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Abstract

Open-cell metal foams suffer from severe deterioration in mechanical properties due to their enriched three-dimensional
interconnected holes. In this paper, reinforcing copper pillar(s) or tube(s) are embedded into the foam matrix to form “com-
posite” structure to enhance the open-cell copper foams. To do this, a simple positioning device is designed for preparation
of the green porous copper aligned with directional through hole(s) based on a tapping method. Then the reinforcing pillar(s)
or tube(s) are inserted into the hole(s) and sintered together. By this means, the mechanical properties of the copper foams
are significantly improved. The energy absorption capacity of the composite foams has also been improved because of a
higher and wider yield platform compared with the unreinforced copper foams.

Keywords Copper foam - Porous structure - Mechanical properties - Strengthening

1 Introduction

Metal foams have been of increasing interest since emer-
gence due to their low density, impact energy absorption
capacity, permeability, low thermal conductivity, and novel
electrical and acoustic properties [1-4]. These properties
mainly depend on the porosity (or relative density), base
material, size and shape of the pores, open or closed cell
structure, and pore distribution [2, 5]. The structures and
mechanical properties of porous materials are affected by
different preparation processes, which may fall into four
broad classes [3, 6]: those in which gas is served as the
blowing agent; those in which the foam is electro-deposited
from an aqueous solution; those by infiltrating liquid metal
into bed of granules followed by removing them; and those
in which the foam is made by using various powder metal-
lurgy (PM) methods.
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Powder metallurgy strategy, normally involving co-press-
ing of a metal powder with a sacrificial space holder pow-
der, can create open cell foams and has been successfully
employed to produce various open- or partially open-pore
metal foams [7-12]. Many kinds of materials like carbon-
ate [8, 9], magnesium [10], sodium chloride [11] and even
starch [12] can be used as spacers. As pore size and dis-
tributions are greatly influenced by spacers and fabrication
processes, many research activities focus on optimization
of some process parameters and the relationship between
the foam mechanical performance and pore network features
[13, 14]. In most cases, bigger pores result in higher strength
and elastic modulus for the same porosity. Evidently, using
coarser space holders leads to large pores and thicker cell
walls. However, considerable difference in the particle size
between metal powders and spacers causes some difficulties
to control the homogeneity and uniformity of mixing, which
in turn impair reproducibility for the pore structure of metal
foams. Andrew. R. Kennedy’s group carried out a tapping-
based method to intersperse metal powder with a spherical
salt bead space holder [12, 15], highlighting the good repro-
ducibility offered by the process which was achieved through
precise control of the masses of powders and the compaction
pressure. There are also studies on the preparation of cop-
per foams using non-tapping method [16—19], which char-
acterize by high flexibility in the ratio of spacer and copper
powder material, but the connection of the cell unit may be

@ Springer


http://orcid.org/0000-0001-8869-6855
http://crossmark.crossref.org/dialog/?doi=10.1007/s10934-021-01049-5&domain=pdf

964

Journal of Porous Materials (2021) 28:963-972

unsatisfactory. Other studies, like microporous copper foam
prepared by the foaming method [20], and the nanoporous
copper prepared by the hydrothermal synthesis process [21],
are carried out mainly for functional applications.
Originating from the easily developed stress concentra-
tion surrounding the pores randomly distributed over the
entire matrix, most metallic foams suffer from deteriorated
mechanical properties. This draw back can be overcome by
elongating the pores aligned of porous copper in the load
bearing direction (frequently referred to as lotus-type struc-
ture) by employing unidirectional solidification method in
pressurized inert atmosphere [1, 22-24]. A unidirectional
longitudinal pore structure was also fabricated via explo-
sive compaction of copper pipes [2], which exhibit excellent
compressive properties with high energy absorption capabil-
ity. Metal tubes (thin-walled shell structures) themselves,
like metal foams, were widely used in area of shock resist-
ance and energy absorption, and were attracted attention of
many researchers [25-28]. However, reinforced metal foams
with tubes or pillars has rarely been carried out. The aims of
this study were to demonstrate a novel “composite” structure
in which pillar(s) or tube(s) are embedded in Cu foam to
improve the properties and reliabilities of the Cu foam based
on a highly reproducible pore topology controlling process.
The reinforced porous Cu structures have been characterized
and their compressive mechanical properties are studied.

2 Experimental
2.1 Materials and preparation of green parts

Commercial purity Cu powder with a nominal size of 75 pm
was used. Near-spherical NaCl beads were produced accord-
ing to a method described in [11] (A. Jinnapat and A.R. Ken-
nedy, 2011) and were sieved into size range of 1.0-1.5 mm.
The morphology of the NaCl beads is shown in Fig. 2a. The
two components were combined using a tapping- based
method (illustrated in Fig. 1), similar to that reported in [11].
In the process, 8 g of NaCl beads were poured into the cavity
of a 25 mm diameter die (with the bottom punch in place)
and packing was enhanced by brief tapping using a Quan-
tachrome Autotap™ machine, which employs a lifting and
dropping action, tapping at roughly 4 Hz. 7 g of Cu powder
was then placed on top of the beads bed, where after the top
punch was inserted.

The process of the Cu powder into the bed of salt beads
can be tracked by measuring the exposed height of the top
punch as a function of the number of taps [15]. Measurement
was made by interrupting tapping and (h,—h,) was recorded
till it gets stable, at the time h, should be near equal to h,
(see Fig. 1a). After interspersion by tapping, uniaxial die
compaction was performed, at a pressure of 200 MPa, to
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produce robust Cu—NaCl “composite” pellets. A typical
“composite” pellet example is shown in Fig. 2b.

In order to insert the reinforcing pillar or tube into the
copper matrix, samples with one or three unidirectional
holes were made with the aid of a set of gaskets and locat-
ing pins. A schematic of the whole layered assembly and the
gasket specifications are respectively shown in Fig. 1b and
c. The NaCl was removed by immersion of the Cu—NaCl
“composite” green body in warm water for around 3 h and
subsequent drying at 80 °C for a minimum of 2 h. After-
wards, the locating pillar was recycled and replaced with the
reinforcing copper pillar(s) (diameter of 3 mm) or tube(s)
(out diameter of 3 mm and thickness of 0.25 mm) for further
sintering.

2.2 Sintering

The green porous Cu samples were sintered in a tube fur-
nace under an H, gas shield. Before heating, the furnace
tube was evacuated using a vacuum pump and refilled with
pure H,, cycling through this process for three times. With
H, flowing through the tube at a rate of 120 ml min~", the
temperature of the furnace was ramped up to 120 °C at a
rate of 5 °C min~! and held at this temperature for 30 min to
remove any moisture. Thereafter the furnace was raised to
810 °C at a rate of 5 °C min~! and held for 60 min. The as
sintered samples are illustrated in Fig. 3. Samples with 0-,
1-, and 3-unidirectional holes in the first row of Fig. 3 are
designated as S1, S2 and S3, respectively. The porous Cu
samples reinforced with single pillar, 3 pillars, single tube
and 3 tubes are referred as S4, S5, S6 and S7, respectively.

2.3 Characterization of porous copper parts

The densities of porous samples were measured from their
dimensions and mass. Sintered structures were sectioned,
and then were ground and polished by hand, without water,
on metallographic preparation wheels for observations using
optical microscopy (OM) and scanning electron microscopy
(SEM). Compressive testing of porous structures was per-
formed using an AGS-X-300KN Universal Testing machine,
at a rate of 0.5 mm min~!. Samples for the compressing
test have a diameter of 24 mm and are ground to a height
of 10 mm. Each testing condition was repeated on at least
three samples, over which the compressive strengths were
averaged.

In order to investigate the strengthening mechanisms
under compressions, a number of samples reinforced with
Cu pillar(s) or tube(s) were compressed to certain defor-
mation stages, say at nominal strain of about 0.04, 0.2, 0.4
and 0.6, and then were sectioned through the mid plane
of the reinforcing pillar(s) or tube(s) along the compres-
sive direction to observe the deformation process. Since
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Fig. 1 Schematic of the
interspersion method, showing (a)
the the powder layers and the ho
distance measured to determine
the height of the punch in the
die and the the gasket specifica-
tions

Radomly packed NaCl
beads (the bed of beads)

(®)

Before tapping

(©)

ﬁ
Bottom gesket

imaging the section structure requires destructive slicing
of the samples, an individual sample needs to be used for
each pre-designated strain. The strengths of 1-Cu pillar
(tube) or 3-Cu pillars (tubes) were also tested. For testing
the strength of 3-Cu pillars and/or 3-Cu tubes, the 3-Cu
pillars or tubes were fixed with a piece of Cu foil on one
side to maintain the relative poisoning as they were in the
Cu foam sample.

With metal powder loaded
on the top of the bed

Dense
mixture

Tapping to get the
dense mixture

Dense
mixture
Locating pins

Tapping direction

After tapping

Top gasket

®24.9mm
o

3 Results

3.1 Porous structures and densities

Precise control of the shape, size and distribution of pores
helps to reduce the wide scatter of physical and other

characteristics of porous materials and components. Fig-
ure 2b demonstrates that the homogeneity of NaCl bead
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spacer-copper powder blend within a part; Fig. 3 illustrates salt beads (near spherical) after compaction and are con-
the homogeneity of porous structures from part to part.  nected by small windows. The connecting windows are
The photographic and SEM images, respectively shown in ~ formed due to incomplete filling of the cavities between the
Fig. 4a and b, show that the pores remain the shape of the  salt beads, i.e., the Cu powder particles cannot fit into the

Fig.2 Photographic images of a v y
NaCl beads: 1.0-1. 5 mm and b ﬁa)r asl.

A ‘ { % 4
Cu-NaCl “composite” pellet Y
posite” p AL oY

)

| S5=(S3+Cl) S6=(S2+C2) S7=(S3+C2)

Fig.3 Codes and images of the sintered porous Cu samples and the copper pillars and tubes

Fig.4 Photographic (a) and V. O

SEM (b) image showing the s [ CUOERE -~
cell structure and connectivity -
within the cell walls

T T

10 mm
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small spaces at the contact points between neighboring salt
spheres. The average number of the nearest neighbors for a
particular cell (the coordination number) is around 6, which
is in accordance with the number of the connecting windows
in a cell (an average number of 3 windows in half a cell).

Densities of the Cu foam samples are listed in Table 1.
We can see that the densities of S1, S2 and S3 are 1.31 g
ecm™,1.29 g cm™ and 1.25 g cm ™, respectively. Obviously,
processing unidirectional holes in the Cu foam results in
higher porosity and lower density. Because the density of
both C1 and C2 is higher than that of S1, incorporating C1
or C2 into S1 will increase the whole density of the foam
structure. So, the densities of S4, S5, S6 and S7 are 1.45 g
cm™>, 1.81 g cm™3, 1.40 g cm™3, and 1.52 g cm”3, respec-
tively, each of which is above S1. Taking the density of the
wall of Cu tube as 8.92 g cm™ (the theoretical value), the
calculated density of the C2 (Cu tube) is 2.72 g cm ™. The
relative density and porosity of the samples are listed in
Table 1.

3.2 Mechanical behaviors of the Cu foams

Typical compressive load—displacement curves for S4 (com-
pared with S1 and S2), S5 (compared with S1 and S3), S 6
(compared with S1 and S2) and S7 (compared with S1 and
S3) are shown in Fig. 5a—d, respectively. Like other typical
metal foams, S1 shows linear elasticity at low stresses fol-
lowed by a long yield plateau, and terminate by a regime of
densification in which the load (or stress) rises steeply. An
increase in porosity (i.e. decrease in relative density) results
in a decrease in the plateau load level and shortening of the
densification displacement. So, S1 has higher compressive
strength than S2 and S3.

The compressive response for S4 (Cu foam reinforced
with 1-Cu pillar) is featured by a linear elasticity at low
stresses, a slow strain hardening characteristic at the
intermediate strain range follow by a short plateau and

Table 1 Densities of the Cu foam samples and the reinforcing Cu pil-
lar and tube

Code of the  Density/g cm™ Relative density Porosity/%
sample

S1 1.31 0.1469 85.31
S2 1.29 0.1446 85.54
S3 1.25 0.1401 85.99
S4 1.45 0.1618 83.82
S5 1.81 0.2020 79.80
S6 1.40 0.1562 84.38
S7 1.52 0.1696 83.04
Cl1 8.92 1 0

C2 2.72 0.3056 69.44

a sharply risen slope at the large strain. For S5 (Cu foam
reinforced with 3-Cu pillars), however, the load linearly
increases with the displacement under 3 kN and continues
to ramp up with a slightly decreased slope to maximum,
and then the load drops rapidly by about 48% of the peak
value before entering the densification stage. Clearly the
compressive response for S5 does not show the character-
istics of typical metal foams. Nevertheless, S6 (Cu foam
reinforced with 1-Cu tube) and S7 (Cu foam reinforced
with 3-Cu tubes) demonstrate similar load—displacement
characteristics but improved strength compared with that
of S1.

The mechanical properties of the Cu foams are list in
Table 2, where o, represents the yield stress, £, the yield-
ing strain, a;l" the plateau stress at the terminal point of the
plateau, s;}’ the strain corresponding toa;]’t, o, the densifi-
cation stress, €, the densification strain, and 0'_;1 the col-
lapse stress (the average value of the plateau stress). The
(ay,ey) is determined by the intersection of two tangents
schematically depicted in Fig. 5a (see point A); the (U:I’t
,eZ}’) and (o,,e,) are corresponding to points B and C
respectively, as depicted in Fig. 5b. From Table 2 we can
see that the o, of S1 is 3.03 MPa, whereas the yielding
stress of the Cu foams with 1 or 3 through unidirectional
holes significantly decreased. The 6, of S2 and S3 are 1.20
and 0.96 MPa, respectively. After inserting with Cu
pillar(s), however, the foam structure is greatly strength-
ened. The o, of S4 1s 6.84 Mﬁa, which is 125.74% higher
than that of S1. The o;l" and ‘7;1 of S4 are also much higher
than those of S1, but the ep*f for S1 and S4 are comparable.
S5 shows a o, value of 18.91 MPa, which is the highest of
all the foam samples. The o, of S6 and S7 are 4.24 and
4.75 MPa, which is 39.93 and 56.77% higher than that of
S1, respectively. S6 and S7 are comparable in a;‘l” and a_;l,
and both are higher than S1. Although different Cu foam
samples have different strengths, the variation of ¢, values
are less significant as that ofay, o;l" and 0_;‘1 values because
o, features deformation resistance of the dense state of a
compressed foam. Clearly, the strengths of the Cu foams
are significantly increased by inserting the Cu pillar or
pillars. But considering the increase in density and, that
the deformation of S5 has lost the feature of typical metal
foam, the 3-Cu pillars reinforcing Cu foam may not be an
effective way. Whereas Cu foams reinforced with Cu tube
or tubes has moderate increase in density and distinct
improvement of strength, as evidenced in Table 2.

Figure 6a shows the compressive load—displacement
curves for the 1-Cu pillar and 3-Cu pillars. Simillar as
the curves of a metal foam, the elastic loading region of
the 1-Cu pillar or 3-Cu pillars is followed by a plateau,
which might correspond to the stress deflection by plastic
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Fig.5 Typical compressive load—displacement curves for the Cu foam samples: a S4 compared with S1 and S2, b S5 compared with S1 and S3,

¢ S6 compared with S1 and S2 and d S7 compared with S1 and S3

Table 2 Mechanical properties

of the Cu foam samples Notes o/MPa & U:ir/MPa e:}’ o/MPa £/MPa U_;,/MPa

S1 2994023 0.05+0.02 7.14+0.67 045+0.02 11.16+0.53 0.55+0.02 5.07+0.45
S2 1.13£0.09 0.02+0.004 4.25+021 0.32+0.03 10.60+049 0.51+£0.04 2.69+0.15
S3 0.96+0.06 0.01+£0.002 3.54+0.38 0.33+£0.02 9.02+0.14 0.50+£0.01 2.25+0.22
S4 594+0.27 0.08+£0.04 11.45+198 0.46+0.05 13.67+2.54 0.54+0.03 8.70+1.26
S5 1891+0.71 025+0.06 - - - - -

S6 391+0.58 0.06+0.02 793+1.44 045+0.06 9.68+1.15 0.53+0.05 5.92+1.01
S7 4.58+0.67 0.07+0.03 8.44+091 0.45+0.04 994+1.13 0.53+0.02 6.51+£0.79

buckling (or folding) of the Cu pillar(s), as shown in
Fig. 7a. The third stage is also an increase in the slope,
corresponding to final densification. Apprently, the load
levels for the plateau of the 3-Cu pillars are higher than the
load levels for the plateau of the 1-Cu pillar.

The mechanical response of the Cu tube(s) is quite differ-
ent from that of the Cu and/or the metal foams. According
to Fig. 6b, the load—displacement curve for the 1-Cu tube
or 3-Cu tubes can also be devided into 3 steps: (1) Elas-
tic stage, the Cu tube has elastic deformation (stress and
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strain are roughly linearly related) till the compression load
reaches the greatest value when the material starts yielding;
(2) Yielding plateau stage, as shown in Fig. 7b and c, the Cu
tube(s) wrinkles and folds regularly and the load—displace-
ment exhibits a region marked by several rises and falls, and
at the same time, it can be regarded as a constant value and a
plateau is formed; (3) Compact stage, wrinkles and folds are
transmitted to the lowest part of the structure, like the final
densification stage of the metal foams, the load—displace-
ment carve is increasing steeply.
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Fig.6 Typical compressive load—displacement curves for the Cu pillar(s) (a) and tube(s) (b)
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Fig.7 Deformation morphology of the Cu pillar at the strain rate of 0.04, 0.2 and 0.4 (a), Cu tube at the strain rate of 0.04, 0.2 and 0.4 (b) and
the 3-Cu tubes at strain rate of 0.6 (¢)
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4 Discussion

Porous copper produced by replication of the beads bed
based on tapping method has the advantage of precise con-
trolling over size and morphology of the pores. Owing to
the use of a narrow size range of near-spherical NaCl beads,
the packing fraction of the beads and the Cu accommodated
in the network of the beads remains unchanged both within
and from part to part, leading to Cu foams with uniform pore
sizes as well as predictable and reproducible structures and
mechanical properties. However, Cu foams with different
strengths may be used in actual practice, and thus effec-
tive reinforcing approaches need to be carried out, and the
strengthening efficiency and mechanisms require carefully
evaluated and analyzed.

The mechanical properties of foams closely relate to its
density or relative density. In order to compare the strength
of the as reinforced foams straightforwardly, the yield stress
(o,) and the specific yield stress (o,/p) are plotted in Fig. 8a,
and the collapse stress (UZZ) and the specific collapse stress

(6;1/ p) are charted in Fig. 8b, based on Tables 1 and 2. It can
be seen that the variation of the collapse stresses follows
similar trend to that of the yield stress. Both the yield stress
and the specific yield stress of S2 and S3 are much lower
than those of S1, because the former two samples have lower
densities. The yield stress and specific yield stress of S4 are
significantly improved compared with S1, and the yield
stress and specific stress of S5 are much higher than that of
S4. This reflects that compression of a dense Cu pillar or
3-Cu pillars is much difficult than compression of the Cu
foam. For S4, both the reinforcing Cu pillar and the foam
body are characterized by a uniform plastic deformation,
which is evidenced by the image sequence of al, a2, a3 and
a4 in Fig. 9. As the Cu pillar is constrained by the foam
body, the inhomogeneous loading that can result in globe
buckling or folding of the Cu pillar (as seen in Fig. 7a) is

(a) 20 20
- 7 .
Yo /0 \6’
. 154 15 o
b
4 @
3 g
101 % r10 =
2 \ 3
3 B
] 3
(93
\ o
17}

0 T T T T T T 0

S1 S2 S3 S4 5 S6 S7

S
Samples

eliminated. Thus, the synergistic reinforcing effect is
achieved and is account for the significant rise in the yield
or collapse stress of the “composite” foam structure.

For S5, it can be deduced that the 3 reinforcing Cu pil-
lars remain vertical before the compressing load reaches the
yield point (see Figs. 5b and 8). As a result, the increase in
yield stress is enormous. As the compressive load increases,
however, shear deformation of the Cu pillars occurs, as dem-
onstrated by the b3 image in Fig. 9. The shear deformation
is responsible for the load drop in the load—displacement
curve illustrated in Fig. 5b, because the shear modulus is
much lower than the Young’s modulus for the Cu pillars.
Possible inhomogeneous stress which may cause the shear
deformation of the pillars results in the lateral deformation
of the foam body. The reinforcing pillars are too strong for
the foam body to prevent the lateral deformation, resulting
in the plateau being replaced by a concave in the load—dis-
placement curve for S5. It is therefore recommended that
the strength of the reinforcing pillars and the foam body
match each other.

Though lower than the strength of S4, the strength and
specific strength of S6 and S7 are much higher than those of
the S1. Since the strengths of S6 and S7 are comparable, and
the specific collapse stress of S6 is even higher than that of
S7, it is less effective for strengthening the Cu foam with
3-Cu tubes than with 1-Cu tube. During compression, the
single-Cu tube experienced a cyclic elastic deformation-
yield deformation process with a diamond-shaped distortion
mode, as demonstrated in Fig. 7b. Repeatedly buckling and
folding is responsible for the oscillation of the load—dis-
placement curve. However, the oscillation is eliminated
when the Cu tube or tubes is incorporated in the foam body,
although the buckling of the Cu tube or tubes are still present
during compressing, as respectively shown in ¢3 and d3 in
Fig. 9. It is worth pointing out that the plateau strain at the
terminal point of the plateau, s;f, of the S6 and S7 are

(b) 20 20
77, :
%P IS
‘ [ 154 15 -
w0
2 g
= 7
17 Q
10 10 @
2 )
S 5
o) I O
O 54 I S ©
I h=
N &
0 0

Fig.8 The yidld stress and specific yield stress (a) and the collapse stress and specific collapse (b) of the Cu foam samples
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Fig. 9 Deformation morphology of the Cu foam at the middle slicing plane of the Cu pillar(s) or tube(s) parallel to the compression direction at
the strain of 0.04 for the firs row images, 0.2 for the second-row images, 0.4 for the third row images, and 0.6 for the last row images

greater than that of S1. Higher collapse stress and greater
strain will endow S6 and S7 with superior energy absorption
compared with the unreinforced Cu foams (S1).

5 Conclusion

In this paper, “composite” copper foams have been success-
fully constructed by implanting copper pillar(s) or tube(s)
into the copper foam body with the aid of positioning device
based on a tapping method to interspersing metal powder
with a spherical salt bead space holder. The structures and
compressive mechanical properties of the “composite” cop-
per foams were studied and the following conclusions were
reached:

(1) Implanting copper pillar(s) or tube(s) significantly
improves the mechanical properties of the copper
foams. The yield strength of S4, S5, S6 and S7 are
increased from 3.03 MPa of the foams without reinforc-

2

3

ing to 6.84 MPa, 18.91 MPa, 4.24 MPa and 4.75 MPa,
respectively.

The load—displacement curves for the single- or three-
copper pillars are similar to that of copper foams. The
strength of the single-copper pillar matches that of the
copper foam matrix, resulting in optimum properties of
“composite” foam structure (i.e. S4). Implanting 3-cop-
per pillars in copper foam matrix causes a strength mis-
match between the pillars and the foam matrix. The
shear deformation of the 3-copper pillars exerts lateral
force on the foam matrix, which exceeds the ability of
foam matrix to limit the lateral deformation of copper
pillars, resulting in the “composite” foam structure (i.e.
S5) losing deformation characteristics of a typical cop-
per foam.

The load—displacement curves of the single- or three-
copper tubes are characterized with a plateau region
marked by several rises and falls. Although the strength
of the single- or three-copper tubes are much lower
than that of the copper foam matrix, the “composite”
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structures (S6 and S7) show improved strength and
elongated plateau regions of the compression curves.
So, the energy absorption capacity of the “composite”
structures (S6 and S7) is also increased.
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