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Fabrication of Lotus-type Porous Stainless Steel by
Unidirectional Solidification under Hydrogen Atmosphere
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Lotus-type porous stainless steel SUS304L has been fabricated by unidirectional solidification under mixed gases of hydrogen and argon.
The atmospheric pressure dependence of porosity and pore diameter has been investigated. The porosity is lower if the partial pressure of argon
is higher under a constant partial pressure of hydrogen and is higher if the partial pressure of hydrogen is higher under a constant total pressure
of atmosphere composing of hydrogen and argon. Average pore diameter increases with increasing distance from the bottom chill plane. From
tensile tests, the ultimate tensile strength of the porous stainless steel with porosity about 50% has been found to be about 7 times lower than
nonporous alloy in the direction perpendicular to pore growth direction.
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1. Introduction

Recently, porous and foamed metals and alloys have at-
tracted much attentions, which exhibit some superior physi-
cal properties for application to light weight materials, damp-
ing materials and so on. Various fabrication methods of the
porous and foamed metals and alloys were developed. For
example, those are a foaming method with gas bubbling, an
electroplating method for metal deposit in polyurethane form,
a powder sintering metallurgy method and so on.1–3) Usu-
ally the pores evolved in such porous metals are spherical
and randomly distributed. On the other hand, formation of
elongated gas pores during solidification of metals and alloys
were studied by several investigators.4–10) Recently, Nakajima
and co-workers10–24) investigated the fabrication of various
porous metals and alloys with elongated pores in pressurised
hydrogen, nitrogen or oxygen by a unidirectional solidifica-
tion method. In order to distinguish the porous metals with
elongated directional pores from sintered and foamed met-
als with rather spherical pores, we designate them lotus-type
porous metals, because they look like lotus roots.

It was found that the lotus-type porous metals exhibit
superior mechanical properties18–20,24, 25) and large internal
friction.26) Very recently, golf putter using lotus-type porous
copper has been commercialised.27) Thus, industrial applica-
tion has been expected to expand to various fields. From the
point of basic materials science, the porous metals are very
interesting materials which would potentially exhibit novel
various properties.

The present work has been undertaken to develop the fabri-
cation method of lotus-type porous stainless steel (SUS304L),
which is a practically important material in various applica-
tions. Moreover, the mechanical property of porous stainless
steel has also been investigated in the present work.

∗Present address: Mizuno Corp., Osaka 559-8510, Japan.

2. Experimental Procedure

2.1 Fabrication of porous stainless steel
The fabrication apparatus of the porous stainless steel con-

sists of an alumina crucible surrounded by an induction-
heating coil and a mold with water-cooled bottom copper
plate. These are installed in a high pressure chamber. The
detailed description was shown in Ref. 18).

Alloy pieces of SUS304L of about 100 g in weight were put
into a crucible of alumina of 30 mm in diameter and 90 mm
height (CP-2, Nikkato Corp.), which was dried well in air at
423 K for at least 3.6×103 s. The chemical composition of the
alloy is shown in Table 1. The alloy was melted by high fre-
quency induction heating in vacuum less than 6 × 10−3 Pa.
Then hydrogen and argon gases were introduced into the
chamber to a given pressure and the molten alloy was held
at 1923 K for 6.0 × 102 s to make hydrogen gas be absorbed
into the melt. The gas pressures of hydrogen and argon in this
procedure are listed in Table 2. The temperature was mea-
sured using an infrared radiation thermometer (model IR-AP,
Chino Corp.). The alloy was cast into the mold. Figure 1(a)
shows a schematic picture of the mold. The bottom is of a
water-cooled copper plate. The side wall is of a molybde-
num sheet of 0.1 mm in thickness; solidification from the side
wall is avoided by using the thin sheet with small heat capac-
ity. The inner surface of the side wall is coated with alumina
powder to avoid the reaction between the melt of alloy and
the molybdenum sheet. Thus, the mold is designed for the
solidification to occur vertically to the bottom plane.

The samples was cut in halves with a spark-erosion wire
cutter in order to observe the structure of the cross sectional
plane parallel to the solidification direction. Then a half piece
was cut into disks of 1 or 2 mm in thickness; the cut plane
is perpendicular to the solidification direction. Each surface
was polished with a series of emery papers. The cross sec-
tions were observed with an optical microscope. In order to
determine the porosity in each cross section perpendicular to
the solidification direction, the area fractions of pores were
analysed using a personal computer with an image process-
ing program (Macscope, Mitani Corp.).
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2.2 Tensile tests
Alloy pieces of about 1500 g were prepared in order to fab-

ricate large ingots to cut out specimens for tensile tests. They
were put into a crucible of alumina of 65 mm in diameter and
120 mm in height. The chamber was evacuated into vacuum
less than 3 × 10−3 Pa. Then the alloy was melted by high fre-
quency induction heating and held at 1923 K for 6.0 × 102 s
under the atmosphere listed in Table 3. The alloy was cast
into the mold shown in Fig. 1(b). The specimens for tensile
tests shown in Fig. 2 have been cut out with a spark-erosion
wire cutter. The tensile direction is perpendicular to the solid-
ification direction, i.e. pore growth direction. The tensile tests
have been performed at room temperature with an universal
test machine (Model 4482, Instron Co. Ltd.). The crosshead
speed was set up to be 0.1 mms−1. The strains were detected
by an extension meter with the gauge length of 11.5 mm.

3. Results and Discussion

3.1 Gas porosity
Figure 3 shows the cross sectional planes parallel and

perpendicular to the solidification direction of the sample
cast under the atmosphere of the mixture gas with hydrogen
1.0 MPa and argon 1.0 MPa (ingot ‘G’). It is observed that a

Table 1 Chemical composition of master ingot of SUS304L.

Element C Si Mn P S Cr Ni Cu N O H

Concentration (mass%) 0.24 0.49 0.87 0.027 0.008 18.25 9.19 0.26 0.057 0.005 0.0004

Table 2 Pressures of hydrogen and argon during melting at 1923 K for
6.0 × 102 s before casting.

Ingot H2 pressure/MPa Ar pressure/MPa Total pressure/MPa

A 0.6 0 0.6

B 0.6 0.6 1.2

C 0.6 1.0 1.6

D 0.6 1.4 2.0

E 0 2.0 2.0

F 0.8 1.2 2.0

G 1.0 1.0 2.0

H 1.2 0.8 2.0

I 2.0 0 2.0

Table 3 Pressures of hydrogen and argon during melting at 1923 K for
6.0 × 102 s. The ingots were cut out for tensile test specimens.

Ingot H2 pressure/MPa Ar pressure/MPa Total pressure/MPa

J 0 0.2 0.2

K 1.5 1.0 2.5

Fig. 3 Cross sectional planes (a) parallel and (b) perpendicular to the so-
lidification direction in the ingot ‘G’, which was cast under mixture gas of
1.0 MPa of hydrogen and 1.0 MPa of argon.
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Fig. 2 Sample shape used for tensile tests.

Fig. 1 Schematic pictures of the molds: (a) small ingots of porous stainless
steel for investigating the structures and (b) larger ingots for preparing
samples for tensile tests.
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lot of small pores in cylindrical shape extends in the solidi-
fication direction. The distribution of the pores in the cross
section perpendicular to the solidification direction is almost
homogeneous. On the other hand, the pores are not observed
in the sample cast under argon gas of 2.0 MPa without hydro-
gen (ingot ‘E’). Thus, the pores are considered to be evolved
by hydrogen gas. It is necessary to the pore evolution that the

solubility of gas atoms in the liquid state is larger than that
in the solid state; there is a solubility gap at the melting tem-
perature. Figure 4 shows the temperature dependence of the
hydrogen solubility in Fe–18Cr–8Ni alloy.28–30) Although the
solubility in the vicinity of the melting temperature has not
been reported, it is deduced, in this study, from the formation
of pores in the ingots cast under hydrogen atmosphere that
there is a solubility gap of hydrogen atoms between the solid
state and liquid state.

3.2 Effect of partial pressure of argon on porosity
Figure 5 shows the cross sectional planes parallel to the so-

lidification direction of the sample cast under hydrogen gas
of 0.6 MPa mixed with various pressures of argon. It is ob-
served that the pores grow larger in the sample cast under hy-
drogen of 0.6 MPa without argon than those in other samples
cast under atmosphere with argon. In the samples cast using
0.6 MPa or 1.0 MPa of argon, the pores in cylindrical shape
are observed to extend in the solidification direction. There
are fewer pores in the sample fabricated with 1.4 MPa of ar-
gon than in the samples fabricated with 0.6 MPa or 1.0 MPa of
argon. Figure 6 shows the porosity and average pore diameter
as functions of the distance from the bottom plane determined
by analysing the cross sections perpendicular to the solidifi-
cation direction in the samples fabricated under 0.6 MPa of
hydrogen and 1.0 MPa (sample C) or 1.4 MPa (sample D) of

Fig. 5 Cross sectional planes parallel to the solidification direction in the ingots cast under mixture gase of 0.6 MPa of hydrogen and (a)
0 MPa, (b) 0.6 MPa, (c) 1.0 MPa or (d) 1.4 MPa of argon.

Fig. 4 Temperature dependence of hydrogen solubility in liquid28, 29) and
solid30) states of Fe–18Cr–8Ni alloy under hydrogen pressure 0.1 MPa.
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argon. Both average pore diameter and porosity are larger in
sample C. Generally, the solubility of hydrogen in metals and
alloys follows the Sieverts’ law,

C = kp1/2, (1)

where C is the concentration of hydrogen atoms in an alloy,
k is the equilibrium constant and p is the hydrogen pressure.
Therefore, it is expected that the concentrations of hydrogen
in the liquid state of samples A, B, C and D and hence the mo-
lar quantities of hydrogen that form pores in these samples are
not different since the hydrogen pressures are constant. On
the other hand, the pressure of hydrogen gas in pores, pH2,
should be balanced with the total pressure, pH2 + pAr. Under
a constant partial pressure of hydrogen, pH2,1 (=pH2,2), this
results in the smaller volume of pores, V2 (<V1), in the sam-
ples cast under the higher partial pressure of argon, pAr,2 than
under the lower partial pressure of argon, pAr,1, according to
Boyle’s law,

(pH2,1 + pAr,1)V1 = (pH2,2 + pAr,2)V2. (2)

This is considered to be the reason for the lower porosity in
sample D compared with sample C.

3.3 Effect of partial pressure of hydrogen on porosity
Figure 7 shows the cross sections perpendicular to the so-

lidification direction at 2 mm from the bottom plane in the
samples fabricated under various combinations of hydrogen
and argon partial pressures with total pressure of 2.0 MPa. It
is found that the number density of pores and hence porosity
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Fig. 6 Variation of (a) porosity and (b) averaged pore diameter with the
distance from the bottom plane in the ingots cast under the mixed gases of
0.6 MPa of hydrogen and 1.0 or 1.4 MPa of argon.

Fig. 7 Cross sectional plane perpendicular to the solidification direction at 2 mm from the bottom plane in the ingots cast under the mixed
gases of (a) 0.6 MPa of hydrogen and 1.4 MPa of argon, (b) 0.8 MPa of hydrogen and 1.2 MPa of argon, (c) 1.0 MPa of hydrogen and
1.0 MPa of argon or (d) 1.2 MPa of hydrogen and 0.8 MPa of argon.
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increase with increase of partial pressure of hydrogen. The
hydrogen pressure in pores, which should be balanced with
the total pressure, in porous metals fabricated under the same
total pressure are expected to be the same even if the partial
pressures of hydrogen are different. In this case, the porosity
depends on the solubility of hydrogen, which is expressed by
eq. (1). Therefore, it is reasonable that the porosity is larger in
samples fabricated under higher partial pressure of hydrogen.

Figure 8 shows the porosity and average pore diameter as
functions of the distance from the bottom plane determined by
analysing the cross sections perpendicular to the solidification
direction in the samples fabricated under constant total pres-
sure of 2.0 MPa. In entire region, it is found that the porosity
is higher in the sample fabricated under higher partial pres-
sure of hydrogen except for 2.0 MPa of partial pressure in the
region of larger distance from the bottom plane. The cause of
such an exception, which is considered to be related to the dif-
ference of cooling rate by the distance from the bottom plane,
is discussed in the next section. While average pore diameter
is larger in samples fabricated under higher partial pressure of
hydrogen in the region near the bottom plane up to 2 or 4 mm,
such a trend is not observed at the larger distance. Since the
average pore diameter depends on argon pressure in samples
under a constant hydrogen pressure of 0.6 MPa in Fig. 6, it
seems that the average pore diameter depends mainly on total
pressure.

Figure 9 shows the pressure dependence of the porosity

of 2.0 MPa. These pressure dependence of the porosity is un-
derstood in the light of the Sieverts’ law and Boyle’s law as
mentioned above.

3.4 Influence of distance from the bottom plane
It is seen, in Figs. 6 and 8, that the average pore diameter

increases with increase of the distance from the bottom plane.
From Figs. 3(a) and 5, it is found that this is attributed to
two causes; one is the growth of each pore, and another is
the coalescence of more than one pores. The former one is
considered to be due to the slower cooling rate at positions
further from the bottom plane.

In Fig. 8, the porosity increases with increasing distance
from bottom plane in the sample of hydrogen pressure of
0.6 MPa. This is due to increase of the pore diameter. How-
ever, in other atmosphere, the porosity decreases with increas-
ing distance from bottom plane, while the average pore diam-
eter increases. It is deduced that pores grow so large with
the progress of solidification that the buoyant force working
against the pores become large and the pores are not taken
in solid but rise from the interface between solid and liquid
to the liquid. The inflection of porosity curve of argon pres-
sure of 1.0 MPa in Fig. 6 is also considered to due to the same
cause.

In order to fabricate the porous stainless steels that have an
uniform porosity or average pore diameter in the solidification
direction, it is necessary to apply the solidification method by
which a constant cooling rate is achieved.

3.5 Tensile tests
Figure 10(a) shows a picture of a sample cut out from in-

determined averaging the porosities within the region where
cylindrical pores are observed to extend parallel to the solid-
ification direction. The porosity is higher in the samples fab-
ricated using lower pressure of argon under a constant partial
hydrogen pressure of 0.6 MPa and is also higher using higher
partial pressure of hydrogen under a constant total pressure
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Fig. 9 Porosity (%) of porous stainless steel (SUS304L) fabricated under
various couples of hydrogen and argon pressures. The number in the figure
shows the porosity (%).
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Fig. 8 Variation of (a) porosity and (b) averaged pore diameter with the
distance from the bottom plane in the ingots cast under the mixed gases
of hydrogen and argon, 0.6 MPa of hydrogen and 1.4 MPa of argon (‘D’),
0.8 MPa of hydrogen and 1.2 MPa of argon (‘F’), 1.0 MPa of hydrogen and
1.0 MPa of argon (‘G’) or 1.2 MPa of hydrogen and 0.8 MPa of argon (‘H’)
or 2.0 MPa of hydrogen and 0 MPa of argon (‘I’). Numerical values in the
figures indicate the hydrogen partial pressure.



Fabrication of Lotus-type Porous Stainless Steel by Unidirectional Solidification under Hydrogen Atmosphere 2683

got ‘K’. The distribution of pores is almost homogeneous
whose direction is perpendicular to the tensile directions.
Figure 10(b) shows a sample after fracture. In this case the
fracture occurred at the middle point in the sample.

Figure 11 is the stress-strain curve obtained from porous
and nonporous samples. It is found that both elongation and
ultimate tensile strength for nonporous alloy are both larger
than those for porous alloy. Figure 12 shows the ultimate ten-
sile strength in the direction perpendicular to the solidification
direction. In the figure, the porosity is taken as the horizontal
axis. The fraction of decrease in the ultimate tensile strength
of the porous alloy to that of the nonporous alloy is larger than
the fraction of decrease in the density. This is considered to
be due to the stress concentration as well as in case of porous
copper.18) The dotted curve indicates the one expressed by the
equation,

σ = σ0(1 − ε/100)K (K = 3), (3)

where σ is the strength of the specimen that has pores of ε

(%) in volume fraction, σ0 is the strength of nonporous spec-

chanical property of the solid part of the porous stainless steel
at room temperature.

4. Conclusions

Lotus-type porous stainless steel SUS304L has been fab-
ricated by unidirectional solidification under mixed gases of
hydrogen and argon. The porosity depends on the atmosphere
pressure; it is lower using the higher partial pressure of argon
under a constant partial pressure of hydrogen and is higher
using higher partial pressure of hydrogen under a constant
total pressure of atmosphere composing of hydrogen and ar-
gon. Average pore diameter increases with increasing dis-
tance from the bottom chill plane. This is due to the slower
cooling rate at further distance from the bottom plane. From
tensile tests, the ultimate tensile strength of porous alloy with
porosity about 50% has been found to be by a factor of about
7 lower than nonporous alloy in the direction perpendicular to
pore growth direction.
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imen and K is the stress concentration coefficient. In porous
copper, the ultimate tensile strength in the direction perpen-
dicular to the pore direction is expressed well by eq. (3).18)

It is found that the ultimate tensile strength of the stainless
steel (SUS304L) also follows eq. (3) in the present study. The
solid part of the porous stainless steel can include hydrogen
atoms than the nonporous one. However, the concentration of
hydrogen atoms in solid part of the porous stainless steel is
not considered to be so much that they influence on the me-
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Fig. 12 Ultimate tensile strength of porous and stainless steel in the direc-
tion perpendicular to solidification direction as a function of porosity.

Fig. 11 Examples of stress-strain curves obtained from porous and non-
porous stainless steel SUS304L.

Fig. 10 A picture of specimen of porous stainless steel for a tensile test:
(a) before a tensile test and (b) after fracture by a tensile test.
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