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Functionally graded (FG) metal foams have properties that vary with the position, giving them controlled
compression deformation behavior with the desired plateau stresses. In this contribution, bilayer FG Cu
foams consisting of a high-porosity layer and a low-porosity layer were fabricated and their compression
properties were demonstrated. A friction powder sintering process based on the sintering and dissolution
process was employed to fabricate the FG Cu foams. X-ray computed tomography observations revealed
that the porosity markedly changed around the boundary between the layers of the FG Cu foam with NaCl
volume fractions of V; = 80% (high porosity) and V; = 60% (low porosity), and the two layers exhibited
almost constant porosities and were bonded seamlessly. From compression tests on the fabricated FG Cu
foams, it was found that the V; = 80% layer first deformed while the V; = 60% layer hardly deformed at the
beginning of the compression. Thereafter, the V; = 60% layer started to deform. From the compression
stress—strain curves, the FG Cu foams exhibited two plateau regions with low and high plateau stresses
corresponding to the deformation behavior. The first plateau stress and second plateau stress obtained from
the FG Cu foams exhibited similar values to those obtained from uniform Cu foams with V; = 80% and
Vi = 60%, respectively. Moreover, Cu foams consisting of simply stacked uniform Cu foams with V; = 80%
and V; = 60% without bonding exhibited almost the same deformation behavior and compression prop-
erties except for slightly larger dispersion than that in the FG Cu foams, which is considered to be due to the
lack of bonding and the discontinuity between the pores at the boundary between the }V;=80% and

Vi = 60% layers.
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1. Introduction

Functionally graded (FG) metal foams have properties that
vary with the position and are expected to be lightweight and
possess superior properties to ordinary metallic foams. Several
processing routes for fabricating FG metallic foams have been
proposed, such as the casting space holder process (Ref 1, 2), the
powder metallurgy space holder process (Ref 3), the precursor
foaming process (Ref 4-10) and the metal melt direct foaming
process (Ref 11). In these processes, the properties variation is
adjusted via the position-dependent pore structures (pore size, pore
morphology and porosity) (Ref 1-8, 11) and the alloy composition
(Ref 9, 10). It is expected that FG metallic foams will have
controlled compression deformation behavior with the desired
plateau stresses corresponding to the compression properties of the
metallic foams by controlling the pore structure and alloy
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composition at each position (Ref 6-10). However, accurate
control of the pore structure at the desired position is relatively
difficult; therefore, there have been few investigations on the
properties of FG metallic foams as structural materials. In addition,
these studies mainly focused on aluminum (Al) foam owing to the
difficulty of fabricating foams of high-melting-point metals. It is
expected that the realization of FG metallic foams other than those
of Al will expand the use of metallic foams in various industrial
fields. In particular, copper (Cu) foam can be used as an
engineering material when efficient heat exchange is required
(Ref 12, 13). Also, Cu foam is expected to exhibit superior
compression properties to Al foam. Therefore, FG Cu foam with
the desired pore structure at each position is expected to have a
greatly improved performance as an engineering material.

To realize the accurate control of pore structures, a sintering
and dissolution process (SDP) has been proposed by Zhao and
Sun for the fabrication of Al foam (Ref 14). In the SDP process,
Al powder and sodium chloride (NaCl) powder as space
holders are mixed and sintered. Then, the NaCl in the mixture is
dissolved by immersing the mixture in water, resulting in an Al
foam. The SDP process has several advantages for fabricating
Al foam. First, by controlling the volume fraction and particle
shape of the NaCl powder, the pore structures of the Al foam
are easily controlled. Second, NaCl is easily removed from the
sintered mixture by simply immersing the mixture in water.
Third, NaCl retains its initial shape without deforming or
melting during the sintering process because its melting point
(1074 K) is higher than that of Al (933 K). Fourth, NaCl is
inexpensive, readily available, nontoxic and rapidly dissolves
in water.
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A friction powder sintering (FPS) process based on the SDP
has been proposed for the fabrication of metallic foams (Ref
15-17). In the FPS process, a mixture of a metal and NaCl
powder is sintered by the friction heat and pressing pressure
generated by plunging a rotating tool into a metal plate die with
the mixture filling a hole in the die. The FPS process is easy to
conduct and has low environmental impact because an external
heat source is not necessary, except for the friction heat
generated in the vicinity of the mixture. Furthermore, only a
conventional milling machine is necessary, i.e., no special
equipment is required, enabling metallic foam to be manufac-
tured at a low cost.

In a previous study (Ref 17), Cu foams with NaCl volume
fractions V; in the mixture of 60, 70 and 80% were fabricated
by the FPS process. Although the melting point of Cu (1356 K)
is much higher than that of NaCl (1074 K), it was shown that
no further sintering of the Cu matrix was necessary during or
after the dissolution of NaCl, which is essential in other
processes using space holders (Ref 18-20), because it was
found that a lower temperature than the melting point of NaCl
can be employed during the FPS process. Ductile deformation
behavior was observed during the compression tests on the
obtained Cu foams regardless of their porosity, indicating that
the sintering of the Cu particles was achieved by the FPS
process. The plateau stress decreased as the porosity increased
with a strong correlation between them. Namely, it is expected
that by varying V%, the mechanical properties of Cu foams can
be easily controlled.

In this study, bilayer FG Cu foams with 7z = 60 and 80%
were fabricated by the FPS process. Scanning electron
microscopy (SEM) and x-ray computed tomography (x-ray
CT) inspections were conducted on the FG Cu foams to
confirm that different porosities (volume fractions of pores)
were achieved in the two layers and that the pore shape was
similar to that of the NaCl particles. Furthermore, the Cu foams
were subjected to compression tests to observe their deforma-
tion behavior in comparison with those of uniform Cu foams
with V=60 and 80%. Moreover, uniform Cu foams with
Vy= 60 and 80% were simply stacked similarly to that in the
FG Cu foam except without bonding, and the compression
properties were compared with those of the FG Cu foam.

2. Experimental Procedure

2.1 FPS Process

Figure 1 shows a schematic illustration of the FPS process
for fabricating FG Cu foam. First, Cu and NaCl powders with

Cu and NaCl
V; =60 %

Cu and NaCl
V;=80 %

(@) SS400 plate (b)

Tool
=

—

V= 60% were thoroughly mixed by pot mill [Fig. 1(a)].
Thereafter, an oxygen-free Cu plate (10 mm thickness) and an
SS400 back plate (3 mm thickness) under the Cu plate were
stacked and the obtained mixture was injected into a ¢

= 15 mm hole previously drilled into the Cu plate. Namely, the
SS400 plate and the bottom of the mixture were in contact
during the process. Next, Cu and NaCl powders with V; = 80%
were thoroughly mixed by pot mill and injected into the hole of
the Cu plate on top of the mixture of V= 60% [Fig. 1(b)].
Commercially available pure Cu powder (99.99% purity,
average particle diameter of 1 pm) and commercially available
NaCl powder (99.9% purity, sieved to a particle diameter
ranging from 300 pm to 425 um) were used. Figure 2 shows
SEM images of the Cu and NaCl powder particles. The Cu
powder particles were approximately spherical, while the NaCl
powder particles were approximately cuboidal. The NaCl was
heated in an electric furnace to remove moisture before mixing
with Cu at 433 K for 30 min. Next, a cylindrical rotating tool
with diameter ¢ = 25 mm and a flat bottom was plunged into
the mixture and the Cu plate [Fig. 1(c)] with the center of the
hole and the center axis of the rotating tool coinciding at
atmosphere. Tungsten carbide (WC) was used for the tool
material, which is conventionally used in the friction stir
welding of Cu (Ref 21-23). The pressing load, the rotating rate
of the tool and the holding time were set to 35 kN, 1000 rpm
and 60 s, respectively. Next, the sintered mixture was cut from
the Cu plate by electric discharge machining then immersed in
water to dissolve the NaCl [Fig. 1(d)] and obtain the FG Cu
foam [Fig. 1(e)]. Cu plate only existed at the surface of the
sintered mixture and it was easily removed from the sample
before the dissolution process. Therefore, the composition of
the mixture does not change. The weight of the mixture was
measured during the dissolution process to confirm the
complete removal of NaCl from the mixture. Five cylindrical
FG Cu foam compression test specimens with a diameter and
height of 8 mm and 7 mm, respectively, were obtained.

Fig. 2 SEM images of the starting materials. (a) Cu powder parti-
cles and (b) NaCl powder particles

WC

&

(d) (e

&

Fig. 1 Schematic of FPS process for fabricating FG Cu foam. (a) A mixture of Cu and NaCl powders with a NaCl volume fraction of
Ve = 60% is placed in the hole. (b) A mixture of Cu and NaCl powders with a NaCl volume fraction of V= 80% is placed in the hole. The

mixture is (c) sintered and then (d) leached. (e) Obtained Cu foam
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Uniform Cu foams with 7y = 60 and 80% were separately
fabricated by the same FPS process. Three stacked but
unbonded Cu foam compression test specimens were also
fabricated.

2.2 Observation of Pore Structures

To confirm that the porosities actually varied in the obtained
FG Cu foams, the FG Cu foams were nondestructively
observed using a cone-type microfocus x-ray CT system. The
tube voltage and tube current during the x-ray CT inspections
were set at 120 kV and 30 pA, respectively. In front of the
image intensifier of the x-ray CT system, a 2-mm-thick Cu plate
filter was placed. The voxel length of the three-dimensional
images was 35.7 um. The pore structures of the obtained Cu
foam at a cross section taken from the middle in the
longitudinal direction were also observed by SEM.

2.3 Gompression Tests

The five obtained FG Cu foams and three stacked Cu foams
were subjected to compression tests. The rate of compression
was set at 1 mm/min throughout the tests. The deformation
behavior of the foams during the compression tests was
observed by a digital video camera.

3. Experimental Results and Discussion

3.1 Pore Structures

Figure 3 shows a specimen of the obtained FG Cu foam.
The upper and lower layers are the V¢ = 80 and 60% Cu foam
layers, respectively, and the samples are compressed vertically
from above. The boundary between the two layers cannot be
clearly observed from the surface of the specimen.

Figure 4(a) shows a center cross-sectional x-ray CT image
of the obtained FG Cu foam in the longitudinal direction, which
is parallel to the compression direction. The dark regions
indicate pores and the bright regions surrounding the pores
indicate the cell walls of the FG Cu foam. It can be seen that the
upper layer (Vy= 80% layer) has more pores and higher
porosity than the lower layer (Vy= 60% layer). Although the
boundary between the two layers can be clearly observed, the
two layers were bonded seamlessly. Figure 4(b) shows the
porosity py distribution in the FG Cu foam in the height

V;=60%
5mm

Fig. 3 Compression test specimen of fabricated FG Cu foam (¢
= 8 mm x 7 mm). The upper and lower layers correspond to V;= 80
and 60% layers, respectively
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Fig. 4 (a) Cross-sectional x-ray CT image of fabricated FG Cu
foam. The upper and lower layers correspond to V= 80 and 60%
layers, respectively. (b) Relationship between height from bottom #/
of fabricated FG Cu foam and porosity p, evaluated from x-ray CT
images

direction, where the height # was measured from the bottom of
the specimen [Fig. 4(a)]. px was evaluated as the area fraction
of pores in the cross-sectional x-ray CT images taken
perpendicular to the compression direction. Although there
are some variations in the Vy = 60% layer, it can be seen that
the porosity markedly changed at around half the height of the
FG Cu foam, and both the V; = 80 and 60% layers exhibited
almost constant porosities. Consequently, it was found that a
single FG Cu foam with changing porosities can be fabricated.
Figure 5 shows SEM images of the pore structures near the
center of the V;= 80 and 60% layers of the obtained FG Cu
foam. A larger number of pores can be seen in the Vy = 80%
layer than in the V; = 60% layer, and their shapes are similar to
the NaCl particles [Fig. 2(b)] in both layers. Although the cell
walls of the pores of the V; = 60% layer are thicker than those
of the Vy = 80% layer, each pore has smaller pores on the cell
walls, indicating that NaCl was removed from the pores.

3.2 Deformation Behavior

Figure 6 shows the deformation behavior of the FG Cu
foam during compression tests with various strains. To clearly
observe the deformation behavior, a black line was marked
directly on the initial boundary of the FG Cu foams between the
Vy=80 and 60% layers, which was determined from the
porosity distribution [Fig. 4(b)]. The dashed gray line indicates
the initial boundary of the FG Cu foam at ¢ = 0%. It was found
that at the beginning of the deformation of the FG Cu foam, the
upper V; = 80% layer first deformed while the lower V; = 60%
layer hardly deformed up to approximately & = 30%. At this
strain, the upper Vy= 80% layer was almost completely
densified. Thereafter, the lower Vy= 60% layer started to
deform. Namely, it was found that by controlling the distribu-

Fig. 5 SEM images of pore structures of fabricated FG Cu foam.
(a) Vi = 80% layer. (b) V¢ = 60% layer
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Fig. 7 Deformation images for different strains during compression tests of stacked Cu foam

tion of the porosities in the Cu foam, its deformation behavior
during the compression tests can be controlled.

Figure 7 shows the deformation behavior of the stacked Cu
foam during compression tests with various strains. The upper
layer and lower layer correspond to the uniform Cu foam layers
with V= 80 and 60%, respectively, which were not bonded.
The dashed gray line indicates the initial boundary. The stacked
Cu foam exhibited almost the same deformation behavior as the
FG Cu foam, i.e., the deformation first began from the Cu foam
layer with V= 80% and then from the Cu foam layer with
Ve = 60%. However, as shown by the arrow in Fig. 7(e), part of
the densified V= 80% layer was extruded at the boundary,
which was not observed in the deformation behavior of the FG
Cu foam shown in Fig. 6. This extrusion is considered to be
due to the lack of bonding and the discontinuity between the
pores at the boundary layer.

3.3 Compression Stress—Strain Relation

Figure 8 shows a typical stress—strain curve obtained from
the compression tests of the FG Cu foam. The compression
stress—strain curves for uniform Cu foams with V= 60 and
80% (Ref 17) are also shown. The strain of the uniform Cu
foams was modified to directly compare the stress—strain curves
between the FG Cu foam and the uniform Cu foams in
accordance with a previous study (Ref 6). By assuming that the

300
o 250} ~— FGCufoam
% 200 Stacked Cu foam
B N Uniform V; = 80% (Ref 17)
g)f 100 - Uniform V; = 60% (Ref 17)
& L
n 50t

0 1 1 L

0710 20 36 40 50 60 70
Strain, € (%)

Fig. 8 Stress—strain curves of FG Cu foam and stacked Cu foam
along with those of uniform Cu foams with V= 80 and 60%
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Vy = 80% layer only deformed at a low strain, the strain of the
uniform Cu foam with Vs = 80%, ¢""=%% was modified to

Vi=80% __ 8Vf:80% % h_l
‘modified — h )
0

(Eq 1)
where Ao and A; are the heights of the entire FG Cu foam
and the Vy=80% layer in the FG Cu foam, respectively.
Similarly, by assuming that the V;= 60% layer only de-
formed at a high strain, the strain of the uniform Cu foam

with V¢ = 60%, ¢"7=90% was modified to

modified — ¢ (Eq 2)

Ve=60% __ _Vi=60% x h_2+ 037
0
where 7, is the height of the V= 60% layer in the FG Cu
foam. 4; and 4, in Eq 1 and 2 were obtained from the poros-
ity distribution shown in Fig. 4(b). In addition, because the
deformation of the V= 60% layer (below the gray dashed
line) started at approximately ¢ = 30%, as shown in Fig. 6,

8:;5?23; in Eq 2 was offset by 30% strain. The FG Cu foam
exhibited two plateau regions. The first plateau region ap-
peared with a low plateau stress at the beginning of the com-
pression tests up to approximately ¢ = 20%, which is similar
to the plateau stress of the uniform Cu foam with V= 80%.
The second plateau region with a higher plateau stress subse-
quently appeared up to approximately ¢ = 50%. This plateau
stress was similar to that obtained from the uniform Cu foam
with ;= 60%. The appearance of two separate plateau re-
gions with low and high plateau stresses during the compres-
sion tests of the FG Cu foam corresponds to the deformation
behavior of the FG Cu foam. However, the deformation
behavior and the corresponding stress—strain curves of FG Cu
foam were more complicated than suggested by the assump-
tions in Eq 1 and 2, because the V;= 60% layer of the FG
Cu foam actually exhibited elastic deformation during the first
plateau region and the V= 80% layer of the FG Cu foam
continued to densify during the second plateau region. Fur-
ther investigations are necessary to clarify the compression
responses of FG Cu foam.

Figure 8 also shows a typical compression stress—strain
curve of the stacked Cu foam, which is similar to that of the FG

Volume 26(9) September 2017—4511
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Fig. 9 Plateau stresses of first and second plateau regions of five
FG Cu foams and those of three stacked Cu foams and three uni-
form Cu foams

Cu foam but with a slightly larger dispersion as described
below.

3.4 Piateau Stresses of FG and Stacked Cu Foams

Figure 9 shows the plateau stresses of the first plateau
region corresponding to the Vy= 80% layer and those of the
second plateau region corresponding to the V= 60% layer for
the five FG Cu foams, in addition to the plateau stresses of the
three uniform Cu foams with V= 80 and 60% (Ref 17). The
plateau stress was the average stress at a strain of 20-30% for a
uniform Cu foam (Ref 24). To compare the plateau stresses
between the FG Cu foams and the uniform Cu foams, Eq 1 and
2 were used to define the plateau stresses of the FG Cu foams in
accordance with a previous study (Ref 10). The average stress
at a modified strain of &/7=8°% ' corresponding to &""=%% = 20-
30% using Eq 1, was defined as the first plateau stress, and the

: : Vr=60% :
average stress at a modified strain of ¢ .1, corresponding to

g/=00% = 20-30% using Eq 2, was defined as the second
plateau stresses. It was found that the first and second plateau
stresses obtained from the FG Cu foams were similar to those
of the uniform Cu foams with V;=80% and V;= 60%,
respectively. Therefore, it is expected that a single FG Cu foam
consisting of layers with different porosities will exhibit the
compression properties of uniform Cu foams with correspond-
ing porosities during the deformation of each layer, which is
consistent with the results for the FG Al foams fabricated by
foaming the precursor (Ref 6, 7). Figure 9 also shows the first
and second plateau stresses exhibited at each plateau region of
the three stacked Cu foam specimens. These plateau stresses
were defined in the same way as for the FG Cu foams described
above. It was shown that the FG and stacked Cu foams
exhibited almost the same tendency for each plateau stress.
However, there was some dispersion in the plateau stresses for
the stacked Cu foams compared with the FG Cu foams and
uniform Cu foams. This dispersion is considered to be due to
the lack of bonding and the discontinuity between the pores at
the boundary of the stacked Cu foam.

4, Conclusion

In this contribution, bilayer FG Cu foams with V; = 60 and
80% were fabricated by a friction powder sintering (FPS)
process based on the sintering and dissolution process (SDP).
X-ray CT observations revealed that the porosities markedly

4512—Volume 26(9) September 2017

changed around the boundary between the Vy= 80% and
V= 60% layers of the FG Cu foam, and the two layers
exhibited porosities with almost constant values and seamless
bonding between the layers. From compression tests on the
fabricated FG Cu foam, it was found that the V= 80% layer
first deformed while the V¢ = 60% layer hardly deformed at the
beginning of the compression. Thereafter, the Vy = 60% layer
started to deform. Namely, it was found that by controlling the
distribution of the volume fraction of NaCl in the Cu foam, the
deformation behavior of the Cu foam during the compression
tests can be controlled. From the compression stress—strain
curves, the FG Cu foams exhibited two plateau regions with
low and high plateau stresses corresponding to the deformation
behavior. The first plateau stress (low plateau stress) and second
plateau stress (high plateau stress) obtained from the FG Cu
foams exhibited similar values to those obtained from uniform
Cu foams with V;=80% and Vy= 60%, respectively. The
stacked Cu foams exhibited almost the same deformation
behavior and compression properties except for slightly larger
dispersion than that in the FG Cu foams, which is considered to
be due to the lack of bonding and the discontinuity between the
pores at the boundary between the Vy= 80% and Vy= 60%
layers.
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