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A device that automatically feeds powder and wire mesh was developed to
produce a stainless-steel powder/wire mesh composite porous strip (PWMCS).
The PWMCS was cut into three same-sized samples, whereby one sample
comprised the original strip with no further processing, one sample was rolled
for 15 passes, and the last sample was rolled twice for 15 passes and re-
sintered; thus, the three samples displayed different porosities. X-ray
diffraction, optical microscopy, and scanning electron microscopy were used to
investigate the microstructure and phase transformation of the samples.
Tensile experiments were also conducted. The results revealed that with the
added rolling deformation, more y-austenite changed to o’-martensite, and
both the yield and ultimate tensile strengths increased markedly (361.4 +
10.5% and 189.5 + 14.7% increases, respectively). All three samples exhibited
ductile fracture, and the dimples varied from large and deep in the initial state
to shallow appearance in the final state.

INTRODUCTION

Powder rolling technology is a process in which
metal powder is continuously fed by a feeding device
into the gap between two rollers moving in oAPposite
rotation directions but in the same plane.'™ Thus,
with the aid of pressure, the rollers press the
powder into a continuous raw strip of a certain
thickness, porosity, and the appropriate mechanical
strength, and a porous material is obtained after
sintering.®® Powder rolling technology is currently
the most common technique used to prepare porous
materials. In previous studies,”® porous materials
were prepared by mixing one or more types of
powder. For example, Gogaev et al.l° reported a
method for producing strips by titanium powder
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rolling, while Floriano et al.'! used MgH, powders

containing different additives during cold rolling.
Moreover, Sakai et al.'? reported powder rolling of
aerosolized gas-atomized lead-tin and lead-tin—
calcium alloy powders as raw materials to produce
collector plates for lead-acid batteries.

Rolling porous strips are sintered for sufficient
strength and plasticitly, which is advantageous for
follow-up processing.'*'® However, although the
mechanical properties of a rolling porous strip can
be improved after sintering, compared with the
theoretical density, the internal structure of a
sintered porous strip with lower mechanical prop-
erties still possesses porous characteristics.'®'®
Therefore, subsequent densification is indispens-
able to attain the required mechanical proper-
ties. 9722

The common methods for the densification of
porous materials include repeated cold rolling and
sintering, hot rolling, and forging.?*=?® Currently,
the densification of porous materials is attracting
significant attention, owing to its important effect
on both theoretical study and practical
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application.?*3! For example, Deshmukh et al.?*
applied the upper-bound technique coupled with the
plasticity theory of porous metals to analyze the cold
densification rolling of a sintered porous metal strip.
They considered plane-strain deformation and
incorporated work-hardening effects during cold
rolling. Kwon et al.?® studied the densification and
grain growth of porous alumina compacts during
various high-temperature processes and obtained
experimental data on the densification and grain
growth of alumina powder during hot pressing.
Jang et al.>* studied the microstructure evolution
and densification kinetics of Al,O3-SiC powder
composites with two different SiC powders, reveal-
ing that the densification process was divided into
three stages: the first stage was characterized by
the absence of grain growth and changes in the pore
size; the second stage displayed both rapid pore
coarsening and grain growth; and the third stage
displayed pore shrinkage and slow grain growth.
Finally, Wang et al.?® studied the effects of agglom-
erates on the densification behavior and
microstructural evolution of a cube of copper parti-
cles in solid-state sintering, revealing that the
densification of the sintering system decreases with
increasing agglomeration.

In contrast, literature on the preparation of
porous strips by composite rolling and sintering of
wire mesh and powder and that of the changes in
mechanical properties and microstructure in densi-
fication is very scarce. With these facts in mind, in
this study a device was innovatively developed that
could automatically feed powder and wire mesh
with an ultrasonic vibrator and a composite porous
strip was fabricated by rolling and sintering of
stainless-steel powder and wire mesh (PWMCS).
Furthermore, multi-pass horizontal rolling and sec-
ondary sintering were performed to improve the
mechanical properties of the PWMCS. Finally,
tensile experiments were performed to study the
mechanical and microstructure properties during
densification together with the fracture process of
the PWMCS.

EXPERIMENTAL SECTION

Preparation of the Stainless-Steel Powder
and Wire Mesh Composite Porous Strip

The employed 304 stainless-steel wire mesh was
plain-woven and comprised a mesh count of 80, wire
diameter of 95 um, mesh size of 220 um, and
thickness of 0.18 mm (Fig. 1a). The irregular water-
atomized 304 stainless-steel powder comprised a
mesh count of 200 (Fig. 1b).

As illustrated in Fig. 1a and ¢ device was designed
and developed to feed powder and wire mesh
automatically and continuously and installed on a
vertical rolling machine to form a rolling system
that does not require manual participation. Two
wires were connected to an ultrasonic vibrator at
one end and an ultrasonic generator (working
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frequency range, 0-100 Hz) at the other. The
moving plate moved along the inclined plate and
reached the bottom of the straight plate, so that the
distance between the bottoms of the straight and
moving plates was zero. Thus, the metal powder did
not leak out when the ultrasonic vibrator was
vibrating.

Figure 1d illustrates the rolling principle of the
porous strip. The wire mesh runs along the straight
plate of the powder box and passes through the gap
between the two rollers; the wire mesh is clamped
when there is no gap between the two rollers. The
distance ‘d’ between the bottoms of the straight and
moving plates is adjusted in advance, and the
powder box is filled with metal powder. The rolling
machine and wultrasonic generator start syn-
chronously, and the wire mesh is squeezed and
moved down immediately, owing to the reverse
rotation of the two rollers. At this time, the vibra-
tion of the ultrasonic vibrator head causes the
powder box to vibrate, so that the metal powder falls
onto the rollers through distance d. This metal
powder is rolled synchronously with a metal wire
mesh to afford a porous strip. Finally, the PWMCS
is prepared after the porous strip is sintered at a
high temperature of 1330°C, held for 2 h and
naturally cooled to room temperature in a vacuum
furnace.

DENSIFICATION PROCESS

The densification process of the PWMCS is
depicted in Fig. 2. First, the distance d was adjusted
to 0.15 mm, the ultrasonic generator frequency was
set to 60 Hz, and the porous strip was prepared by
rolling. The porous strip was then sintered at
1330°C in a WHS-20 vacuum furnace in which the
heat was preserved for 2 h. A PWMCS with a
thickness of 0.8 mm was thus prepared, and three
samples with dimensions 130 mm x 85 mm were cut
from it and processed as follows: Sample 1, did not
undergo any subsequent processing and retained
the characteristic dimensions of the original porous
strip; Sample 2, with 37.5% reduction in thickness
and final area dimensions of 180 mm x 90 mm, was
horizontally rolled at room temperature for 15
passes; and Sample 3, with final dimensions of
0.38mm (thickness) x 210 mm x 93 mm, was first
horizontally rolled at room temperature for 15
passes (as in Sample 2), sintered at 1330°C with
heat preservation for 2 h, and finally horizontally
rolled at room temperature for another 15 passes.
The maximum rolling force of the horizontal rolling
machine was 240 tons and the roll gap of each pass
was 90% of the thickness of the specimen to be
rolled at every rolling stage. Notably, the length of
the rolling direction increased, while the thickness
decreased during the entire process.
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Fig. 1. Scanning micrographs of the (a) 304 stainless-steel wire mesh and (b) 304 stainless-steel powder. (¢) Equipment setup used to prepare

the porous strip, and (d) rolling principle of the porous strip.

CHARACTERIZATION TESTS

The phase compositions were identified using an
x-ray diffractometer (D8 Advance, Bruker AXS,
Germany) with a Cu-Ka radiation source at 50 kV
and 150 mA. The scan rate was 12° min™! over the
range from 20° to 100° with a depth of 2—-3 um and it
was positioned in the center location with a step
width of 0.013°. Three small samples with dimen-
sions 8 mm x 8 mm were cut from each sample for
the XRD test, and 304 stainless-steel powder and
304 stainless-steel wire mesh were also examined.
To identify the microstructures, 300—2000 mesh SiC
emery paper and a diamond suspension with a
particle size of 0.25 ym were used to mechanically
grind and polish the surfaces of the samples, after
which etching was performed using aqueous solu-
tions of ferric chloride. The microstructures were
observed by optical microscopy (Leica DMI 5000,
Leica, Wetzlar, Germany), while the fracture mor-
phologies of the samples subject to tensile testing

were observed by scanning electron microscopy
(SEM, Quanta200, FEI, Eindhoven, Holland). Ten
tensile samples were wire cut from each type of
sample. The tensile tests were conducted at room
temperature (approximately 25°C) on an electronic
universal mechanical testing machine (UTM5105,
SUNS, Guangdong, China) at a constant crosshead
speed of 1 mm min’. Vickers hardness measure-
ments were carried out on a micro-hardness instru-
ment (DHV-1000Z, SCTMC, Shanghai, China) at a
load of 10 kg and a dwelling time of 15 s. Ten small
samples with dimensions 10 mm x10 mm were cut
from each type of sample for hardness tests. Five
points on the surface of each small sample were
selected for testing, and the average Vickers hard-
ness of the fifty points was taken as the result. The
most common method for calculating porosity is the
mass volume method. The preconditions of using
the mass volume method to measure sample poros-
ity are regular shape and single base material
composition. In this work, ten small samples with
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dimensions of h (thickness) x 10 mm x 10 mm were
cut from each of the three samples mentioned above
as the test samples. It can be seen that the raw
material of these small samples with regular shapes
is 304 stainless steel, so the mass volume method
was used to measure the porosity using the equation

P(%) = (1 —f—v> % 100, (1)

where P is the average porosity of the sample, M is
the mass of the sample (g), v is the volume of the
sample (cm?®), and p is the density of 304 stainless
steel (g cm 3).

RESULTS AND DISCUSSION
X-ray Diffraction Profiles

XRD curves of 304 stainless-steel powder and 304
stainless-steel wire mesh are shown in Fig. 3.

Because the powder and wire mesh were 304
stainless steel, which is a type of austenitic stainless
steel in which austenite exists at room temperature,
it can be judged that the peaks of the powder and
wire mesh XRD were austenite. This judgment can
be further verified by comparison with the standard
austenite and martens1te pdf cards in Fig. 3.
Numerous studies®*° have reported that austenite
changes to martensite due to plastic deformation,
and thus, XRD analysis was performed to investi-
gate the evolution of phases in the three samples. In
the XRD curves of Sample 1 (black spectrum),
marked peaks of y-austenite were observed with
the y (111) peak being the most significant and weak
0’(110). This indicated that Sample 1 was mainly
composed of austenite and a little martensite. Sam-
ple 1 was prepared by vertical composite rolling of
304 austenite stainless-steel powder and 304
austenite stainless-steel wire mesh, sintered at a
high temperature of 1330°C and held for 2 h, then
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Fig. 3. XRD patterns of the three samples, 304 stainless-steel

powder, wire mesh, and y-austenite and o’-martensite pdf cards.

naturally cooled to room temperature in a vacuum
furnace. The chemical composition of Sample 1 in
weight percent (wt.%) was Fe-19.03Cr-0.02C-
0.25Si-9.38Ni-0.87Mn-0.02P-0.02S. It is well known
that austenite is in a stable state at sintering
temperature. The addition of Cr, Ni, Mn, and other
elements, on the one hand, could enhance the
stability of austenite by solid solution in austenite,
so that the austenite ;hase could be retained to
room temperature;’**® on the other hand, these
elements moved the isothermal transition curve of
austenitic steel to the right®**%**%5 and the austen-
ite zone was enlarged.*®*” Therefore, austenite did
not pass through the ferrite phase transformation
zone and convert to ferrite, even with slow cooling.
At the same time, the temperature of the marten-
sitic transformation point was calculated to be about
106°C by using the M, formula,*® and the M,
temperature was lowered significantly.***%*°
Therefore, most of the austenite was retained
during furnace cooling. However, due to the inho-
mogeneity of the sample composition, there was a
small amount of component segregation in local
areas. This part of the austenite was in an unsta-
ble thermodynamic state, and is known as super-
cooled austenite.*®°1*2 When the sample cooled to
the martensite transformation temperature, the

supercooled austenite transformed into martensite
through solid phase transformation,*®°%% so the
martensite peak was also observed in the XRD
curve of Sample 1. After 15 rolling passes (Sample
2), the y-austenite peaks were weakened, and peaks
characteristic of o’-martensite were observed (red
spectrum). Notably, both o-martensite and y-
austenite were present in Sample 2, further proving
that the fundamental reason for the transformation
of y-austenite into o’-martensite is the plastic defor-

ion®>*° caused by rolling. In Sample 3, the 7
(111) peak visibly decreased and the other y-austen-
ite peaks almost disappeared (blue spectrum). In
contrast, the strength of the o-martensite peaks
increased markedly. According to ASTM Standard
E562-02, manual point counting®®®* was adopted to
measure the volume fraction of austenite and
martensite in the three samples, and five fields
per sample were analyzed at 200 x magnification.
The volume fraction of austenite in Sample 1 was
91.2% + 0.5%, and that of martensite in Samples 2
and 3 were 58.7% =+ 0.3% and 93.0% =+ 0.8%,
respectively. These observations implied that a
large amount of y-austenite was converted to o-
martensite with the increase in rolling deformation.

MICROSTRUCTURAL PROPERTIES

The optical microstructures of the three samples
(Fig. 4) reveal that with continuous rolling, most of
the numerous pores that were present in Sample 1
faded away in Sample 3, owing to the mechanical
bonding formed during rolling. Moreover, Sample 1
mainly consisted of austenite phase; however, after
multi-pass rolling, a growing content of the austen-
ite phase was transformed into the martensite
phase so that Sample 3 comprised both austenite
and martensite phases. Thus, as seen in the mag-
nified image in Fig. 4b, Sample 1 comprised the
austenite phase with an apparent grain boundary, a
few twins that were unevenly distributed, and many
large holes. Little martensite phases also can be
found. On the other hand, Sample 2 underwent
plastic deformation after 15 rolling passes and some
complete austenite grains still emerged; however,
the other grains were transformed into acicular
martensite (Fig. 4d). Moreover, owing to the cold
rolling process,*® the holes in this sample shrank
and were significantly smaller than those of Sample
1. Finally, the martensite phase predominated in
Sample 3 (Fig. 4f), as most of the austenite was
transformed into martensite, owing to the effect of
rolling strengthening after an additional set of 15
rolling passes. These microstructures accurately
corroborate the XRD results displayed in Fig. 3.
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Fig. 4. Optical microstructures of (a, ¢, €) Samples 1, 2, and 3, respectively and (b, d, f), their respective magnified red-square areas.

Figure 5 shows the scanning electron micro-
graphs of the three samples. The austenite phase
with visible grain boundaries is observed in Sample
1 together with a host of large deep pores (Fig. 5a).

On the other hand, martensite phases are observed
in Sample 2 (Fig. 5b), indicating that plastic defor-
mation induced martensitic transformation®®3°
after 15 rolling passes. Moreover, the large deep
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Fig. 5. Scanning electron micrographs of (a) Sample 1, (b) Sample 2, and (c) Sample 3.

pores observed in Sample 1 disappeared and only
some small pores are distributed on the sample
surface. The martensite content formed from
austenite is significantly greater in Sample 3 after
a second set of 15 rolling passes was employed
(Fig. 5¢). The evolution rule of the SEM microstruc-
tures (Fig. 5) is in good agreement with the corre-
sponding metallographic microstructures (Fig. 4).
Thus, it can be concluded that the plastic deforma-
tionSé’39 of the sample caused by rolling induced
martensitic transformation together with pore
shrinkage and disappearance.

TENSILE PROPERTIES

Figure 6a displays the true stress—strain curves of
the samples after tensile testing. All three samples
exhibited a marked stress strengthening process
during the plastic deformation stage, because the
wire mesh acted as the reinforcing material.?® This
was attributed to the sintering necks that were
formed between adjacent wire mesh—powder, wire
mesh—wire mesh, and powder—powder in the porous

strip after sintering at high temperature (Fig. 6b),
making the strip resistant to tension and deforma-
tion during the stretching process.?%*7

The tensile test results are presented in Table I,
wherein the yield strength and ultimate tensile
strength of Sample 1 were 151.1 + 12.4 MPa and
355.6 + 16.3 MPa, respectively. Compared with the
values for Sample 1, the yield strength and ultimate
tensile strength of Sample 2 increased significantly
after one set of 15 rolling passes, while the plasticity
was reduced. In fact, compared with Sample 1,
Sample 2 displayed a 331.8 &= 10.3% improvement in
yield strength (151.1 + 12.4 MPa versus 652.5 +
11.8 MPa, respectively) and 114.9 4+ 11.6% improve-
ment in the ultimate tensile strength (355.6 + 16.3
MPa versus 764.5 + 15.4 MPa, respectively), while
its total elongation of fracture was 13.3 + 1.8%,
which is 45.5 + 1.6% less than that of Sample 1.The
principal reason for work hardening is the defor-
mation-induced martensitic transformation.’®° It
can be observed that the thickness decreased by
37.5% after 15 rolling passes and, owing to this
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Table I. Characteristics of the mechanical properties of the three samples

Strength (MPa)

Plasticity (%)

Sample Ultimate Total Vickers
Sample thickness Yield tensile Section shrinkage fracture hardness Porosity
number (mm) strength strength rate elongation HV) (%)
S1 0.80 151.1+12.4 355.6+£16.3 23.9+1.3 24.4+1.4 190.4+6.2 15.9+0.6
S2 0.50 652.5+11.8 764.5+15.4 9.6+1.4 13.3+1.8 290.9+8.9 7.9+0.5
S3 0.38 697.2+11.6 1029.4+13.0 23.1+1.1 25.3+1.2 327.3+6.0 1.94+0.3

deformation-induced martensitic transformation,
work hardening occurred that resulted in better
strength; the additional mechanical bonding caused
by rolhn | Was also key to this improved
strength.®*%! Various studies have reported that
the generatlon of martensite phases in materials
after rolling weakens the plasticity.*®* The met-
allographic microstructure, SEM microstructure,
and XRD pattern results revealed that y-austenite
changed into «’-martensite during rolling. There-
fore, it can be supposed that owing to the increased

-marten51te content, the plasticity of Sample 2
decreased.®®

Compared with that of Sample 2, the plasticity of
Sample 3 improved noticeably, so that the total
fracture elongation increased to 25.3 + 1.2%, the
yield strength was 697.2 £ 11.6 MPa, and the
ultimate tensile strength was 1029.4 + 13.0 MPa.
Moreover, the second stage of high-temperature
sintering played a crucial role in enhancing the
mechanical properties. Thus, the atoms in Sample 3
moved violently under the action of high-tempera-
ture sintering, and promoted the generation of more
and larger powder—wire mesh and powder—powder
sintering necks. Because the second high-tempera-
ture sintering reinforced the metallurgical bonding
and afforded stronger powder—powder and powder—
wire mesh combinations, Sample 3 was able to
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withstand greater plastic deformation and tensile
strength before breaking. Thus, its total fracture
elongation increased, and its strength was the
greatest of all three samples. Moreover, after the
second set of 15 rolling passes, work hardening also
occurred, and the increased mechanical bonding
resulted in higher densification of the internal
structure, which is also vital for increasing the
strength.%6-67

Figure 6b reveals that all three samples experi-
enced four stages in the tensile test, namely elastic
deformation, yield, plastic deformation, and frac-
ture stages. Necking also occurred, with measured
section shrinkage rates of 23.9 £+ 1.3%, 9.6 + 1.4%
and 23.1 + 1.1% for Samples 1-3, respectively.Gé
These results implied that all the fractures in all
three samples were ductile fractures.®®~"® In the
yield stage, the sample resisted the continuous
tensile force to produce elastic deformation. During
the plastic deformation stage, deformation harden-
ing enhanced the ability of the sample to resist
further deformation and led to a distinct increase in
the stress.” Thus, with the continual local yielding
and redistribution of the tensile stress, the fracture
of the sample started from the holes in the weak
area and then propagated into the surrounding area
until the sample broke immediately.

The Vickers hardness and porosity values of the
three samples are shown in Fig. 6c. Because of
rolling, the pores of the sample shrank and closed
gradually, leading to a decline in porosity. Work
hardening increases the hardness of metals.”* """
Moreover, plastic deformation®®3° occurs during
rolling, so that y-austenite gradually changes to o’-
martensite.”®”® Thus, it is concluded that marten-
sitic transformation is the main reason for work
hardening, wherein the increased hardness helPs
enhance the Vickers hardness of the samples.?®

FRACTURE MORPHOLOGY ANALYSIS

Figure 7 illustrates the fracture morphologies of
the samples after tensile testing. Sample 1 pre-
sented numerous large deep holes surrounded by
dimples (Fig. 7a), consistent with its porous nature.
In light of the fracture mechanism of porous mate-
rial, the pores surrounded by dimples are the first
position of fracture.®? Thus, following the first set of
15 rolling passes, the large deep pores disappeared
in Sample 2. Indeed, in this sample some small
pores surrounded by numerous small dimples were
observed, and the fracture morphology demon-
strated the basic characteristics of ductile fracture
(Fig. 7¢).%® Finally, most of the pores closed after the
second high-temperature sintering and second set of
15 rolling passes (Sample 3), and the tensile frac-
ture displayed a dimple yattern characteristic of
ductile fracture (Fig. 7e).®

The images of the magnified areas revealed that
the dimples in Sample 1 were large and deep
(Fig. 7b). Sintering necks between the wire mesh

and powder were formed after high-temperature
sintering, and wire mesh necking occurred in the
dimples after the tensile test was performed. This is
in accordance with the order of fracture (i.e., the
crack started from the holes and extended to the
positions where the mesh and powder were sintered
together), confirming that necking occurred during
the tensile test and wire mesh necking existed in
the dimple. When the sample was subjected to 15
rolling passes (Sample 2), the large deep pores
shrank and even faded away (Fig. 7d). Here the
rolling force resulted in closer mechanical bonding
between the wire mesh and powder and the powder
and generated powder; therefore, no wire mesh
necking was observed in Sample 2 after fracture.
Moreover, the number of large deep dimples was
significantly reduced and the size of the dimples
was markedly diminished. Thus, in this sample,
shallow dimples were clearly visible, while a few
deep dimples were still observed. Compared with
those of Sample 2, the dimples on the fracture of
Sample 3 were shallower (Fig. 7f). This can be
linked to the further metallurgical and mechanical
bonding between the wire mesh and powder and the
powder and powder formed by the joint action of the
second high-temperature sintering and second set of
15 rolling passes. Thus, more sintering necks par-
ticipated in the tension resistance and shallow
dimples were finally generated so that of the three
samples,®* % Sample 3 exhibited the highest tensile
strength and plasticity after fracture.

From the microscopic viewpoint of the fractured
samples, the fractures of all the samples comprised
ductile dimples. Thus, it can be considered that all
the fractures of the three samples were ductile
fractures, which 1is consistent with the sec-
tion shrinkage rate results.”® In general, the tensile
fracture morphologies of the samples changed from
large holes surrounded by large and deep dimples at
the initial state of the test to narrowed holes and
numerous shallow dimples at the end of the test.

CONCLUSION

A novel stainless-steel powder/wire mesh compos-
ite porous strip (PWMCS) was prepared by using a
self-developed device that can automatically feed
powder and wire mesh without manual interven-
tion. The microstructure and mechanical properties
of this PWMCS during densification were studied.
Based on the above results and discussion, the
following conclusions can be drawn:

1. The samples underwent deformation and
martensite phase transformations during roll-
ing, and the amount of martensite increased
with increasing rolling deformation. In addition,
the large deep holes observed in the original
(unprocessed) sample disappeared in the final
(most processed) sample, leading to porosity
reduction.

2. Owing to rolling deformation, the y-austenite
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Fig. 7. Fracture morphologies of (a, ¢, €) Samples 1, 2, and 3, respectively, and (b, d, f) their respective magnified red-square areas.

changed to o-martensite, which led to pro-
nounced strength enhancement of the processed
samples. Indeed, the increased mechanical
bonding brought about by the rolling force is a
non-negligible factor for the marked increase in
the material strength.

Because the added o’-martensite led to poor

plasticity, the elongation at the total fracture of
Sample 2 was lower than that of Sample 1.
Under the combined secondary sintering and
second set of 15 rolling passes, the internal
structure of the sample exhibited further cohe-
siveness. Simultaneously, metallurgical bonding
was improved and the total fracture elongation
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of Sample 3 increased significantly. Indeed, the
hardness of this sample increased by 71.9 +
7.5%, which was attributed to work hardening
caused by rolling.

All three samples experienced elastic deforma-
tion, yield, plastic deformation, and fracture
stages. The cracks began in the weak areas
comprising pores, expanded to the periphery,
and broke immediately. The emergence of frac-
tures with dimples, classified as ductile fracture,
was observed, wherein the dimples changed
from deep and large in Sample 1 (initial state)
to shallow in Sample 3 (final state).
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