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Porous materials are indispensable in biomedical and chemical catalysis fields, but it is still a challenging task
to fabricate them with excellent permeability and mechanical properties at the same time. Herein, a new
type of three-dimensional porous stainless steel (3DPSS) was fabricated by compression moulding and
vacuum sintering. The pore size distribution, air permeability, and mechanical properties of 3DPSS were
studied. The results indicated that the radial air permeability reached 3.1 x 107* m? which was
approximately 19.7 times greater than the axial air permeability. Interestingly, the axial compressive
strength was 91.3% higher than the radial compressive strength and reached 1249 MPa, which was
significantly better than that of conventional porous stainless steel and porous titanium as well as porous

high entropy alloys. The main characteristics of 3DPSS fracture were metallurgical bonding surface
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Accepted 26th September 2022 racture, necking fracture and shear fracture of the wire mesh. This study provides an effective metho

for the preparation of three-dimensional porous materials, which is convenient for industrial production.
DOI: 10.1035/d2ra03893¢ It is of great significance to expand the potential application range of porous materials, in particular in

rsc.li/rsc-advances fields requiring comprehensive permeability and mechanical properties.
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1. Introduction

Porous materials are characterized by a light weight and large
specific surface area due to a large number of pore structures
inside them'* and are widely used in filtration,>* energy
storage,>® heat dissipation” and other fields. With the further
development of their application field, the demands on the
properties of porous materials are increasing. For example, in
the biomedical field,*® porous bodies must have enough con-
nected pores to meet the needs of regeneration of cells and the
transmission of nutrients and must have good mechanical
properties as implants. In the field of chemical catalysis,'>"
porous materials not only need to have good permeability to
ensure high catalytic efficiency, but also need to maintain
sufficient strength for making parts with a three-dimensional
(3D) porous structure. Therefore, it is of great significance to
develop new 3D porous materials with both excellent perme-
ability and mechanical properties.

In recent years, many scholars have conducted extensive
research on porous materials. The common methods to
produce porous materials are laser sintering, freeze casting,
sintering, and powder injection moulding. Xie et al.*? fabricated
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planar porous stainless steel by laser-beam powder-bed fusion
technology. Najafi et al.*® prepared porous ceramics by the
freezing casting method. Yan et al.** prepared porous titanium
scaffolds with layered structures by bidirectional freeze casting
technology. Tang et al.*® used braided copper wire mesh as a raw
material to prepare a porous multiple wick structure and
applied it to an ultrathin heat pipe through sintering and
oxidation treatment. Wei et al.'® used nickel and titanium
powders as raw materials and prepared a porous foam material
with high porosity by using the sintering method. Qin et al."’
prepared porous scaffolds with excellent antibacterial proper-
ties and compressive strength via an in situ synthesis method
using graphene and silver nanoparticles as raw materials.
Zakaria et al*® prepared porous titanium-hydroxyapatite
composites by using the powder injection moulding process
and removing the binder via a two-step degreasing process.
Maurath et al.* printed honeycomb ceramics with highly open
porous structure based on ink of capillary suspension. Zhao
et al.* fabricated nano porous stainless steel by liquid metal
dealloying processes.

However, the porous materials produced by foaming have
high porosity but low mechanical properties. Selective laser
sintering easily produces porous materials with complex
structures, but it still has the disadvantage of high energy
consumption, and the surface bonded powder easily plugs the
pores, reducing the permeability. The traditional powder
metallurgy method requires the addition of a large number of
pore-forming agents, which increases the degreasing process
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and aggravates environmental pollution. Honeycomb ceramics
showed exceptionally high specific strength, but their
compressive strength is still low. At present, 3D porous mate-
rials still have some defects, such as permeability and
mechanical properties that cannot be taken into account at the
same time, high energy consumption and serious pollution in
the manufacturing process, which seriously restrict their
further development. In our previous study,> we used the
method of rolling wire mesh to produce flat porous stainless
steel; however, there are no studies on 3D porous materials.
Planar porous materials need to be bent when they are made
into 3D parts. However, the bending process easily changes the
porous structure, and the parts are prone to delamination,
cracks and other defects. This severely restricts the develop-
ment and application of porous 3D parts. Since 3D porous
materials can be directly fabricated into 3D parts, the process-
ing step is reduced, the production efficiency is improved and
additional defects and damage are avoided. Moreover, as far as
we know, there are still few reports on 3D porous materials with
both excellent permeability and mechanical properties.

The main purpose of this work was to develop a 3DPSS with
excellent air permeability and mechanical properties. A 304
stainless steel braided wire mesh was fabricated into a 3D
porous material with a connected pore structure by compres-
sion moulding and vacuum sintering. Because the wire mesh
has the original mesh structure, it easily forms a connected
porous structure in the material, which is conducive to the
material obtaining better permeability, and the wire mesh as
a continuous dense body has good mechanical properties. The
process of compression moulding and vacuum sintering can
form an effective metallurgical bonding point of the wire mesh,
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which is beneficial to further enhance the mechanical proper-
ties. The pore size distribution, permeability, and tensile and
compression properties of 3DPSS were investigated. The frac-
ture morphology of 3DPSS was observed, and the fracture
mechanism was analysed.

2. Materials and methods
2.1 Fabrication process of the 3DPSS

The manufacturing process of the 3DPSS is shown in Fig. 1.
First, 304 stainless steel wire mesh with diameters of 80 um and
100 pm was wound to form the preforms. Then, the preforms
were put into the mold for pressing. The preform was sur-
rounded by the cavity block and supported by the support plate;
through a pressing force of 315 tons in press extrusion, the male
mold pressed the preform, causing the wire mesh to be in close
contact. Then, the preform was placed into a vacuum sintering
furnace (WHS-20, Kaixuan Vacuum Technology and Engi-
neering Co., Ltd., Zhongshan, China) at approximately 5 x 10>
Pa for vacuum sintering. The heating method of segment sin-
tering was used. First, the furnace was heated to 800 °C at a rate
of 5 °C min~" and then to 1330 °C at a rate of 4 °C min™*, and
the temperature was held for 1 h. Finally, the preform was
cooled to room temperature in the furnace. The surface
morphology of 3DPSS was observed by scanning electron
microscope (Quanta 200, FEI, Netherlands).

2.2 Pore size distribution, XRD and air permeability test

First, the 3DPSS was cut according to the area shown in Fig. 1.
The x-axis was defined as the radial direction of the sample, and

293 353
Time (min)
Vacuum sintering

0 160

3DPSS

Fig. 1 Schematic diagram of the 3DPSS fabrication process and performance tests.
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the z-axis was defined as the axial direction of the sample.
Samples with wire mesh diameters of 80 pm and 100 pm were
cut in the radial (80R and 100R, respectively) and axial (80L and
100L, respectively) directions. Because the 3DPSS samples were
all made of 304 stainless steel, it was suitable to use the mass
volume method? to calculate the porosity, as shown in eqn (1).

P =(1 — (mlpv)) x 100% (1)

where m is the mass of the sample (g), v is the volume of the
sample, and p is the density of 304 stainless steel (7.93 g cm ™).

The bubble-point method utilizes the capillary flow principle
of the liquid wetting agent in the channel, and the tested pore
diameter is the diameter of the equivalent circle at the nar-
rowest point of the channel.”® The calculation formula of the
pore diameter is shown in eqn (2). The pore size distribution
characteristics include pore size distribution and the cumula-
tive pore size distribution, where pore size distribution curve
represents the percentage of pore diameter calculated by size,
and cumulative pore size distribution represents the function of
pore size distribution less than or greater than a certain pore
size value. In this paper, the pore size distribution characteris-
tics of 3DPSS were tested by an aperture analyser (PSDA-20,
GaoQ Functional Materials Co., Ltd., Nanjing, China).

d = 4ycosblp (2)

where v is the surface tension coefficient of the liquid, 6 is the
contact angle of the liquid on the pore wall, and p is the critical
gas pressure to reopen the pore.

The phase structures were examined by an X-ray diffraction
(XRD, Bruker Advance D8) with Cu Ka radiation at a scan rate of
12° min~" over the range from 20° to 120° with a step width of
0.013°.

Permeability reflects the ability of fluid through porous
media under differential pressure. When the flow rate is low,
Darcy’s law is obeyed.** With the increase in fluid velocity, the
energy dissipation of friction between the fluid and channel
intensifies. Therefore, fluid pressure loss is generally accom-
panied by inertia loss, resulting in a nonlinear increase in the
pressure drop. Forchheimer modified Darcy’s law and pre-
sented the empirical relationship of fluid flow resistance
through porous media,*?* as shown in eqn (3).

(P? — POIQ2P,L) = (u/Ky)vp + (p/Ka)v 3)

where P, is the absolute outlet air pressure (101 325 Pa); P; is the
absolute inlet air pressure (Pa); L is the thickness of the porous
materials (m); w is the viscosity of air (1.79 x 107> Pa s); p is the
air density (1.205 kg m®); K; is the Forchheimer permeability
coefficient (m?); K, is the inertial permeability coefficient (m);
and v¢ is the average velocity of airflow (m s™).

The specific process of air permeability testing was as
follows: first, 3DPSS was cut into a circular sample with
a diameter of 24 mm and a thickness of 2 mm, as shown in
Fig. 1. Then, the circular sample was installed in the air
permeability test device. Rubber rings were used to seal both
ends of the sample. Finally, the least square method was used to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fit the flow velocity differential pressure diagram and calculate
the values of K; and K,.”” The least square method was used to
fit the flow rate differential pressure value, and the parabolic
model was used: y = ax + bx”. According to eqn (3), K; = u/a and
K, = p/b. The correlation coefficient R* is the index to evaluate
the fitting quality of curves.

2.3 Uniaxial tensile and compressive test

The tensile and compressive properties of the specimens were
tested according to Chinese GB/T 228.1-2010 and GB/T 7314-
2005, respectively. Specimens were taken at different locations
of the 3DPSS (Fig. 1). The tensile specimen width was 5 mm, the
thickness was 3 mm, the gauge length was 8 mm, and the
transition fillet radius was 10 mm. The compression specimen
was a cuboid with a length and width of 5 mm and a height of 12
mm. The test was carried out on an electronic universal testing
machine (UTM5105SYXL, Suns, China) at a tensile rate of 0.1
mm min~' and a compression rate of 1 mm min '. Three
specimens were used in each direction for the test, and the
average value was taken as the test result. The fracture
morphology of 3DPSS was observed by scanning electron
microscope (Quanta 200, FEI, Netherlands), and the fracture
mechanism was analysed.

3. Results and discussion
3.1 Pore size distribution, XRD and air permeability

Fig. 2 shows the pore size distribution and XRD patterns of
3DPSS. The pore sizes of 80R (Fig. 2a), 80L (Fig. 2b), 100R
(Fig. 2c) and 100L (Fig. 2d) were below 32.7 pm, 18.7 um, 52.6
um and 44.5 pm, respectively.

The main pore size distribution was close to the small size
side. This shows that the pore size distribution of 3DPSS was not
uniform. Fig. 2e shows that the mean pore size of 3DPSS was
always larger than the most probable pore size. The most prob-
able pore size is the largest pore size in the pore size distribution
of porous materials. Because 3DPSS contains a high proportion
of large pore structures, the mean pore size was increased so that
the mean pore size was always greater than the most probable
pore size. The larger the wire mesh diameter is, the larger the
pore size (Fig. 2e). This result is because the 100 um wire mesh
has a larger original pore structure than the 80 pm wire mesh.
Second, the larger diameter of the wire mesh made the material
in the process of moulding deformation smaller and the gap
formed between the wire mesh layers larger. Another significant
characteristic was that the radial pore size was larger than the
axial aperture (Fig. 2e). This phenomenon is closely related to the
manufacturing process of 3DPSS. On the one hand, the preform
of 3DPSS was made by winding the wire mesh, and the opening
of the wire mesh faced the radial direction, which was conducive
to the formation of a larger pore structure. On the other hand, in
the compression moulding process, the axial direction was the
main bearing direction, and the pore size decreased to a greater
extent.

The XRD patterns (Fig. 2f) of 3DPSSs indicates that the face-
centered cubic (FCC (y)) and body-centered cubic (BCC (a))

RSC Adv, 2022, 12, 28079-28087 | 28081
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Fig. 2 Pore size distribution and XRD patterns of the 3DPSS. (a) 80R; (b) 80L; (c) 100R; (d) 100L; (e) pore size distribution statistics; and (f) XRD

patterns.

phases are present in 3DPSSs. The reason for this is that the
austenite structure of 3DPSSs was completely formed after high
temperature sintering. In the cooling process, carbon atoms
fully diffused to austenite while ferrite formed. This is beneficial
to the formation of a mixture of ferrite and austenite in 3DPSSs.

Fig. 3 shows the air permeability curves of 3DPSS. The
permeability coefficient of 3DPSS is shown in Table 1. With
increasing flow rate, the pressure difference increases mono-
tonically. Among them, the pressure difference of 100R
increases the slowest with increasing flow rate, while the pres-
sure difference of 80L increases the fastest, which indicates that
the air permeability of 100R is the strongest, while that of 80L is
the weakest. The permeability of the radial specimens was
significantly higher than that of the axial specimens, and 3DPSS
with a larger wire mesh diameter had better permeability
(Fig. 3). This interesting phenomenon is due to the larger wire

28082 | RSC Adv, 2022, 12, 28079-28087

mesh diameter, resulting in a larger aperture inside the mate-
rial, which facilitates the smooth passage of gas.

3.2 Mechanical properties

Fig. 4 shows the mechanical properties of 3DPSS. Fig. 4a shows
the uniaxial tensile engineering stress-strain curves of 3DPSS.
In the elastic stage, the engineering stress of 80R was less than
44.5 MPa. In the plastic stage, the engineering stress of 80R was
between 44.5 MPa to 131.9 MPa, and after the ultimate tensile
strength of 131.9 MPa was the fracture stage. In contrast, in the
elastic stage, the engineering stress of 80L was less than
42.6 MPa. In the plastic stage, the engineering stress of 80L was
between 42.6 MPa to 96 MPa, and after the ultimate tensile
strength of 96 MPa was the fracture stage. This phenomenon
indicates that 3DPSS has better tensile properties in the radial
direction.”®*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Air permeability curves of the 3DPSS.

Fig. 4b shows that the tensile properties of 3DPSS with a wire
mesh diameter of 80 um were better than those with a wire
mesh diameter of 100 pm. The ultimate tensile strength (UTS)
of 80R was approximately 37.4% higher than that of 100R, and
the UTS of 80L was approximately 74.4% higher than that of
100L. This indicates that a smaller wire mesh diameter was
beneficial to improve the tensile properties of 3DPSS.** This is
because a smaller wire mesh diameter facilitates the formation
of more metallurgical joints per unit volume. In addition, the
tensile strength of 3DPSS in the radial direction was signifi-
cantly better than that in the axial direction. Specifically, the
UTS of 80R was approximately 265.4% higher than that of 80L.
The UTS of 100R was 363.8% higher than that of 100L. This
result is mainly related to the deformation of the wire mesh
during the moulding process. Due to the main axial compres-
sion force of 3DPSS, the wire mesh in the vertical state was
folded and overlapped by the axial force (Fig. 6a), which
increased the stress area during stretching and was conducive
to the improvement of tensile properties. The axial compression
force makes the contact surface between the wire mesh layers in
the preform gradually vertical with the axial state (Fig. 6e),
reducing the stress area and tensile properties of 3DPSS.

Fig. 5a shows the uniaxial compression engineering stress-
strain curves of 3DPSS. In the elastic stage, the engineering
stress of 80L was less than 62 MPa. In the plastic stage, the
engineering stress of 80L was between 62 MPa to 1249 MPa, and

Table 1 Air permeability coefficients of the 3DPSS

Forchheimer permeability Inertial permeability

coefficients coefficients
3DPSS Porosity (%) K; x 107" (m?) K, x 107% (m)
80R 39.67 0.13 4.75
80L 32.79 0.04 3.55
100R  36.06 3.1 4.94
100L 32.31 0.15 3.46

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Tensile properties of the 3DPSS. (a) Uniaxial tensile curves; and
(b) statistical chart of tensile properties.

after the ultimate tensile strength of 1249 MPa was the fracture
stage. In contrast, in the elastic stage, the engineering stress of
100L was less than 53 MPa. In the plastic stage, the engineering
stress of 100L was between 53 MPa to 435 MPa, and after the
ultimate tensile strength of 435 MPa was the fracture stage. This
phenomenon is because the surface energy of the larger diam-
eter wire mesh was lower than that of the fine wire mesh,*' there
were fewer metallurgical bonding points between the wire mesh
layers in the process of vacuum sintering, and the material was
more prone to fracture failure under compressive stress.
Moreover, a larger diameter of the mesh structure prolongs the
process of fracture failure.

Fig. 5b shows that the compression properties of 3DPSS with
a wire mesh diameter of 80 pm were significantly better than
those of 3DPSS with a wire mesh diameter of 100 pm. Among
them, the ultimate compressive strength (UCS) of 80R was
126.7% higher than that of 100R, and the UCS of 80L was
187.1% higher than that of 100L. This result is because
a thinner wire mesh diameter tends to form more metallurgical
joints, which improves the compression properties. The
compressive strength of 3DPSS in the axial direction was

RSC Adv, 2022, 12, 28079-28087 | 28083
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significantly better than that in the radial direction. Specifically,
the UCS of 80L was 91.3% higher than that of 80R, and the UCS
of 100L was 51% higher than that of 100R. This phenomenon is
because the axial direction was the main bearing direction, and
the wire mesh surface gradually presents a nearly vertical state
with the axial direction in the compression moulding process
(Fig. 6e), while the wire mesh formed staggered inclined planes
in the radial direction (Fig. 6a). The angle between the wire
mesh surface in the axial direction and the direction of
compressive force was large, and slipping did not easily occur
between the wire mesh surfaces. As the compression displace-
ment increases, the densification of 3DPSS intensifies, further
improving the compressive strength of the material.>* The wire
mesh in the radial direction easily slips along the inclined
plane, which reduces the degree of work hardening of the
specimen and makes the specimen fracture in advance.

3.3 Fracture morphology

Fig. 6 shows the tensile and compression fracture morphology
of 3DPSS. The tensile side fracture morphology of 100R (Fig. 6a)

28084 | RSC Adv, 2022, 12, 28079-28087
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shows that the wire mesh plane was inclined to the tensile
direction, with a structure of staggered and overlapping wire
mesh layers. This shows that the larger wire mesh surface was
involved in the tensile process, which was conducive to the
improvement of the tensile strength. The tensile side fracture
morphology of 100L (Fig. 6e) shows that most of the wire mesh
planes were nearly vertical to the tensile direction, which makes
only a few wire mesh planes bear the tensile load. Therefore, the
difference between radial and axial internal structures was one
of the important reasons for the anisotropy of mechanical
properties. Fig. 6a shows that the whole lateral fracture was the
primary crack, and several secondary cracks remained below
the primary crack. It was indicated that cracks originated from
the metallurgical junction points between the wire mesh
layers.* As the stretching process occurs, the weft of the wire
mesh bends and deforms along the stretching direction, and
the warp of the wire mesh slightly necks until fracture (Fig. 6d
and h), forming a typical wedge fracture (Fig. 6b and f). From
the front fracture morphology of 100R (Fig. 6¢) and 100L
(Fig. 6g), it can be seen that in the radial direction, not only the
metallurgical bonding surface between the wire mesh layers
bears the load but also a large number of wire mesh layers bear
the load through the way of necking fracture, while in the axial
direction, the metallurgical bonding point between the wire
mesh layers mainly bears the load. This results in a great
difference between radial and axial tensile properties.

The compression side fracture morphology of 80R (Fig. 6i)
shows two main cracks, while 80L (Fig. 6k) shows a 45° crack. In
the radial direction, there was mostly interlacing of wire mesh
layers leading to an overlapping structure (Fig. 6a), and in the
axial direction, there was a nearly vertical structure (Fig. 6e).
Therefore, 80R was prone to multiple cracks, and its compres-
sive strength was significantly lower than that of 80L. As the
overlapping of the wire mesh surfaces inside 80L was close to
vertical with the axis direction, 80L can continuously produce
work hardening under compressive stress until fracture.** The
lateral fracture morphology of 80R and 80L both contained fish
scale cracks. This interesting phenomenon was due to the
continuous reduction of pores in the compression process of
3DPSS, and cracks occurred between the wire mesh layers,
which makes the wire mesh surrounded by cracks and forms
fish scale cracks. The radial fracture process was also quite
different from the axial process. Fig. 6j shows the wedge fracture
morphology of the wire mesh at the 80R crack centre, while
Fig. 61 shows the tear surface of the wire mesh at the 80L crack
centre. This is mainly because 80L has a stronger work hard-
ening ability and higher compressive strength. After sufficient
work hardening, the wire mesh under the action of shear stress
forms a tear surface shape of the fracture.

Fig. 7 shows the air permeability and compression properties
of porous materials according to this paper and previous
reports. As shown in Fig. 7a, while maintaining moderate
porosity, the permeability of 3DPSS was significantly better than
that of nuclear graphite,* porous Al,O; ceramic®® and porous
cementitious® and was close to that of porous titanium.*®
Fig. 7b shows that the compressive strength of 3DPSS was
significantly better than that of porous Ti/Mg composites*® and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(b) compression properties.

porous Ti-6Al-4V materials.*® To achieve a compressive strength
close to that of 3DPSS with a wire mesh diameter of 100 um, the
porosity of porous 316L stainless steel*! needs to be significantly
reduced. However, the reduction in the porous structure will
greatly reduce its permeability. In the case of similar porosity,
the compressive strength of 3DPSS with a mesh diameter of 80
pum was at the same level as that of porous TiB/TiC composites.*?
The compressive strength of 3DPSS with a wire mesh diameter
of 100 pm was comparable to that of a porous high entropy

© 2022 The Author(s). Published by the Royal Society of Chemistry

alloy.** Therefore, 3DPSS has wide application prospects due to
its light weight, microporous structure, and excellent perme-
ability and compressive mechanical properties.

4. Conclusions

In summary, an effective way to fabricate 3D porous materials
with excellent air permeability and compressive strength was
proposed. The results revealed that 3DPSS with larger wire
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mesh diameter has larger mean pore size, better air perme-
ability. The pore size distribution, air permeability and
mechanical properties of 3DPSS presented obvious anisotropy.
The mean pore size in the radial direction was larger than that
in the axial direction. The air permeability of 3DPSS in the
radial direction reached 3.1 x 10~'" m?, approximately 19.7
times greater than that in the axial direction, and significantly
better than that of porous titanium and porous ceramics with
the same porosity. The axial compressive strength was higher
than the radial compressive strength. The ultimate compressive
strength of 3DPSS reached 1249 MPa, which was significantly
superior to that of traditional porous stainless steel, porous
titanium, and porous high entropy alloys. The main reason for
the anisotropy of 3DPSS was the different structures of wire
mesh winding and overlapping in the radial and axial direc-
tions. The principal characteristics of 3DPSS fracture were
metallurgical bonding surface fracture, necking fracture and
shear fracture of the wire mesh. It is worth mentioning that the
3DPSS is lightweight and has a microporous structure and
excellent air permeability and compressive strength, all of
which make it particularly valuable in the biomedical and
chemical catalysis fields.
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