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Abstract: In the present work, a compressible and lubricating space-holder material commonly known as “acrawax” was used to process Cu
foams with various pore sizes and various porosities. The foams were processed without using binders to avoid contamination of their metal
matrices. The lubricant space-holder material was found to facilitate more uniform flow and distribution of metal powder around the surface
of the space holder. In addition, the use of acrawax as a space-holder material yielded considerably dense cell walls, which are an essential
prerequisite for better material properties. The foams processed with a smaller-sized space holder were found to exhibit better electrical and
mechanical properties than those processed with a coarser-sized space holder. The isotropic pore shape, uniform pore distribution throughout
the metal matrix, and uniform cell wall thickness were found to enhance the properties pertaining to fine-pore foam samples. The processed

foams exhibit properties similar to those of the foams processed through the lost-carbonate sintering process.
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1. Introduction

Cu foams have been extensively researched over the past
decade owing to their potential applications as electrodes in
water filters, and in thermal energy storage and heat transfer
devices [1-9]. Among the various techniques [10—14] used
to synthesize porous materials, powder metallurgical pro-
cessing is one of the most widely used [15-26]. One of the
processes used in powder metallurgy is the space-holder
technique [27-31], where the evaporation of a space holder
leaves behind a network of pores within a metal matrix. This
technique is relatively easy and efficiently produces the de-
sired porous materials [31].

Several researchers have used various types of space
holders, demonstrating their relative advantages over each
other. The space-holder materials used in early investiga-
tions were mainly water-leachable compounds such as table
salt [17-18], sugar [19-20], and urea [21-22]. Another class
of space holders is the evaporative type, which includes
urea [23], polymethyl methcrylate polymer [32], ammoni-
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um hydrogen carbonate [33], and magnesium [26], which
volatilize when heated. Sublime compounds such as naph-
thalene [25] and organic products such as tapioca starch [24]
and cellulose fiber [34] have also been used as space-holder
materials. The large variety of available space-holder mate-
rials makes selection of an appropriate space holder for a
given application difficult. In attempts to attain materials
with high strength and good energy absorption properties,
the space-holder material is expected to play an important
role in cell wall densification and uniform pore distribution.
Ideally, the space-holder material should not react with the
metal matrix or leave behind residues.

NaCl is a widely used space-holder material because it
can withstand working temperatures as high as 800°C
without decomposing. Ye and Dunand [17] hot pressed Ti
and NaCl powders at 780°C under a pressure of 30-50 MPa
and then leached the NaCl using hot water. The authors ob-
tained dense cell walls with low microporosity. Their Ti
foams exhibited better mechanical properties in terms of
strength and energy absorption. Notably, however, hot
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pressing Ti and NaCl together at temperatures of 800°C or
greater can lead to contamination of the Ti matrix.

Jakubowicz et al. [19] pressed Ti powder and sugar parti-
cles using high compaction pressure (500 MPa) and re-
moved the sugar particles immediately after the cold com-
paction process to avoid any reactions at high temperatures.
However, the pores of the processed foams were irregularly
shaped because of the poor compressibility of the sugar par-
ticles. Here, using a high compaction pressure could not be
an appropriate method because of the poor compressibility
of the water-leachable compound.

Another space-holder material that can withstand high
temperatures is potassium carbonate [35-36]. After cold
compaction, metal and potassium carbonate powders are
sintered together for 4 h at a high temperature. The potas-
sium carbonate is thereafter leached into water. Because the
leaching is performed as the last step, dense cell walls are
obtained with this process. However, this process includes
long sintering and leaching durations, making it time con-
suming. Jia et al. [37] used an innovative approach of ultra-
sonic tapping of Ti powder with NaCl beads at a 4-Hz fre-
quency. The author’s cold compacted the tapped powder
mixture at 450 MPa. Although the ultrasonic tapping pro-
cess promoted the formation of dense cell walls, the pores
were elongated in the direction of compaction, forming el-
lipsoid pores. Khodaei et al. [38] reported similar results for
processing Ti foams using high compaction pressures,
where the pores were elongated in the direction of pressing.
These results suggest that a high compaction pressure is es-
sential for obtaining dense cell walls, but the high pressure
ultimately changes the pore/space-holder morphology.

Another possible method for achieving higher strength
foams is to add binders such as polyvinyl alchohol or sodi-
um silicate along with the space-holder material. The bind-
ers help in holding the weak metal matrix after the space
holder is removed. In addition, the binders reduce the fric-
tion among powder particles during cold compaction and
intensify the binding among particles. However, binders
tend to leave residues/precipitates, which adversely affect
the properties of the obtained foam. Wang and Zhang [32]
studied the effect of using binders on the impurities and sin-
tering behavior of foams. The authors suggested using
minimal amounts of binders to achieve dense cell walls and
reduce impurities. Hence, we inferred from the aforemen-
tioned discussion that, although using a high compaction
pressure is essential for high-strength foams, the space
holder should be compressible enough to sustain high pres-
sures. In addition, if low compaction pressures are used,
then binders become essential, ultimately hindering the sin-

terability of the foam. Therefore, a need exists to find an op-
timal solution to these two general problems encountered in
processing foams using the space-holder technique.

The main objective of the present work is to process
foams without binders using moderate compaction pressure
and a space-holder material that is itself a lubricant. The
idea underlying the use of a lubricating space-holder materi-
al is that the metal powders can flow easily around the
space holder and facilitate better cohesion between metal
powder particles at moderate compaction pressures. Re-
cently, Ti [39-40] and Cu foams [41] have been synthesized
using such a space holder, i.e., acrawax, which is commonly
used as a lubricant in powder metallurgical processing of
aluminum alloys. It exhibits excellent lubrication properties
and is readily removed without leaving any residue. More-
over, very little literature [39—41] is available on the use of
acrawax as a space holder and its effect on the metal foam
properties. In the present work, as-received acrawax was
sieved in two size ranges, i.e., <500 um and 500-1100 pm.
This work discusses the potential use of acrawax as a better
space-holder material for obtaining high-quality foams.
Both electrical as well as mechanical properties of the de-
veloped Cu foams are investigated.

2. Experimental

Cu powder (average particle size of about 45 um and pu-
rity of 99.5%) supplied by Alfa Aesar (Fig. 1(a)), USA,
acrawax coarse particles (Fig. 1(b)) (particle size range:
500-1100 pm, 99.5% pure), and acrawax fine particles (Fig.
1(c)) (particle size range: <500 um) supplied by Lonza,
USA were used as the raw materials. Acrawax melts at ap-
proximately140-145°C and is chemically known as N,
N'-ethylene bis(stearamide) [41]. Previous studies [41] have
shown that acrawax evaporates and leaves no residues. The
density of acrawax has been reported to be approximately
1 g/em’.

Cu powder was mixed with various quantities of acrawax
(both fine and coarse particles) to obtain Cu foams with po-
rosities in the range from 40vol% to 70vol%. The foams
processed using coarse and fine particles of acrawax are
hereafter referred to as foams with coarse pores and foams
with fine pores, respectively. After uniform mixing, each
powder mixture was cold compacted using a single-action
hydraulic press in a 10-mm-diameter cylindrical die at a
pressure of 300 MPa. The cold-compacted samples were
then heated at 350°C for 2 h in a tube furnace (Ar atmos-
phere) to completely remove acrawax, as was confirmed by
reweighing the pre-heated compacts. This treatment leading
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to the dissociation of acrawax is referred to here as
pre-heating, and the obtained samples are referred to as
pre-heated samples. The pre-heated powder compacts were
then finally sintered in a tube furnace under an Ar atmos-
phere for 60 min at 900°C. The heating rate during sintering
was 10°C/min. The density of the sintered samples was cal-
culated by weight and volume measurement of the final sin-
tered samples, and the results were compared with the theo-
retical density of Cu (8.96 g/cm®). The pore morphology
was examined using a field-emission scanning electron mi-
croscope (FE-SEM) supplied by FEI, USA and equipped
with an energy-dispersive spectroscopy (EDS) apparatus
from Oxford Instruments, UK. The pores obtained through
the dissolution of acrawax and the pores present in the cell
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wall are referred to here as "macropores" and "micropores",
respectively. The foam samples for flexural testing
(three-point bending) and electrical resistivity measurements
were prepared using a die with rectangular dimensions
(length = 31 mm, width = 12.5 mm). The flexural tests were
conducted using a span length of 25 mm, and the speed of
deformation was maintained at 1 mm/min. Compression
testing of the foam samples was carried out at a strain rate of
0.001 s! using an Instron 8801 UTM. The electrical resis-
tivity of rectangular samples was measured by a mi-
cro-ohmmeter supplied by Sivananda Electronics, India.
The four-probe method was used to determine the electrical

resistivity of the rectangular specimens.

Fig. 1. Starting raw materials: (a) SEM image of copper powder particles; (b) acrawax sieved in the range 500-1100 pm; (c)

acrawax sieved in the range <500 pm.

3. Results and discussion
3.1. Effect of compaction pressure on pore morphology

One of the prime objectives of this study is to attain
dense cell walls without compromising the pore morphology.
The selection of an appropriate compaction pressure is im-
portant to obtain high-strength foams. To evaluate the effect
of compaction pressure on pore morphology and densifica-
tion, three compaction pressures (200, 300, and 400 MPa)
were initially chosen. Figs. 2(a) and 2(b) show SEM images
of the foams processed using 200, 300, and 400 MPa com-

paction pressures. The foam samples processed using 200
MPa pressure (Fig. 2(a)) is found to have spherical pores;
however, the cell walls obtained here are porous (mi-
cropores indicated by arrows). The cell walls were denser in
the foam compacted at 300 MPa (Fig. 2(b)) than in that
compacted at 200 MPa. Also, the pores of the foam com-
pacted at 300 MPa are mostly spherical. The cell walls in
the samples compacted at 400 MPa are dense; however, the
high pressure led to deformation of the pore morphology
into an ellipsoidal shape. The pores obtained are in contrast
to the spherical shape of acrawax particles. Notably, howev-
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er, the aforementioned deformation of acrawax occurred
without fracture, and the shape of the obtained pores was
that of the deformed acrawax. Hence, acrawax exhibited
compressible behavior, and high pressures deformed it into
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3.2. Effect of acrawax addition on the final porosity ob-
tained in foams

The foam samples with various acrawax contents (both
fine and coarse acrawax) ranging from 40vol% to 70vol%
were processed at 300 MPa compaction pressure. Table 1

an elliptical shape. Because the major objective of the pre-
sent work was to achieve dense cell walls without excessive
deformation of acrawax, we opted to use the average of the

two compaction pressures (i.e., 300 MPa).

Fig. 2. SEM micrographs showing the effect
of using compaction pressure: (a) 200 MPa
(arrows indicate micro-pores); (b) 300 MPa
(with denser cell walls and less pore defor-
mation); (c) 400 MPa (showing the pore shape
and cell walls, and arrows indicate compac-
tion pressure direction).

shows the effect of the added space holder on the final
achieved porosity in the cases of both fine and coarse-pore
foam samples. The copper foams with finer pores are des-
ignated as CF1, CF2, CF3, and CF4 and the coarser-pore
foams as CF5, CF6, CF7, and CFS8.

Table 1. Sample dimensions and final porosity achieved after the sintering process for samples with various acrawax contents

o Amount (:12 ZEZCG holder Weight (?ﬂer W?ight.(aﬂer Diameter.(after Dia.mete.r (after Height (jafter He.ight.(after Final po-

foam Volume Weight pre-heating),  sintering),  pre-heating), sintering),  pre-heating), sintering), rosity / %
fraction/ % fraction / % Wylg Ws/g Dy / mm Ds/ mm H,/ mm Hs/ mm

CF1 40 6.8 2.9 2.7 10 9.5 10.5 10.1 57.8
CF2 50 9.7 2.8 2.6 10 9.5 10.8 10.0 58.5
CF3 60 13.9 2.8 2.5 10 9.2 12.1 11.2 62.2
CF4 70 20.1 2.7 22 10 9.2 13.3 12.2 69.8
CF5 40 6.8 29 2.8 10 8.9 12.1 11.0 54.0
CF6 50 9.7 3.1 2.8 10 9.1 13.2 11.7 57.8
CF7 60 139 29 2.7 10 9.5 11.7 11.3 62.7
CF8 70 20.1 3.0 2.8 10 10.3 14.4 14.3 73.8

In all the samples, the final porosity was greater than the
space-holder content when the added amount of space hold-
er was 40vol%. This result suggests that extra porosity may

be present as micropores within the cell walls or as some
cracks around the periphery of the pores. However, when the
space-holder content was increased to 60vol% and 70vol%,
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the final porosity matched with content of added space-holder.
Other authors [26,41] have reported that foams with pore
contents >55% form interconnected channels of pores.
Hence, when more space holder is added, the pores formed
after evaporation of acrawax begin to form an interconnect-
ed network, facilitating easier and complete removal of the
acrawax. However, the situation differs substantially for
low-porosity samples, where the acrawax vapor lacks easy
passage because of lesser interconnectivity and isolated
pores. The cell walls around the evaporating acrawax are
also dense because of the use of high compaction pressure.
Consequently, cracks are formed around the pores because
of the excessive vapor pressure of the acrawax and the gen-
eration of micropores within the cell walls themselves [41].

The difference between the space-holder content and po-
rosity was greater for coarser acrawax than for finer
acrawax. This greater difference is easily explained by the
larger quantity of pores in the finer acrawax for the same
pore volume. Hence, the pore connectivity is better when
fine-sized acrawax is used, which facilitates easy removal
without generating any cracks or micropores.

3.3. Pore morphology and distribution

To observe the pore distribution in the matrix, we cut the
samples along the thickness cross-sections (Fig. 3). Figs. 4(a)
and 4(b) show the foam samples with fine pores cut along
the centerline (A) (center) and the other near the edge line

(2)
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(B) (side) of the thickness cross-section (Fig. 3). The 50%
porous samples (Fig. 4(a)) have both densified (marked by
arrows) as well as porous regions present along the thick-
ness cross-section. The region near the edges (side) and cen-
tral region sinter at a faster rate because of small-sized pores
obtained using finer acrawax. In addition, the pores in the
central and side regions of the thickness cross-section were
smaller, irrespective of the size of acrawax used. These
smaller pores are attributed to the self-diffusion phenome-
non being more predominant because of the small size of
the pores. High-porosity samples (Fig. 4(b)) have similar
pore volumes and sizes in both the central and edge (side)
regions. Here, we inferred that the increased pore connectiv-
ity led to more uniform sintering/shrinking of the pores ir-
respective of their location in the metal matrix.

A B

— — B
—A

Finer pores Coarser pores

Fig. 3. Cutting direction shown by lines A (central area) and
B (side area) in the case of fine and coarser pores.

(b)

1cm

Fig. 4. Optical photographs of fine pore foam samples cut longitudinally: (a) 50% porous (arrows show full densified areas); (b)
70% porous showing uniform pore distribution both in central and side regions.

The foam samples with coarser pores were cut horizontally
(Fig. 5) because they tend to fracture when cut vertically. The
central regions (A) (Fig. 5(a)) of these samples contain much
fewer pores than the central regions of the foam samples with
finer pores. This difference in the number of pores is attribut-
ed the larger-sized pores occupying more volume while pre-
sent in a smaller area compared with the finer pores. The
foams with higher porosity (Fig. 5(b)) are found to have more

uniform pore distribution in the central and edge regions.
Accordingly, we inferred that interconnectivity of the pores
plays a major role in the sintering process for both fine and
coarse-pore samples. As the pores become more intercon-
nected, the pore size and distribution become more uniform.
Also, the fine-pore samples exhibit a more uniform pore size
distribution and greater strength compared with the coarse
pores, even in the lower-porosity samples (40% porosity).
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Fig. 5. Optical photographs of coarse pore foam samples cut horizontally: (a) 50% porous (arrows show full densified areas); (b)
70% porous having uniform pore distribution in both central and side regions.

3.4. SEM and EDS analysis of Cu foam

Fig. 6(a) shows the fine-pore samples with a uniform dis-
tribution of the pores in the metal matrix. High-
er-magnification observations of the foam samples revealed
that the cell wall regions also contain some micropores (Fig.
6(b)). The microporosity in the cell walls was attributed to
the varied size of the fine acrawax (<500 um) shown in Fig.
1(c). Some of the acrawax particles in the finer acrawax are
observed to be very fine (1020 pm). These fine powders
have possibly dispersed in the cell wall regions and created
microporosity in the cell walls. However, the micropores
present in the cell walls are small and the pore size is be-
tween 5 to 20 pm. Furthermore, the cell walls have a

uniform cell wall thickness in this case. The pores, being
smaller in size, are present in a larger volume; hence, a more
uniform cell wall thickness is achieved in the fine-pore
foams. Figs. 7(a) and 7(b) show SEM images of the foam
after sintering in the case of coarse-pore samples (60vol%
porosity). These images show that the cell walls densified
well, with lesser microporosity present in the cell walls.
However, here the cell walls are of variable thicknesses
across the foam surface compared to fine-pore samples (Fig.
6(a) vs. Fig 7(a)). The variation in cell wall thickness de-
creased substantially and became more uniform when the
porosity increased to 70vol%. Another important observa-
tion was the roundness of the pores after sintering. The

Fig. 7. SEM micrographs of 60vol% porous foams with coarser pores showing the pore distribution (a) and cell walls (b).
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fine-pore samples have a larger number of round pores
compared with the coarser-pore samples (Fig. 6(a) vs. Fig
7(a)). The deformed pores (non spherical shape) are marked
by arrows (Fig. 7(a)) to show their deformation in the com-
paction direction.

Notably, the cell walls (struts) obtained in the case of fine
and coarse-pore samples are continuous and dense (with less
microporosity). The continuity in strut formation is achieved
during the compaction process, where the metal powder has
to flow uniformly around the space-holder material. When
uniform flow is achieved, then the chance of forming dense
struts with less microporosity is enhanced. To obtain dense
and continuous struts, Parvanian and Panjepour [16] used
mechanically activated Cu powder instead of normal Cu
powder for efficient packing around the space holder they

ey

700 um

Electron imagel
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used, i.e., potassium carbonate, which is a non-lubricant.
However, in our case, even using normal Cu powder led to
the formation of continuous and dense struts (Figs. 6 and 7)
because of the lubricant nature of acrawax.

To investigate the impurities that might have been left
behind after evaporation of the acrawax, we conducted EDS
analysis of the foams. Fig. 8 shows two EDS spectra cor-
responding to the point on the cell wall and the other at
the pore periphery. Here, no impurities were present ex-
cept for some oxidation (Table 2). The oxidation was less
extensive in the cell wall regions and only slightly more
extensive at the pore periphery. We therefore concluded
from the EDS results that acrawax was volatilized com-
pletely without leaving any impurities within the metal
foam matrix.

cd Spectrum 1
S
<
2
= ‘ CL}‘
dl | N
0 5 10 15 20
Energy / keV
Spectrum 5
= Cu
<
ey
= O. Cu
f
Wl |‘I P
0 5 10 15 20
Energy / keV

Fig. 8. EDAX spectra of copper foams near the pore periphery and on the cell wall showing presence of only copper and oxygen.

Table 2. EDS elemental analysis results for different areas of

Cu foams wt%
Location Copper Oxygen
On the periphery of pore 95.91 4.09
Cell wall region 96.01 3.99

3.5. Mechanical and electrical properties of foam

The mechanical properties of the foam were tested using
flexural tests. The flexural strength (F;) of a beam was cal-
culated using the following formula:

_ 3PL

Coower

where P is the load before failure, L is the length of the span, w
is the width of the sample, and ¢ is the thickness of the sample.

Table 3 lists the values of the width, thickness, load, and

S

flexural strength along with the specific flexural strength
(i.e., the Fydensity (p) ratio) for the samples. The foam
samples with finer pores exhibit greater flexural strength
compared with the coarser-pore samples. The Fy/p ratio for
the fine-pore foam samples (60vol%, 70vol% porosity) was
found to be equivalent to that of Cu foams processed using
the lost-carbonate sintering process with similar pore size
and volume [16]. Interestingly, only the samples with a pore
content greater than 60% exhibit reasonably good F; values,
which suggests that pore interconnectivity enhances the Fi.
The isolated pores in the low-porosity (<60%) samples act
as stress concentration sites, leading to sudden/cascade fail-
ure of the foams. Table 3 shows that the F values of the fi-
ne-pore foams with 60vol% and 70vol% porosity are 25
MPa and 10 MPa, with flexural strain values at 2.58% and
2.6%, respectively.
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Table 3. Flexural strength, density, and dimensions of rectangular-shaped Cu foams prepared with fine and coarse pores

Copper Width / Length / Thickness / Density, p / Flexural strength, Specific flexural Flexural
foam mm mm mm (g-em™) Fs/MPa strength, (F/p) strain / %
CF1 12.5 30.7 3.4 3.8 4 1.1 1.7
CF2 12.2 30.2 35 3.7 18 4.8 1.2
CF3 12.2 30.4 3.6 3.4 25 7.4 2.8
CF4 12.0 30.2 42 2.6 10 3.8 2.6
CF5 12.6 314 3.7 4.1 7 1.7 1.3
CFo6 12.7 314 3.7 3.8 5 1.3 0.8
CF7 12.7 315 43 33 5 1.5 1.9
CF8 12.7 315 4.2 2.3 5 2.2 1.8

The F values of the coarser-pore samples are quite low
(approximately 5 MPa) in the cases of 60vol% and 70vol%
porosity. The lower strength in the case of the coarser-pore
samples is attributed to the difference in cell wall thickness
and pore size in various regions across the thickness
cross-section. The presence of larger pores favors crack ini-
tiation and hence lowers the F value. However, the samples
undergo substantial flexural extension before fracture.

The fractured surfaces of the samples after flexural test-
ing were observed by SEM. The fractured surfaces of the
fine-pore samples mostly exhibit ductile fracture (Fig. 9(a)).

Here, the cracks are not formed in and around the pores (Fig.

9(b)). Hence, the samples showed much higher F; values
than the coarser-pore samples. Therefore, we concluded that
finer pores are associated with uniform cell wall thickness,
pore size, and pore distribution throughout the cross-section,
which, in turn, leads to higher F; values. Notably, the mi-
croporosity in the cell walls did not strongly affect the F of
the fine-pore foams.

Fig. 10(a) shows the fractured surface of the coarser-pore
sample with 70vol% porosity. Cracks developed (marked by
arrows) wherever the cell walls are relatively thinner. Fig.
10(b) shows two pores in close proximity to each other. Be-

cause of this close proximity, the cell wall separating the
pores is narrow, leading to crack initiation in one of the
pores. We concluded that the thickness of cell walls is one of
the most important factors controlling the failure mode as
well as the Fi.

Fig. 11 shows the compressive stress—strain diagram of
the foam samples. Both the fine- and coarse-pore samples
show a distinct plateau region in the 60vol% and 70vol%
porosity samples, followed by densification. The fine-pore
samples demonstrated greater plateau strengths of 15 and 5
MPa. The coarse-pore samples showed yield strengths of 10
and 4 MPa followed by a sudden decrease of the stress val-
ues. However, in both cases, a distinct deformation was ob-
served before the densification region started. The plateau
region deformation was nearly 40% and 50% for the fine-
and coarse-pore samples, respectively, similar to the plateau

region of foams processed via the lost-carbonate sintering
process [35]. Also, the compressive plateau/yield strength
was approximately 4 MPa (70vol% porosity) for both the
fine- and coarse-pore samples. This strength is substantially
greater than that of the Cu foams (strength less than 1 MPa)
with a similar porosity produced via the lost-carbonate pro-
cess [36].

Fig. 9. SEM images of the fractured surface obtained after flexural testing of 70vol% porous samples (a) and magnified image of a

pore (b).
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Fig. 10. SEM images of the fractured surface obtained after flexural testing of 70vol% porous samples with coarse pores (arrows
depicting the cracks formed after testing in and around the pores) (a) and magnified image of the pore (b).

20

Fine pore, 70vol%
Coarse pore, 60vol%

Ture stress / MPa
=

Coarse pore, 70vol%

0 0.2 0.4 0.6 0.8
True strain

Fig. 11. True compressive stress-strain diagram of the coarse
and fine pore foam samples.

Fig. 12 shows the electrical resistivities of foams for both
coarse- and fine-pore samples. The coarse-pore samples
show relatively high electrical resistivities for the same pore
volume. The electrical resistivity of the 40vol% samples
(CF4) is much higher than the resistivities of the other sam-
ples. The resistivities of both the fine-and coarse-pore sam-
ples show increasing resistivity values with increasing po-
rosity (50vol%—70vol%)—a general behavior observed for
most of the metallic foams.

-7
7x10 m Fine acrawax foams Y,

m Coarse acrawax foams Y,
Y=6x10%>-3x107"x+9 x 107
2 =0.924
=1x10%>-8x10°+2x 107
R*=0.854

6x107

5x107 Y,

4x107
3x107

2x107

Electrical resistivity / (2-m)

1x107

0

40 50 60 70
Amount of space holder added / vol%

Fig. 12. Electrical resistivity of fine and coarse pore foam
samples varying with the added space holder content.

Importantly, the coarse-pore samples have much higher
electrical resistivity values in all of the investigated cases
when compared with fine-pore samples. This observation is
contrary to the results of an earlier study [42], wherein
smaller pores led to higher electrical resistivity in Ti foams.
This behavior was attributed to a particular area containing a
greater number of pores and generating stronger interacting
electric fields, which increases the resistivity of small-sized
pores [42]. However, in the present work, the samples with
finer-sized pores show lower resistivity than the samples
with coarser-sized pores, which we attribute to several pos-
sible causes. For the same pore volume, small-sized
space-holder particles were present in greater numbers than
large-sized space-holder particles. The pores were more iso-
tropic in shape and were present more uniformly throughout
the thickness cross-section. However, in the coarse-pore
samples, the distribution of pores was less uniform, espe-
cially in the low-porosity samples. This poor uniformity led
to opposing/interacting electrical fields generated in solid
versus porous areas. This interpretation is further strength-
ened by the observation that sample CF4 exhibits much
higher resistivity than sample CF1. Because the processing
conditions of both types of foams is similar, the only differ-
ence that can reasonably explain the aforementioned ob-
servations is the larger number of pores present in the fi-
ne-pore samples, which led to a more uniform pore distri-
bution and to better interconnectivity of the pores. In the
CF4 sample, some regions contain pores and some regions
are dense, which generates greater electrical interferences in
low-porosity samples.

Uniform cell wall thickness could be another factor con-
trolling the electrical resistivity. The uniform cell walls pro-
vided better conducting pathways compared with the case of
irregular cell wall thicknesses in the coarse-pore samples. In
addition, the pores obtained in the case of fine-pore samples
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are more spherical (Fig. 6(a)). The coarser-pore samples,
however, have various shape and are less spherical in shape
(Figs. 7(a) and 8). If we consider the pore aspect ratio (i.e.,
the ratio between the length of the major axis and that of the
minor axis) after an equivalent compression, larger
spheres/pores will have higher aspect ratios than smaller
spheres/pores. As demonstrated in earlier studies, the elec-
trical conductivity is more dependent on the pore shape than
on the pore size. Li and Lu [42] suggested that, when the
pores have a high aspect ratio (being shorter along the
pressing direction and longer in the perpendicular direction),
the resistivity is much higher, as observed in our case of
coarse-pore samples.

The aforementioned possibilities might have enhanced
the electrical resistivity of the fine-pore foam samples. In
addition, although the microporosity was greater in the case
of the fine-pore samples, it did not strongly affect the resis-
tivity. We thus concluded on the basis of the preceding dis-
cussion that uniformity in pore distribution throughout the
thickness cross-section, a spherical pore shape, and a uni-
form cell wall thickness are dominant factors compared with
pore size in influencing the electrical properties of Cu
foams.

4. Conclusions

The space-holder material acrawax was used to process
Cu foams with various pore contents and sizes. High com-
paction pressures were beneficial for obtaining dense cell
walls in the prepared foams. However, the compaction
pressure used herein was limited to avoid excessive defor-
mation of acrawax from spherical to ellipsoid shape. The
mechanical and electrical properties obtained using fine
acrawax were found to superior to those obtained using
coarse acrawax. For comparable values of compaction
pressure and pore volume, the fine acrawax yields more iso-
tropic pores as compared with those obtained with coarse
acrawax. The shrinkage and densification of pores during
sintering were found to be more uniform for the case of fine
pores. The pore size, pore shape, and cell wall thickness
were found to be more variable in the case of the
coarse-pore samples. The electrical properties of fine-pore
samples were found to be much better than those of
coarse-pore samples because the fine-pore samples exhibit
better uniformity in pore distribution throughout the thick-
ness cross-section, a spherical pore shape, and a uniform cell
wall thickness. Further, the fine-pore foams processed using
acrawax showed properties similar to those of foams pro-
cessed via the lost-carbonate sintering process.
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