that the hydrogen ratio and N are directly proportional.

As the hydrogen ratio increases at a constant total pressure, the hydrogen concentration
in the pores increases, promoting pore growth. The diffusion of hydrogen into the pores
increases the internal pore pressure, resulting in an increase in pore diameter [16,22,24].
Consequently, as the hydrogen ratio increases, the pore diameter tends to increase. In addition,
the increase in hydrogen partial pressure increases porosity, which, in turn, promotes pore
nucleation. The nucleated pores move closer together and overlap, resulting in larger pore
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diameter and a decrease in pore density [15]. The relationship between total pressure, continuous
casting speed, and pore diameter is explained as follows. Pores form through heterogeneous
nucleation [2,14,16–20], with changes in Gibbs free energy (∆G′

het) and the critical pore nucleation
radius (r′het

)
during pore formation described by Equations (4)–(6) [17,26].

∆G = ∆Gi + ∆Gv = 4πr2·σL−G − 4
3

πr3·Pi (5)

∆G′
het = ∆G·f(θ, Γ) =

1
9
·∆Gi(r′het)·f(θ, Γ) (6)

r′het =
2σL−G

3
(

Pvap + PH2 + PN2 + σLgh
) (7)

In heterogeneous nucleation of these pores, for a cone with an angle Γ and depth h,
the shape factor f(θ, Γ) is calculated based on the interfacial tension balance [17].

σG−S = σL−S − σL−G· cos θ (8)

f(θ, Γ) =
[1 − sin

(
θ + Γ

2

)
]

4· sin( Γ
2 )

·
{

2sin
(

Γ
2

)
− cos θ

[
1 + sin

(
θ +

Γ
2

)]}
(9)

where ∆Gi is the driving force for pore formation, which represents the effect of pore
movement per unit volume of the melt, ∆Gv is the resistance to pore nucleation, resulting
from the increase in surface free energy. σL−G is the surface tension between the liquid
and gas phases, and Pi is the internal pressure of the pore, which can be calculated as
follows [17,20].

Pi = Pvap + PH2 + PN2 + σLgh +
2σL−G

r
(10)

According to Equations (5)–(9), the changes in Gibbs free energy and critical pore
nucleation radius associated with the heterogeneous nucleation of pores were calculated as
a function of total applied pressure, and the results are shown in Figure 8. The variables
used in the calculations are listed in Table 1. It was observed that as the total pressure
increases, both the Gibbs free energy and the critical pore nucleation radius decrease.
Therefore, heterogeneous pore nucleation becomes easier as the total pressure increases.
In addition, the pressure difference between the inside and outside of the pores increases
as the total pressure increases, leading to an increase in the pore nucleation rate [27]. This
suggests that as the Gibbs free energy and critical pore nucleation radius decrease, pore
nucleation is promoted, resulting in an increase in the number of pores and a decrease in
the pore diameter.
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Table 1. Variables for the calculation of Gibbs free energy and critical pore nucleation radius in pore
nucleation (Reprinted from ref. [17]).

Metal σLgh, Pa Pvap, Pa θ, ◦ σL−G, J·m−2

Cu 7840 1.28 134 1.31

Figure 9a–c show the measured results of the solid–liquid interface shape angle as a
function of continuous casting speed. Since the pores in lotus-type porous copper grow
perpendicular to the solid–liquid interface [18], the angle of the pores was measured based
on the continuous casting speed, and the cone angle of the solid–liquid interface was
analyzed. Because pore growth takes place in the perpendicular direction, variations in
the continuous casting speed also lead to variations in the shape angle of the solid–liquid
interface. Figure 9d shows the shape angle as a function of distance from the sample
center based on the continuous casting speed. The experimental results indicate that as the
continuous casting speed increases, the cone angle of the solid–liquid interface tends to
decrease. These variations in angle directly affect the directionality and growth mechanism
of pore formation at the solid–liquid interface. Based on the measured angle values, the
variations in Gibbs free energy (∆G′

het) associated with heterogeneous nucleation were
calculated, and the results are shown in Figure 10.
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Figure 10a shows that as the continuous casting speed increases, the angle of the
solid–liquid interface decreases, leading to a decrease in the shape factor f(θ, Γ). The shape
factor is an important parameter in the heterogeneous nucleation of pores, and a decrease
in the angle indicates that the energy barrier required for pore formation is lowered. Based
on these changes, the calculated variations in the Gibbs free energy can be observed in
Figure 10b–d.
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As the continuous casting speed increases, the critical pore nucleation radius re-
mains constant, while the change in Gibbs free energy tends to gradually decrease. This
indicates that as the continuous casting speed increases, the energy barrier for pore for-
mation is lowered, making heterogeneous nucleation of pores easier [2,17,18]. Therefore,
as the continuous casting speed increases, the Gibbs free energy during pore nucleation
tends to decrease, resulting in an increase in the number of pores and a decrease in the
pore diameter.

By comparing Figures 9 and 10, it can be observed that the changes in Gibbs free energy
and critical pore nucleation radius decrease significantly as the total pressure increases.
Conversely, while the Gibbs free energy change decreases with continuous casting speed,
the critical nucleation radius remains constant.

By comparing the results for pore diameter and density in Figures 5 and 7 as a
function of total pressure and continuous casting speed, it can be seen that pore density
increases consistently with both parameters. However, higher total pressure results in a
more significant decrease in pore diameter along with an increase in pore density. This
phenomenon is attributed to the decrease in Gibbs free energy change and critical pore
nucleation radius during heterogeneous nucleation of pores with increasing total pressure.

In addition, while the cone angle of the solid–liquid interface decreases with an
increase in continuous casting speed, the Gibbs free energy associated with heterogeneous
nucleation decreases only slightly and does not affect the critical pore nucleation radius.
Therefore, it can be concluded that the total pressure is the key process parameter that
significantly affects the pore density and size in the manufacturing of lotus-type porous
copper by continuous casting.

5. Conclusions

In this study, the effects of process parameters, such as hydrogen ratio, total pressure,
and continuous casting speed, on the pore structure during the manufacturing of lotus-type
porous copper were analyzed. Based on the results, the following conclusions can be made:

1. Hydrogen ratio: As the hydrogen ratio increases from 25% to 50%, the porosity tends
to increase due to the higher solubility of hydrogen in the molten copper as the
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hydrogen partial pressure increases. In contrast, an increase in total pressure inhibits
pore formation, resulting in a decrease in porosity. The continuous casting speed has
a minimal effect on porosity, indicating that the hydrogen ratio and total pressure are
the primary factors determining porosity. Also, for the pore diameter and density,
as the hydrogen ratio increases, the pore diameter tends to increase, while the pore
density decreases. The diffusion of hydrogen into the pores increases the internal
pore pressure, resulting in an increase in pore diameter. The increase in hydrogen
partial pressure increases porosity and promotes pore nucleation. The nucleated pores
move closer together and overlap, resulting in larger pore diameters and a decrease
in pore density.

2. Total pressure: As the total pressure increases, the pore diameter tends to decrease
while the pore density increases sharply. This is due to the decrease in Gibbs free
energy with increasing total pressure, which leads to a smaller critical pore nucleation
radius. As smaller pores are generated more frequently, the total pore diameter
decreases and the pore density increases. In particular, as the total pressure increases
from 0.2 MPa to 0.4 MPa, a significant reduction in pore diameter is observed from
1100 µm to 400 µm, along with a rapid increase in pore density from 0.5 N·mm−2 to
2.8 N·mm−2. This demonstrates the critical role that total pressure plays in changing
the pore structure.

3. Continuous casting speed: The effect of continuous casting speed on pore diam-
eter and density was also observed. As the casting speed increases from 30 to
90 mm·min−1, the solidification rate accelerates, causing the pore diameter to decrease
from 850 µm to 400 µm, while the pore density increases from 0.7 to 2.8 N·mm−2.
This occurs because faster solidification reduces the time available for hydrogen to
escape from the pores, resulting in smaller pore sizes and a larger number of smaller
pores. In particular, as the continuous casting speed increases, the cone angle of the
solid–liquid interface decreases, facilitating heterogeneous nucleation of pores and
contributing to the increase in pore density.

4. Both total pressure and continuous casting speed contribute to the increase in pore
density; however, this study shows that total pressure has a significantly greater
effect on both the pore diameter and density. Therefore, controlling the total pressure
is the most critical factor for effectively controlling the pore structure of lotus-type
porous copper.
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