
POWDER-BASED FUNCTIONAL MATERIALS FOR EXTREME ENVIRONMENTS: PROCESSING AND

CHARACTERIZATION

Study on the Permeability and Mechanical Properties of Copper
Powder/Mesh Porous Plates

YINGMAO CHEN1 and ZHAOYAO ZHOU1,2

1.—Guangdong Key Laboratory for Processing and Forming of Advanced Metallic Materials,
School of Mechanical and Automotive Engineering, South China University of
Technology, Guangzhou 510640, China. 2.—e-mail: zhyzhou@scut.edu.cn

Copper powder and copper wire mesh were used as raw materials, and porous
copper powder/mesh plates were prepared by pressing, rolling, and vacuum
sintering. The plate morphology was observed by scanning electron micro-
scopy. The air permeability of the porous plates was tested according to
Darcy’s law, and uniaxial tensile tests were carried out on the porous plates to
determine the influence of raw material mesh number and powder content on
the porous plates’ permeability and tensile mechanical properties. The porous
plate was fabricated into a restrictor of an aerostatic thrust bearing, and the
static bearing performance of the bearing was tested on a bearing capacity
testing platform. The results showed that the copper powder/mesh porous
plate had a uniform pore distribution and a porosity range of 10% to 30%; the
higher the porosity and lower the powder concentration, the better the per-
formance was in terms of gas permeability. Tensile mechanical properties
improved with decreasing porosity and increasing powder content. At a gas
film thickness of 10 lm, the prepared gas hydrostatic thrust bearing could
support a maximum load of 381.1 N.

INSTRUCTION

As a kind of metal porous material, metal powder/
mesh porous material integrates the double advan-
tages of powder metallurgy material with numerous
pores and sieve material with high strength of
continuous dense body, but the traditional process
of manufacturing powder/mesh porous material still
has the defects of complex manufacturing process
and low mechanical properties, which seriously
restrict the expansion of its application field.1–4

With the metal powder/mesh porous materials from
simple filtration function material to gas hydro-
static bearing porous throttle material for transfor-
mation, the material permeability and mechanical
properties put forward higher requirements.5–10

Scholars at home and abroad have extensively
researched porous materials’ permeability and ten-
sile properties. For example, Zhou et al.11 studied
the permeability of stainless steel wire mesh porous

materials. They found that stainless steel wire mesh
porous materials with more significant porosity and
smaller thickness had a higher permeability. Man-
cin et al.12 experimentally studied the pressure drop
of compressed air passing through six aluminum
open-cell foam materials with different pore num-
bers and porosity distributions ranging from 90.3%
to 95.6%. The results showed that the pressure
difference of compressed air before and after pass-
ing through the material increased with the
increase of the compressed air flow rate, and the
permeability coefficient of the material also
increased with the increase of the average pore size
and porosity of the material. Zou et al.13 prepared
copper powder microporous materials using spher-
ical copper powder and copper metal fibers and
investigated the tensile properties of the materials.
The experimental results indicated that the tensile
strength of the materials decreased with the
increase of material porosity, increased with the
increase of copper powder content, and increased
with the increase of sintering temperature. Li
et al.14 prepared stainless steel powder/wire mesh
composite sheets using stainless steel powder and
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wire mesh and conducted a detailed study on the
composite sheets’ permeability and tensile mechan-
ical properties. The results indicated that the
simpler the structure of the gradient porous plate,
the better its permeability. Among them, the air
permeability of the wire mesh gradient porous plate
prepared from three different wire diameters
(3WMGPP) was 5.84 9 10�13 m2. As the porosity
decreased, the deformation-strengthening ability of
gradient porous plates gradually increased, and the
tensile strength significantly increased.

Compared with stainless steel wire mesh, copper
wire mesh has better ductility and hydrophobicity
and can adapt to the requirements of more fluid
media when made into a porous throttling device.
There are few reports on the permeability and
mechanical properties of copper powder/wire mesh
porous materials. Therefore, studying the influence
of manufacturing process parameters on the per-
meability and mechanical properties of copper pow-
der/wire mesh porous materials is of great
importance for further improving the material
properties.

MATERIALS AND METHODS

Material Preparation

The red copper plain wire mesh with purity of
99.95–99.99% produced by Anping County Hangy-
ing Wire Mesh was adopted as the copper wire
mesh, and the irregular copper powder produced by
Nangong Fufan Metal Materials Co., Ltd., to ensure
the quality of powder during material rolling was
selected as the copper powder. Figure 1 shows the
morphology of the raw materials for copper wire
mesh and copper powder.

In this work, 80 mesh, 150 mesh, and 200 mesh
copper wire mesh and copper powder were used as
raw materials. The wire diameter and pore size data
of the wire mesh are shown in Table I. As the mesh

size increased, the wire diameter, pore size, and
single-layer thickness of the copper wire mesh
gradually decreased. The average diameter of the
80 mesh powder was 0.182 mm, the average diam-
eter of the 150 mesh powder was 0.100 mm, and the
average diameter of the 200 mesh powder was
0.075 mm.

The material preparation process is illustrated in
Fig. 2. First, some copper wire mesh was cut into
100-mm-wide wire mesh strips as the substrate
material for the wire mesh/powder rolling process,
and the rest was cut into 100 mm 9 100-mm wire
mesh thin sheets. An ultrasonic vibration powder
feeder was used to sieve the powder and roll the
wire mesh and powder together to obtain the
powder/wire mesh composite strip. Then, the wire
mesh thin sheets and powder/wire mesh composite
strips cut into 100 mm 9 100 mm were stacked
staggered to obtain a loose body. To achieve an
interlayer composite, the loose body was made into a
rigid whole. The resulting body was pressed by a
large press with a pressing force of 300 t, followed
by a large rolling mill with a rolling force of 240 t
and a rolling speed of 340 mm/s for composite
rolling. However, after rolling, the composite mech-
anism was only mechanical bonding without mate-
rial diffusion and transfer, resulting in low
strength. A small amount of deformation could
cause the interlayer of the metal wire mesh to tear
and the metal powder to fall off. Finally, to increase
the bonding strength, the mechanical bonding
inside the material was transformed into metallur-
gical bonding, and the material was vacuum sin-
tered to obtain a porous composite material with a
porous structure and a particular strength. The
sintering temperature-time curve is shown in
Fig. 3a.

A wire-cut processing method was used to obtain
the required test specimens to protect the surface
pores of porous materials. Before the performance

Fig. 1. Micrographs of the (a) copper powder and (b) copper wire mesh.
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test, the samples were cleaned and dried, and the
porosity was calculated. Since the raw materials
were all copper wire mesh and copper powder, and
there were no inclusions of different densities, the
mass volume method was used to calculate the
sample porosity, as shown below directly:

P ¼ 1 � m

qV

� �
� 100% ð1Þ

where P is the average porosity of the sample (%), m
is the mass of the sample (g), V is the volume of the
sample (cm3), and q is the density of copper
(8.96 gÆcm�3).

Air Permeability Test

The number of through-holes and blind holes in
powder/wire mesh porous plates could not be deter-
mined by scanning electron microscopy and bubble
pressure methods, so other indicators were used to
evaluate the breathability of the porous plates.15,16

A breathable performance sample with a diameter
of 24 mm was cut from the porous plate, and then
compressed clean air of 0.2 MPa, 0.4 MPa, and
0.6 MPa was passed through it. Finally, its pressure
drop and volume flow rate were measured to
evaluate the permeability coefficient using the
Darcy-Forsyheimer formula, as shown below:

Dp
L

¼ l
K1

vþ q
K2

v2 ð2Þ

where Dp is the pressure difference between the two
ends of the sample (Pa), L is the thickness of the
sample (m), l is the viscosity of the gas, the viscosity
of air at room temperature is 17.9 9 10�6 Pa s, and
q is the density of the gas; the density of air is
1.29 kgÆm3 at room temperature conditions. K1 is
the viscous permeability coefficient of the sample
(m2), and K2 is the inertial permeability coefficient
of the sample (m).

The flow resistance performance of fluid passing
through metal wire mesh materials is evaluated by
two coefficients: viscous permeability coefficient and
inertial permeability coefficient. The primary eval-
uation basis is the viscous permeability coefficient
K1. The air permeability testing system used in the
experiment is shown in Fig. 3b. Clean air flowed
from the air compressor through a gas pipe to an air
filter and then through an airflow meter to the
sample room. After passing through the sample
room, the pressure difference between the two ends
was calculated and recorded by a pressure sensor
connected to the room and displayed on a digital
display. By testing the permeability of the porous
plate on the experimental platform, the relationship
curves between the air flow rate and the air

Table I. Eight kinds of powder/screen porous plate specification parameters

Sample Mesh size Powder content (%) Sintering temperature (�C) Porosity (%)

1 80 0 850 24.31
2 80 16.52 850 20.51
3 150 16.59 850 20.63
4 200 16.48 850 20.88
5 80 22.89 850 20.04
6 80 28.36 850 19.70
7 80 33.10 850 19.11
8 80 49.73 850 16.88

Fig. 2. Preparation process of copper powder/mesh porous plates.
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pressure difference at both ends of the sample could
be obtained under different gas source pressures.
The range of the airflow meter on the experimental
platform was 1000 L/h, and the accuracy level of the
pressure transmitter was 0.5.

Uniaxial Tensile Test

Uniaxial tensile tests were conducted on the
specimens to investigate powder content’s effect on
the porous sheets’ tensile strength. The tensile
specimens were all cut by the electric discharge
wire cutting method, which could ensure high
machining accuracy while avoiding work hardening
during machining and not damaging the surface
morphology of the specimens. The specimens were
taken along the porous plate’s rolling direction, and
the tensile specimen’s gauge length was 15 mm.

Bearing Capacity Test

Based on the universal testing machine produced
by SUNS Company, a bearing capacity testing
platform for porous gas thrust bearings was con-
structed. The platform could obtain data on the gas
film thickness and bearing capacity of bearings

under different experimental conditions, as shown
in Fig. 3c.

The air-floating surface of the bearing was placed
on the support plate, which was fixed on the
movable crossbar of the testing machine. The groove
at the bottom of the bearing was matched with the
ball head rod. When the bearing was ventilated, the
bearing was fixed on the ball head rod, and the
parallelism between the air-floating surface of the
bearing and the support plate was ensured. Ini-
tially, the bearing was not ventilated, and the
distance between the displacement sensor head
and the bearing was d1. After the ventilation of
the bearing, the distance between the head of the
displacement sensor and the bearing was d2. The
difference between the two distances was the gas
film thickness of the bearing H.

H ¼ d1 � d2 ð3Þ

The physical image of the test platform is shown
in Fig. 3d. The left side shows the universal testing
machine and the built-bearing platform, and the
upper right part shows an enlarged view of the
platform. During the test, the microswitch was
pressed on the universal testing machine to move

Fig. 3. (a) Sintering temperature curve, (b) air permeability testing system, (c) schematic diagram of static bearing capacity test system for
porous aerostatic thrust bearing, and (d) static bearing capacity test system.
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the movable crossbar downward. As the sensor
approached the bearing, the collected d2 value
decreased, while the H value calculated in real-time
by the test program written in LabVIEW increased.
During the test, the universal testing machine
collected the bearing capacity data corresponding
to the thickness of the gas film. This way, data on a
sample’s gas film thickness and bearing capacity
were obtained. Finally, the data were read on the
film thickness and bearing capacity displays.

RESULTS AND DISCUSSION

Surface Topography Analysis

Eight different samples were selected in the
article, and their parameters are given in Table I.
The table shows that different mesh sizes of wire
mesh and powder can be prepared through the
preparation process to obtain powder/wire mesh
porous plates with similar powder content and
porosity. The porosity of the porous plates was
distributed between 10% and 30%. The preparation
process of the eight samples was the same, but the
difference was that the more wire mesh sheets there
were, the smaller the powder content and the larger
the porosity.

The macroscopic and microscopic morphologies of
the surface of Plate 1 and Plate 8 are displayed in
Fig. 4. Plate 1, with a powder content of 0%,
retained a purple-red metallic luster and had a
smooth and flat surface in Fig. 4a. Figure 4b shows
that many regularly shaped square pores were
uniformly distributed on the surface of Plate 1,
indicating that the wire mesh retained the pore
structure and weaving form after pressing and
rolling. The metal wire did not break, and the
continuous metal skeleton structure positively
impacted the material’s mechanical properties. Fig-
ure 4c shows that the surface of Plate 8, with a
powder content of 49.73%, is also flat, but the copper
powder that penetrated the bottom layer can be
observed. The bonding morphology of the wire mesh
and powder, as well as the internal pores, can be
observed in Fig. 4d. There were three primary forms
of bonding: metal wire to metal wire, metal wire to
powder particle, and powder particle to powder
particles, marked as 1, 2, and 3 in Fig. 4d. In
addition, some irregular powders became flattened
after being pressed and rolled and were irregularly
filled in the pores of the wire mesh, resulting in
some pores being blocked.

Permeability Analysis

Figure 5a–c shows the pressure flow rate curves
of each sample under different gas supply pressures
of 0.2 MPa, 0.4 MPa, and 0.6 MPa. The variation
curves of pressure difference with gas flow rate
under different gas supply pressures were consis-
tent, indicating that the test results were stable.

The permeability of a material is a property of its
own, characterizing the ability of the fluid to pass
through the material at a certain differential pres-
sure, the magnitude of which depends on the
characteristics of the fluid, pore characteristics of
the porous body, porosity, shape of the pores, and
thickness of the material, and is independent of the
external differential pressure, the flow rate, and the
flow velocity.11 The coincidence of the pressure
differential flow rate curves under different gas
source pressures indicated this point.

By fitting the results of the curve with a constant
free quadratic term, the quadratic polynomial coef-
ficients of each sample could be obtained, and the
viscosity permeability coefficients K1 and inertia
permeability coefficient K2 (average) of SY-1–SY-8
also could be calculated, as shown in Table II. The
higher the K1 value was, the better the sample’s
permeability. According to the data in Table II, the
viscous permeability coefficient K1 of the SY-1
sample was the highest, as the copper powder
content of SY-1 was 0%. The porosity was the
highest when the sample thickness was close and
the pore size was not filled with powder. Comparing
with SY-2, SY-3, and SY-4 indicated that the
smaller the mesh size of the raw material was, the
better the permeability of the sample. The viscosity
permeability coefficient of the 80-mesh sample
increased by 142.9% compared to the 200-mesh
sample because the smaller the mesh size of the raw
material, the larger the wire diameter and pore size
were, and the easier it was to obtain a porous plate
with a large pore size. By comparing SY-2, SY-5, SY-
6, SY-7, and SY-8 under conditions where the
sample thickness and porosity were close, the
sample’s permeability decreased with the increase
of powder content. When the powder content
increased from 16.52% to 49.73%, the viscosity
permeability coefficient of the sample decreased by
83.9%, indicating that the addition of powder could
affect the porosity of the sample, thereby affecting
the sample’s permeability.

Tensile Testing Analysis

The tensile stress-strain curve of each sample is
illustrated in Fig. 6, and each sample curve has a
similar trend. The tensile strength and elongation
after fracture of each sample are revealed in
Table III.

Comparing SY-2, SY-3, and SY-4 showed that as
the number of raw material mesh increased, the
tensile strength of the specimen decreased rapidly.
When the number of raw material mesh increased
from 80 to 200, the tensile strength of the sample
decreased from 125.5 MPa to 74.5 MPa, with a
reduction ratio of 29.79%, and the elongation at
break decreased from 26.40% to 16.40%. According
to the existing research, the main factor affecting
the tensile strength of woven wire mesh porous thin
sheets was the diameter of the wire mesh itself.17
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The theory could be extended to powder/wire mesh
porous plates. A larger mesh size of wire mesh and
powder meant a smaller diameter, which meant
more metallurgical bonding points per unit volume.
However, the metallurgical bonding between fine
and fine wire and fine wire and fine powder was less
reliable than that between coarse and coarse pow-
der. Therefore, the smaller the mesh size of the wire
mesh and powder, the higher the tensile strength of
the composite sheet.

Comparing SY-2 and SY-8 showed that when the
powder content increased from 16.52% to 49.73%,
the tensile strength of the sample increased from
125.5 MPa to 208.1 MPa, an increase of 65.8%. As
the powder content increased, on the one hand, the
compactness per unit volume of the porous plate
increased, and the porosity decreased, increasing
the amount of powder and metallurgical bonding
used to bear the load per unit volume. On the other
hand, a larger contact area between powder and

Fig. 4. Surface morphology of materials with different powder content: (a) macro-morphology and (b) surface micromorphology of plate 1, (c)
macro-morphology and (d) surface micromorphology of plate 8 (Color figure online).
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wire mesh, as well as between powder and powder,
was conducive to generating larger sintering necks,
making the material more resistant to damage,
thereby improving the tensile mechanical proper-
ties of the material.18

The tensile fracture diagram of a 200-mesh
powder composite porous plate is shown in Fig. 7a.
Due to the high content of wire mesh and low
powder content, the material bonding quality was
low. Therefore, tensile fracture began where the
metallurgical bonding quality was poor and then led

Fig. 5. Flow rate-differential pressure curves of air supply pressure of (a) 0.2 MPa, (b) 0.4 MPa, and (c) 0.6 MPa.

Table II. Permeability coefficient result of the test

Sample
Thickness

(mm)
Porosity

(%)
Viscous permeability coefficient

K1 3 10211 (m2)
Inertia permeability coefficient

K2 3 1027 (m)

SY-1 1.21 24.31 1.005 5.005
SY-2 1.23 20.51 0.527 0.486
SY-3 1.22 20.63 0.372 0.638
SY-4 1.23 20.88 0.217 0.422
SY-5 1.24 20.04 0.211 0.247
SY-6 1.24 19.70 0.184 0.329
SY-7 1.25 19.11 0.096 0.283
SY-8 1.28 16.88 0.085 0.268
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to fracture in other areas, ultimately leading to
complete fracture of the sample.19 The primary
forms of fracture were the fracture of the metallur-
gical bonding surface and the necking fracture of
the copper wire. Figure 7b shows several necking

fractures and the bending deformation of the weft,
which is caused by adjacent warp threads extending
along the stretching direction during the stretching
process.

Bearing Capacity Test Results

SY-1, SY-2, SY-5, and SY-6 were cut into porous
restrictors to prepare static aerostatic thrust bear-
ings, as shown in Fig. 8. The bearing capacity values
were tested on the bearing capacity testing platform
under different diameters of the restrictor, viscosity
permeability coefficients, and gas supply pressures,
and gas film thickness-bearing capacity curve of the
bearing displayed in Fig. 9a–c was obtained. Exist-
ing research indicates that the load-carrying capac-
ity decreases with increasing gas film thickness,
and the three figures all follow this pattern.20

Figure 9a illustrates the bearing’s gas film thick-
ness-bearing capacity curve under different viscos-
ity permeability coefficients when the throttle
diameter is 25 mm and the gas supply pressure is
0.2 MPa. Specifically, when SY-1 was used as the
throttle of the thrust bearing, and the gas film
thickness was 10 lm, the bearing capacity was 210
N. In contrast, when SY-6 was used as the throttleFig. 6. Tensile stress-strain curve.

Table III. Result of uniaxial tensile testing

Sample Thickness (mm) Powder content (%) Tensile strength (MPa) Elongation after fracture (%)

SY-1 1.21 0 116.2 20.6
SY-2 1.23 16.52 125.5 26.4
SY-3 1.22 16.59 89.2 18.9
SY-4 1.23 16.48 74.5 16.4
SY-5 1.24 22.89 159.7 28.3
SY-6 1.24 28.36 170.6 28.6
SY-7 1.25 33.10 193.6 28.7
SY-8 1.28 49.73 208.1 29.5

Fig. 7. (a) Tensile fracture morphology of copper powder/wire mesh porous plate and (b) partially enlarged view.
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of the thrust bearing, the bearing capacity was only
140 N, with a difference of 70 N between the two.
The difference was not as significant as the

permeability coefficient, but the former still had a
50% increase in bearing capacity compared to the
latter. At the same time, the load capacity curves of
other thrust bearings could also show the above
pattern. It could be concluded that the thrust
bearing with a more significant permeability coeffi-
cient of the porous restrictor had a better load-
carrying capacity.

Figure 9b reveals the bearing’s gas film thickness-
bearing capacity curve under different restrictor
diameters when the viscosity permeability coeffi-
cient is selected as SY-1 and the gas supply pressure
is 0.2 MPa. At a gas film thickness of about 10 lm,
the load capacity of a 25-mm-diameter throttle was
210 N, a 30-mm-diameter throttle was 219 N, a 35-
mm-diameter throttle was 224 N, and a 40-mm-
diameter throttle was 251 N. A 45-mm-diameter
throttle’s load capacity reached 260 N at a gas film
thickness of about 13 lm. When the gas film
thickness exceeded 25 lm, the gas film thickness-
bearing capacity curves of the five types of bearingsFig. 8. Physical image of aerostatic thrust bearing.

Fig. 9. Gas film thickness-bearing capacity curve of the bearing under different (a) permeability properties, (b) diameters of the restrictor, and (c)
gas supply pressures.
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showed an alternating up-and-down phenomenon,
partly because air dissipation accelerated as the gas
film thickness increased to a certain extent. As the
size of the throttle increased, the air dissipation rate
also accelerated. The bearing’s gas film thickness-
bearing capacity curve with a diameter of 40 mm
was the most stable and smooth, showing the best
bearing performance.

Figure 9c indicates the bearing’s gas film thick-
ness-bearing capacity curve under different gas
supply pressures when the viscosity permeability
coefficient is selected as SY-1 and the diameter of
the throttle is 40 mm. Specifically, when the gas
film thickness was 10 lm, the load-carrying capac-
ity was 251 N, 300.5 N, 353 N, and 381 N when the
gas supply pressure was 0.2 MPa, 0.3 MPa,
0.4 MPa, and 0.5 MPa, respectively. When the gas
film thickness was 10 lm, the air supply pressure
increased from 0.2 MPa to 0.5 MPa, and the bearing
capacity increased by 130 N, with an increased ratio
of 51.79%, indicating that increasing the air supply
pressure could effectively improve the bearing
capacity of the thrust bearing. That was because
as the gas supply pressure increased, the density
and collision force of gas molecules increased,
increasing the gas film’s stiffness and enhancing
its load-bearing capacity.14

CONCLUSION

A copper powder/steel wire mesh porous plate was
prepared using three different mesh sizes of copper
powder and copper wire mesh, and its permeability
and uniaxial tensile mechanical properties were
tested. Finally, a throttle was fabricated from the
porous plate, and the bearing capacity of the porous
static aerostatic thrust bearing was tested. The
following conclusions were reached:

(1) Using copper powder and copper wire mesh as
raw materials, copper powder/wire mesh por-
ous materials with porosity in the range of 10%
to 30% could be prepared, in which the pore
distribution was uniform, the metal skeleton
was dense and continuous, and the metallurgi-
cal bonding between the metal wires could be
achieved after insulation at 850�C for 2 h.

(2) The gas permeability test showed that the per-
meability coefficient of the copper powder/wire
mesh porous plate was closely related to the
mesh size and powder content of the raw mate-
rial. The viscosity permeability coefficient of the
porous plate decreased with the increase of the
raw material’s mesh size and powder content.

(3) The tensile mechanical experiment indicated
that the smaller the mesh size of the raw
material and the higher the powder content,
the higher the tensile strength of the copper
powder/wire mesh porous plate. The tensile
strength of the copper powder/wire mesh
porous sheet with 80 mesh size and 49.73%
powder content was 208.1 MPa, which was

close to the tensile strength of copper itself.
(4) The bearing capacity test of the aerostatic

thrust bearings showed that the bearing
capacity increased with the viscous permeabil-
ity coefficient, the diameter of the porous
restrictors, and the gas supply pressure. When
the diameter of the throttle was 40 mm, the
maximum load capacity of the aerostatic
thrust bearing was 381.1 N under a supply
pressure of 0.5 MPa.
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