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Abstract: Gasar, which is based on the gap of gas solubility between liquid and solid metals, is a revolutionary process for fabricating
porous metal. Recently, the research on fabricating porous alloys with ordered pore structure, has been one of the most popular topics
and technical issues concerning the application of Gasar porous metals. The main reasons for difficulties in controlling the ordered
porous structure include the influence of the “mushy zone” at the front of the interface during the solidification of the alloy, and the
fact that after alloying elements are added, the solid-liquid interface becomes unstable and the solidification mode changes.
Preliminary researches mainly focused on reducing the influence of the above two factors on the directional growth of pores from the
following two perspectives: preparation technology improvement and alloy composition design (micro-alloying). This study reviewed
the research progress of Gasar porous alloys based on the development of preparation techniques (mould casting technique—
continuous zone melting technique—continuous casting technique), summarized the main factors that affect pore structure of porous
alloys, and analyzed the shortcomings and development trends of future research.
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application potential in a wide range of industries such as heat
sinks, artificial skeletons, filters, catalysts, carriers, self-
lubricating bearings, and wear-resistant brake'".

Gasar, a new process for the preparation of regular porous
materials, was discovered by Shapovalov!! in his US patent
in the 1990s. The main principle of Gasar is unidirectional

solidification of a molten metal saturated with a large amount
of gas (hydrogen, nitrogen, oxygen, etc). Since the solubility
of the gas in the liquid phase is generally greater than that in
the solid phase, the solute gas atoms accumulated at the solid-
liquid interface will precipitate to form pores after reaching
the critical nucleation concentration. The pores grow along
with the directional crystallized solids, and the unique porous
structure with pores distributed in the metal matrix along the
solidification direction is obtained. This process is equivalent
to a solid-gas eutectic transformation, so Gasar is also known
as the “directional solidification of metal-gas eutectic”.
Generally, all of porous materials have basic characteristics of
light-weight, good mechanical performance, high thermal
resistance, and high specific surface™. Besides, Gasar porous
materials have higher stiffness, and they also have easily
adjustable pore structure, low-stress concentration, high wear
resistance, etc™. Therefore, Gasar porous materials have

Received date: April 22, 2021

According to Murakami’s carbon dioxide-water solution
directional solidification experiment, the compositional super-
cooling caused by the gas is ignorable, and the solidification
interface remains planar during the solidification of Gasar
pure metal”®. In this solidification mode, the resistance of
pores with interface co-growth is weak, so it is easier to obtain
a regular and uniform one-dimensional porous structure.
Therefore, the preliminary research mainly focused on pore
structure controlling, mechanical/thermal/acoustic performance
testing, and solid-gas eutectic solidification mechanism of

pure metal matrix®""",

However, porous pure metals
generally have insufficient comprehensive performance and
can hardly meet the application requirements for some special
fields: rocket combustion chamber condensers, high-
temperature heat sink, self-lubricating bearings, wear-resistant
brake, artificial skeleton, etc”'”. Therefore, the fabrication of

porous alloys has been the main research direction in the
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Gasar field recently"™. Different from the solidification
mode of pure metal, the compositional supercooling due to the
addition of alloying elements can lead to the instability of the
solidification interface, so it is difficult to maintain a planar
interface, and instead, other solidification modes occur, such
as cellular, columnar dendrites or equiaxed dendrites. This
transformation in the solidification mode may have an
extremely adverse impact on the regularity of the directional

growth of pores!"”™"

. Therefore, fabricating ordered porous
alloys that meet the application requirements for various
engineering fields by attenuating the influence of non-planar
interface solidification modes on pore directional growth, has
been one of the hotspots and difficulties in the research of
Gasar porous alloys. In this study, from the perspective of
preparation process development, the recent research progress
of Gasar porous alloys is reviewed, which can provide some
references for relevant researchers.

1 Mould Casting Technology

Mould casting technique is the most common process for
fabricating Gasar porous metal, as shown in Fig. 1. In an
airtight high-pressure furnace, the alloy is melted in the upper
crucible after vacuumed to 10° Pa, then high-purity hydrogen
(or nitrogen, oxygen, etc.) is introduced into the furnace, and
finally keep the alloy in constant temperature for a certain
time so that the gas is fully dissolved into the alloy melt.
Afterwards, the melt is poured into the lower mould, of which
the sidewall is insulated, and the bottom is connected with a
circulating water-cooled copper seat (chiller) to ensure
unidirectional solidification. This approach has advantages of
simple design of the preparation apparatus, and easy control
of experimental operations and process parameters.

Nakajima > s group in Osaka University, Japan,
fabricated Gasar porous stainless steel and Mg-Al alloys
with mould casting technique firstly. These researches
indicated that when the alloy is solidified, a solid-liquid
coexistence zone, i. e. mushy zone, occurs at the front of
interface, which is the most important factor affecting the
growth of directional ordered pore structure. As shown in
Fig.2, in the (1/3)AZ91D (obtained by melting AZ91D alloy
with mass fraction of 1/3 by adding pure magnesium dilution)
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Gasar porous metal

Fig.1 Schematic drawing of the mould casting apparatus
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Fig.2 Effect of the width of mushy zone on pore morphology of

Gasar porous Mg-Al alloys made by the mold casting

technique '*

specimen, a portion of the cylindrical pores with directional
growth and another portion of ellipsoidal pores with no
significant growth direction appear, and the pore sizes of the
two types of pores are extremely uneven. In the AZ31B alloy
specimen, the directional growth of cylindrical pores reduces
and the pores are only distributed in the middle and lower part
of the specimen, while there are no directional cylindrical
pores in the AZ91D alloy specimen. Combining the
magnesium-alloy phase diagram and classical solidification
theory, the width of the mushy zone / can be described as:
L Ts) AT

=%, "a

(M

where AT is the temperature gap between liquidus 7, and
solidus 7T, and G, is the temperature gradient of the liquid
phase. Under the same solidification process conditions (G, is
constant), it can be seen that / increases with AT due to the
addition of Al. The enlargement of the mushy zone will
inevitably cause an increase in solid phase above the bubbles,
and raise the resistance of pores directional growth, thus
resulting in a large number of ellipsoidal pores in the sample
(Fig. 3). Ultimately, the regularity of the porous structure of
Gasar porous alloys deteriorates.

To attenuate the effect of mushy-zone solidification on the
ordered porous structure of Gasar alloys, Li’s group in
Tsinghua University selected a solid solution alloy with
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Fig.3 Mechanism of wide (a) and narrow (b) width of mushy zone

influencing pore growth of Gasar porous Mg alloys '™
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relatively simple solidification behavior, the Cu-34.6wt% Mn
alloy with AT approximating to 0, as the research object!"”".
Gasar porous Cu-Mn alloy was prepared with the mould
casting technology, as shown in Fig.4.

In the lower part of a porous Cu-Mn alloy specimen, the
pores have a smooth inner wall and a uniform size, and are
perpendicular to the bottom surface with a cylinder-like
distribution in the alloy matrix. However, as the height of the
specimen increases, the amount of directional growth pores
decreases. The top of the specimen is full of non-directional
pores with uneven size and rough inner wall, as shown in
Fig.4. Further research indicated that the solidification mode
is changed by solidification velocity, which decreases with the
increase of sample height and is the main factor causing
irregular pore structure.

At the lower part of sample, which is close to the chill, the
solidification rate is higher, the solid-liquid interface is
dominated by the solidification of cell or columnar dendrites.
When the distance between the primary arms of the cell or
columnar dendrite is less than 1/10 of the pore diameter, the
solidification interface can be regarded as planar interface,
and thus it is easy to achieve directional growth of pores and
ordered porous. On top of the sample, the solidification rate is
lower, and the solid-liquid interface is dominated by equiaxed
dendrite solidification, which poses a great resistance to the
directional growth of pore, and thus it is difficult to obtain an
ordered pore structure, as shown in Fig.5.

Another approach to reduce the effect of solidification of
the mushy zone is micro-alloying for ordered porous alloys.
Our research team and professor Li Yanxiang’s group used
mould casting technology to fabricate eutectic Gasar porous
Cu-xCr (x=0.3, 0.5, 0.8, 1.0, 1.3, 1.8, wt%)™*! and Mg-xMn
(x=1, 2, 3, wt%) alloys™, respectively. The effects of Cr and
Mn contents on the pore directional growth and structural
regularity were investigated. Results showed that a small
amount addition of Cr (<1.8wt%) and Mn (<3wt%) have less
effect on the directional growth of pores in Cu-xCr and Mg-
xMn alloys, and the pore structure regularity is uninfluenced
too. Besides, the influence of Cr on porosity of porous Cu-xCr
alloy is small, and pore size tends to first increase and then

1300
A48 °C
L 1138°C
ol 192 R
g
S 900 Ak
é 60~80 mm
?g 700 (Cu, yMn) 1727 °C
5
F
500 Disordered
~"Ordered "~

300

0 20 40 60 80 100
Mn Content/wt%

Fig4 Cu-Mn equilibrium phase diagram and pore morphology of
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Fig.5 Morphologies of pores with different solidification modes: (a)
planar, (b) cellular, (c) columnar dendrite, and (d) equiaxed

dendrite!™

decrease, due to the width of mush zone. After Mn is added,
precipitation of o-Mn with a high melting point occurs in the
crystal or at the grain boundary, promoting the nucleation of
bubbles, and increasing the porosity and pore diameter of the
Mg-xMn alloy.

In summary, the ordered pore structure of Gasar porous
alloys is mainly determined by the solidification mode of
solid-liquid interface and the width of mush zone /. For the
mould casting technology, since quantitative control of the
solidification velocity cannot be achieved, it is difficult to fine-
tuning the solidification mode and width of the mushy zone to
suit the directional growth of pores, i. e., it is difficult to
prepare ordered porous alloys with complex solidification
behavior.

2 Continuous Zone Melting Technology

To achieve the precise control of alloy solidification rate,
Nakajima * s group™ first introduced the “continuous zone
melting technology” into the fabrication of Gasar porous
alloys. In an airtight high-pressure furnace as shown in Fig.6,
alloy bars are prepared through a set of high-frequency
induction coils, and then moved downwards by servomotors

Metal rod :

Induction coil

Fig.6 Schematic drawing of continuous zone melting technology
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in a vertical direction, with the moving/solidification velocity
being quantitatively controlled by the motor speed. The
smelting starts after the furnace is filled with working gas
(hydrogen, nitrogen, oxygen, etc). Then the alloy rod located
in the induction coil is melted and remains intact under the
function of surface tension. The working gas is dissolved into
the alloy through processes of adsorption, dissociation,
diffusion and ionization. After the alloy bar is pulled out of the
induction coil, cooling medium is sprayed onto the alloy bar
through the blowers distributed under the coil, to achieve
directional solidification. Finally, porous alloy is obtained.
Current research on the preparation of Gasar porous alloys
by continuous zone melting is only reported by Nakajima’s
group, such as porous carbon steel®, stainless steel®™,

intermetallic compound Ni,Al'""

and shape-memory alloy Ti-
Nil"¥, Taking stainless steel and carbon steel porous as
examples, as shown in Fig.7, uniform pore size and ordered
porous structure are achieved in both specimens. However,
due to the solidification of the mushy zone, the pores of
porous carbon steel sample exhibit a “pearl chain” growth,
making the inner wall extremely rough. Compared with the
mould casting technology, the continuous zone melting
method achieves quantitative control of the solidification rate,
thus making the preparation of multiphase alloy with
relatively complicated solidification behavior possible.
However, the porous alloy specimens that can be prepared
with this method are general small (<@10 mm) in size, due to
the skin effect of induced current. In addition, due to the
influence of cooling process, the surface pores of sample grow
at an angle in the withdrawal direction, wrecking the
regularity of the overall pore structure, as shown in Fig.7.

3 Continuous Casting Technology

To meet the requirements of Gasar porous alloys for
product size and ordered porous structure in the fields of
electronics, chemical engineering, aerospace, and biomedical
engineering, Nakajima’s group developed a continuous casting
apparatus, as shown in Fig. 8. In an airtight high-pressure

Fig.7 Specimens of Gasar porous stainless steel (a) and carbon steel

(b) fabricated by the continuous zone melting technology™"!

resistant furnace, a dummy bar for preventing the melt from
flowing through the hole is set, a mould is surrounded by
copper chiller, pinch rollers to control transference velocity of
the dummy bar, which is controlled by a servomotor to obtain
a precise transference (solidification) velocity. After the alloy
is melted, the working gas is introduced into the chamber. It
stands for a while to ensure that the working gas is dissolved
sufficiently. Then the continuous casting system is started, and
the melt crystallizes to form a porous alloy.

Nakajima!"¥ has prepared Gasar porous Al-Si®” and Al-Cu
alloys with the continuous casting method. Taking Al-Si alloy
as an example, porosity, pore size, and pore morphology are
influenced by Si content and transference/solidification
velocity. The porosity and pore size increase with the Si
content, and decrease with the increase of the transference
velocity, as shown in Fig.9. In addition, the pore roundness
decreases with the increase of the primary phase dendrite area
fraction (Si content), and the ordered porous structure
becomes variable.

Liu®" and our team conducted the first research on Gasar
continuous casting technology in China. Gasar continuous
casting apparatus was developed, and porous Cu-xZn (x=2, 6,
10, wt% ) ® and Cu-xNi (x=2, 6, 10, wt% ) alloys were
prepared””
affects the directional growth of pores and regularity of pore

. Results showed that the alloy content mainly

structure, while the transference/solidification rate mainly
affects the porosity and pore diameter. Taking Cu-Zn alloy as
an example, under a low Zn content (<6%), the directional
growth of pores is almost unaffected, and the pore structure is
ordered. As the solidification rate increases, the porosity
increases and the pore diameter gradually decreases. Under a
high Zn content (>6wt% ), as the Zn increases, the mushy
zone width [ increases, and thus the resistance to directional
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Fig.8 Schematic drawing of continuous casting apparatus
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Fig.9 Specimens of Gasar porous Al-Si alloys fabricated by the continuous casting technology

growth of pore increases, resulting in larger pore sizes,
rougher inner pore walls, and deterioration of the ordered
porous structure, while the porosity first decreases and then
increases.

In addition, the continuous casting process can not only
change the solidification rate to obtain the porosity, pore size,
and pore spacing that meet the requirements for various
potential applications, but also prepare large-size and various
shape porous alloys by mould design. So far, the largest-size
Gasar porous pure copper slab with a cross section of 30 mmx
10 mm was prepared by Nakajima''!. Based on the continuous
casting of porous copper alloy round bars of @15 mm®™, our
team successfully prepared Gasar porous Cu-6Zn and Cu-6Ni
alloy®™ slabs with a cross section of 80 mmx12 mm by
solving the moluld design problem, which lays the technology
and material basis for low-cost fabrication of large-size porous
alloys and related applications, as shown in Fig. 10. The
change law of pore structure of the large-size Gasar porous
alloy is consistent with the small (@15 mm) porous
continuous cast specimens. Under the same addition amount,
Ni is more resistant than Zn to the directional growth of pores

TD.

TD.

TD.

[20]

Fig.10 Mass production of Gasar porous Cu-6Zn (a) and Cu-6Ni (b)

alloys fabricated by the continuous casting technique™”

in the mush zone, resulting in extremely poor regularity of
porous Cu-6Ni alloy.
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4 Conclusion and Outlook

Preparing ordered porous structure by reducing the effect of
alloy solidification on the directional growth of pores has been
one of the technical bottlenecks in the current widespread

applications of Gasar porous materials®".

From existing
research, the main reasons why the ordered porous structure is
difficult to control are follows: (1) the influence of the
“mushy zone” at the front of the interface during the
solidification of the alloy; (2) after alloying elements are
added, the solid-liquid interface becomes unstable and the
solidification mode changes. Preliminary researches mainly
reduce the influence of the above two factors on the
directional growth of pores from the following two
perspectives: (1) preparation technology improvement; (2)
alloy composition design (micro-alloying). Ordered porous
alloys with some components in specific alloy systems have
been prepared, and some breakthroughs have been made in the
corresponding solidification theory. However, the research of
Gasar porous alloys needs further refinement and expansion in
terms of theoretical systematics and application background.
For example, the effect of the temperature gradient G,, which
determines the width of the mush zone /, and the solid-liquid
temperature gap AT on the directional growth of pore; the
influence of the dissolution and precipitation of gas atoms and
the formation of pores on the solidification of the matrix
alloy; test of mechanical, thermal and physicochemical
properties of fabricated ordered porous alloys, and
experimental test for the potential application in the fields of
microchannel heat sinking, filters, and bio-skeletons, etc.
These are of great theoretical and practical importance for
broadening the applications of Gasar porous metals.

References

1 Shapovalov V 1. US Patent, 181549[P],1993

2 Liu Peisheng, Ma Xiaoming. Materials and Design[J], 2020,
188: 108 413

3 Liu Peisheng, Chen Guofu. Porous Materials: Processing and
Applications[M]. Holland: Elsevier Press, 2014: 1

4 Liu Peisheng. Introduction to Cellular Materials[M]. Beijing:
Tsinghua University Press, 2004: 6

5 Liu Yuan, Li Yanxiang, Zhang Huawei et al. Rare Metal
Materials and Engineering[J], 2005, 34(7): 1128 (in Chinese)

6 Simone A E. The Tensile Strength of Porous Copper Made by the
Gasar Process[D]. Massachusetts: Massachusetts Institute of
Technology, 1994: 31

7 Zhang Huawei. Theoretical and Experimental Study on
Unidirectional Solidification of Metal-Gas Eutectics[D]. Beijing:
Tsinghua University, 2006 (in Chinese)

8 Murakami K, Nakajima H. Materials Transactions[J], 2002,
43(10): 2582

9 Liang Juan, Jin Qinglin, Yang Tianwu et al. Rare Metal
Materials and Engineering [J], 2016, 45(10): 2519 (in Chinese)

10 Li Zaijiu, Yang Tianwu, Jin Qinglin et al. Rare Metal Materials
and Engineering[J], 2014, 43(11): 2609

11 Park J S, Hyun S K, Suzuki S et al. Acta Materialia[J], 2007, 55:
5646

12 Drenchev L, Sobczak J, Sobczak N et al. Acta Materialia[l],
2007, 55: 6459

13 Li Zaijiu, Yang Tianwu, Jin Qinglin et al. Acta Metallurgica
Sinica[J], 2014, 50(4): 507 (in Chinese)

14 Liu Xiaobang, Li Yangxiang, Wang Jun et al. Materials
Characterization [J], 2018, 137: 231

15 Li Zaijiu, Tian Juanjuan, Zhu Shaowu et al. International
Journal of Materials Research[J], 2016, 107(8): 724

16 Liu Yuan, Li Yanxiang, He Yun. Metallurgical and Materials
Transactions A[J], 2017, 48(3): 1264

17 Jiang Guangrui. Study on Hydrogen Solubility in Molten Alloys
and Directional Solidification of Porous Cu-Mn Alloy[D].
Beijing: Tsinghua University, 2010 (in Chinese)

18 Nakajima H. Progress in Materials Science[J], 2007, 52: 1091

19 Jiang Guangrui, Li Yanxiang, Liu Yuan. Transactions of Non-
ferrous Metals Society of China[J], 2011, 21(1): 88

20 Park J S, Hyun S K, Suzuki S et al. Metallurgical and Materials
Transactions A[J], 2009, 40(2): 406

21 Alvarez K, Sato K, Huyn S K et al. Materials Science and
Engineering C[J], 2008, 28(1): 44

22 Song Qunling. A4 Study on the Pore Structure and Mechanical
Property of Directionally Solidified Porous Cu-Cr Alloy[D].
Kunming: Kunming University of Science and Technology, 2016
(in Chinese)

23 Song Qunling, Jin Qinglin, Li Zaijiu et al. Transactions of
Nonferrous Metals Society of China[J], 2014, 24(10): 2539 (in
Chinese)

24 Zhou Canxu, Liu Yuan et al. Transactions of Nonferrous Metals
Society of China[J], 2020, 30(6): 1524

25 Kashihara M, Yonetani H, Kobi T et al. Materials Science and
Engineering A[J], 2009, 524(1-2): 112

26 lkeda T, Nakajima H, Aoki T. Metallurgical and Materials
Transactions A[J], 2005, 36(1): 77

27 Liu Yuan, Li Yanxiang, Liu Runfa et al. Acta Metallurgica Sinica
[J], 2010, 46(2): 129 (in Chinese)

28 Li Zaijiu, Jin Qinglin, Yang Tianwu et al. Acta Metallurgica
Sinica[J], 2013, 49(6): 757 (in Chinese)

29 Li Zaijiu. A Study on the Pore Structure and Mechanical
Property of Gasar Porous Cu and Its Alloys[D]. Kunming:
Kunming University of Science and Technology, 2014 (in
Chinese)

30 Li Yanxiang, Liu Xiaobang. Acta Metallurgica Sinica[l], 2018,
54(5): 727 (in Chinese)



Jin Qinglin et al. / Rare Metal Materials and Engineering, 2022, 51(4):1263-1269 1269

Gasar ZFfLE & MRIHERE
EEM, E O, BEEAN, &Y, B, BRIER, !

(1. R TR MREES TR, =M B 650093)
(2. BB T RS RMISH=%, =M B 650500)
(3. BHIE TR Wik, = EH 650051)

W FE: GasarsZ i T UARTE 5 AR P Hh B0 8 22 T A0 FR A SR il 2% 2 FL SRR L2 T3 LA M £ 9L &
Gy & T Gasar 2 FUARHRMUSE R F U BARFRBFIIT SRR 2 — . 1B FLE S FLA R UM A ) i) B R R & B s i
FLFHIAT WPRX” B2, LAR A TR G, - T AR 5 B B S s s i ST 7 2 B ) e AR et A 7 el
At Gleaetl) KL, RS LTS B0 ALE A BRI . IS BRI (R SRR — I 8 X I R — T %
Wik WML, L8R T A S Gasar 2L A S MIBTFIHERE, B4 TR Z e & FLa IR ZEE R, 20 TIA TR
Ay FFSAJE IR R TT IR HEAT 1R

R Gasar; ZILEE; ALEH, BEREBLG BERIX

fEFE R &HK, 5, 1971444, L&, #0%, BRHE T REMERZEES TR%R, =/ B 650093, Hif: 0871-65136755,
E-mail: 115076582@qq.com



