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a b s t r a c t

Copper (Cu) foams with high porosity of about 63e78% were processed by the freeze-casting

(FC) and space-holder (SH) methods. The FC and SH techniques yielded lamellar and polyg-

onal pore structures, respectively, with similar porosities. The deformation behaviors of the

two different types of Cu foams were compared using uniaxial compression and a simulta-

neous acoustic emission (AE) and video recording analysis. It was found that the compressive

yield strength values for the FC-Cu and SH-Cu foams were significantly different, which were

19e29 MPa and 1.2e2.3 MPa, respectively. Furthermore, the energy absorbed during

compressionupto thestrainof50%wasobtainedas~12.3MJm�3 and~2.7MJm�3 for theFC-Cu

and SH-Cu foams, respectively, resulting in approximately 4.6 times higher energy absorption

capability for the FC-Cu foam.Thedeformationprocesses occurring during compression in the

two Cu foams were studied by the AE and image analysis. The video and the evaluated AE

parameters (e.g., theAEvoltage, the cumulative number of events, and the cumulative energy)

revealed that, in the case of the FC foam, the localized fracture of the struts within a well-

defined single deformation band took place, which gave rise to pronounced AE signals

(mostly in the plateau stage of compression). By contrast, the deformation was highly
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homogeneous in the case of the SH-Cu foam, and the main deformation mechanisms were

gradual bending and buckling of the foam struts during compression.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Copper (Cu) has been utilized for a wide range of industrial

applications owing to its excellent electrical/thermal con-

ductivity, appropriate reduction potential, and antimicrobial

action [1e6]. For a variety of functional applications, porous

Cu materials, also generally called Cu foams, have recently

been considered potential candidates for use in lithium-ion

batteries [7], supercapacitors [8], catalysts [9], heat sinks [10],

and filters [11] because of their unique advantages such as

large specific surface area (for efficient electrochemical reac-

tion) and high liquid/gas permeability (for rapidmass and heat

transfer).

For the applications described above, the optimal pore size

differs. For example, the required Cu foam's pore size ranges

from 5 ppi to 60 ppi (pores per inch) for heat exchanger ap-

plications, e.g., in refrigeration and air conditioning systems

[12e17] and the foam filters for cleaning secondary-treated

wastewater contaminated with bacteria demand smaller

pores, i.e., 110 ppi or so [11]. In the cases of catalysts, super-

capacitors, and batteries, the specific surface area is the

determining factor, which can be generally increased by

decreasing the pore size at a given foam density [18,19].

Numerous studies have already been reported on the

microstructural and mechanical properties of Cu foams

fabricated by various processes, such as vacuum foaming [20],

solidegas eutectic solidification [21], freeze casting (FC) fol-

lowed by sintering [22], dealloying [23], space holder (SH) [24],

and electrodeposition on fugitive templates [25]. Among

these, FC and SH are particularly promising as they are scal-

able, facile, and low-cost methods for manufacturing Cu

foams. These methods further enable the control of process-

ing parameters and thus the adjustment of the pore shape,

size, and fraction (i.e., porosity). In the case of Cu foams

fabricated by the FC method, the porosity and the equivalent

ppi (the ppi value calculated from the sizes of the pores and

the walls given in the literature) can be adjusted between

45e73% and 200e800 ppi, respectively [22], whreas in the case

of Cu foams produced by the SH method, the porosity in the

range of 50e85% corresponds to the equivalent ppi values

between 2 and 500 accodring to the reports in [24,26].

The FCmethod, based on the solidification of a solvent, can

produce metallic foams with aligned, elongated open-pore

structures replicating the solvent crystal if the selection of

powder size, the freezing temperature, and the difference

between the ambient and the mold temperatures are well

controlled. It involves the following steps: (i) preparation of

powder slurry by mixing starting powder and binder in a

solvent, (ii) directional freezing of slurry, (iii) sublimation of

the solvent crystal, and (iv) solid-state sintering (see Fig. 1a)

[22]. The SH method is a representative powder meta
llurgy process for manufacturing of metallic foams with

interconnected open pores that replicate the size and shape of

the SH agent. This process involves the following steps: (i)

physical mixing of metallic powder with space-holding par-

ticles, (ii) compaction of powder mixture via a pressing pro-

cess, (iii) solid-state sintering, and finally (iv) removal of the

SH agent (see Fig. 1b) [24].

Among the numerous properties of Cu foams, the me-

chanical behavior is one of themost important factors because

it has a significant influence on the actual performance and

durability of the as-processed materials [27e30]. Several pre-

vious studies have examined the correlation between the

morphology and the mechanical properties of Cu foams sub-

jected to compressivedeformation. For instance, Parket al. (FC)

[22], Parvanian et al. (SH) [24], Hyun et al. (vacuum foaming)

[20], and Chen et al. (electrodeposition) [31] manufactured Cu

foams and performed compression tests on them using spec-

imens with different morphological characteristics (e.g.,

porosity and direction of struts). Nonetheless, there have been

few attempts to compare the morphology and compressive

deformation behavior of Cu foamsmanufactured via different

processes. In this regard, a comparative evaluation of the

morphological and mechanical properties of Cu foams manu-

factured through various methods could be valuable.

In this study, Cu foamswere successfully manufactured by

the two promising methods of FC and SH with the average

pore size being ~800 ppi and ~200 ppi, respectively. The

morphological (i.e., porosity and pore/strut/grain size) and

compressive results of the FC- and SH-Cu foams were

measured and compared with theoretical models in order to

understand the correlation between their morphology,

microstructure, and compressive behavior. Additionally, an

acoustic emission (AE) analysis was performed during the

compression tests of the FC-Cu and SH-Cu foams to investi-

gate the deformation mechanisms in the two Cu foams.
2. Experimental procedures

2.1. Manufacturing of Cu foam via freeze casting
process

A starting powder slurry was prepared by suspending 8 vol.%

CuO powder (particle size of ~40 nm, purity of 99%, U.S.

Research Nanomaterials Inc., USA) in 30ml of deionizedwater

containing 2.5 wt.% polyvinyl alcohol (PVA, SigmaeAldrich

Co., USA) as a binder. The slurry was dispersed using mag-

netic stirring for 10 min and an additional sonication for 1 h at

room temperature (repeated twice for uniform dispersion).

The CuO slurry was then poured into a Teflon mold (55 mm

inner diameter) placed on the top surface of a Cu rod, where

the bottom of the Cu rod was cooled by liquid nitrogen, and
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Fig. 1 e Schematic illustration of main steps of Cu foam processing via (a) FC and (b) SH methods.
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the temperature of the tip of the Cu rod was controlled at

�10 �C using a heater. The directionally solidified slurry was

sublimated for 48 h in a freeze dryer (Operon, FDU-7003, Re-

public of Korea) at controlled temperature (�88 �C) and pres-

sure (5 � 10�3 torr), resulting in a CuO green body with pore

structure replicating the sublimated ice dendrites. The green

body was de-binded, reduced from CuO to Cu at 250 �C for 4 h,

and then sintered at 800 �C for 10 h under flowing Ar-5%H2 gas

mixture.

2.2. Manufacturing of Cu foam via space holder process

First, NaCl powder (purity of 99%, Alfa Aesar, USA) was milled

in a SPEX mill (8000-D Mixer Mill, SPEX SamplePrep, USA) for

30 min with zirconia balls. The ball-milled NaCl and Cu

powders (particle size of ~11 mm, purity of 99%, Alfa Aesar)

were dry-mixed with the volume ratio of 82:18 using the SPEX

mill machine. The blended powder mixture was then cold-

pressed into pellets at a pressure of 200 MPa for 30 min in a

graphite mold (22 mm inner diameter). The Cu green-body

pellets were heated in a tube furnace under flowing Ar gas

in two steps: the green-body pellets were pre-sintered at

790 �C for 4 h to avoid shape distortion caused by the melting

of NaCl at temperatures above 800 �C and then sintered at

830 �C for 4 h to improve their mechanical properties.

2.3. Characterization

The microstructure and composition of the Cu foams were

observed using scanning electronmicroscopy (SEM, JSM7401F,
JEOL, Japan) and X-ray diffraction using a CuKa radiation

source (XRD, Rigaku, D/MAX2500, Japan). The pore size, strut

width, and grain size were measured on SEM images using

Image-Pro software. In order to observe the grains in the struts

of the Cu foams, standard Livingston's etchant (30 ml

HCl þ 10 ml CH3COOH þ 410 ml H2O) was applied [32]. The FC-

and SH-Cu foamswere etched for 30 s and 2min, respectively.

The overall porosity of each foamwas acquired by geometrical

calculation using the theoretical density of bulk Cu

(8.96 g cm�3). In addition, chemical states at the surface of the

Cu foams were investigated using X-ray photoelectron spec-

troscopy using an AlKa radiation source (XPS, Nexsa, Thermo

Fisher Scientific, USA).

Uniaxial compression tests were performed on the FC- and

SH-Cu foams using Z020 (Zwick GmbH & Co., Germany) and

MTS810 (MTS Systems Corporation, Eden Prairie, USA) me-

chanical testing machines at ambient temperature. During

these experiments, an extensometer was applied at a con-

stant crosshead velocity corresponding to an initial strain rate

of 0.001 s�1. The specimens, 8 mm in length and 4 � 4 mm2 in

cross-section, were compressed parallel to their longitudinal

axis. In the case of the FC-Cu foam, the loading direction

coincided with the direction of freeze casting. The deforma-

tion of the specimens was recorded on video and the AE

response was detected during compression. The AE signals

were measured by a computer-controlled Vallen AMSY-6

system (Vallen Systeme GmbH, Icking, Germany). For both

types of Cu foam, the AE signals were detected by a PAC Mi-

cro30S broadband sensor and a pre-amplifier providing a gain

of 40 dB was used. The AE signals were recorded in the so-
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called waveform streaming mode, where no threshold level

was set and the AE datawere analyzed by post-processing. For

the individualization of AE events, a threshold level of 0.03mV

was applied. The hit definition and lockout times were 400 ms

and 800 ms, respectively. Two main parameters of the AE

events were determined: the cumulative number of AE events

and the cumulative AE energy.
3. Results and discussion

Figure 2 shows the XRD patterns of the FC- (after reduction

and sintering) and SH- (after solid-state sintering) Cu foams

compared with the reference peak positions of pure metallic

Cu (JCPDS #00-004-0836). The XRD results of the FC- and SH-Cu

foams indicate that (i) after reduction/sintering of the FC-CuO

green body in the Ar-5% H2 gas atmosphere, CuO powder was

completely transformed into metallic Cu and (ii) the spacer

(NaCl) was fully dissolved in warm water (~90 �C) and

noticeable formation of byproduct did not occur during the SH

procedure.

Figure 3 and Table 1 show the microstructural analysis

results of the FC- and SH-Cu foams. The top and side views of

a selected FC-Cu foam, showing the surfaces perpendicular

and parallel to the freezing direction, are presented in Fig. 3a

and c, respectively. Due to the nearly parallel ice growth to the

temperature gradient direction of freezing, colonies of

aligned, elongated wall-type Cu struts (13 ± 8 mm in thickness)

were formed and surrounded by directional lamellar pores

(12 ± 5 mm in width) replicating the ice dendrite [33]. Single

struts of the FC-Cu foam can be seen in the magnified mi-

crographs in Fig. 3a and c, which exhibits one-side-

predominant grainy struts formed owing to the competition

between the thermal and interfacial energies created during

freezing [34e36]. Figs. 3b and d shows the cross and longitu-

dinal sections of the SH-Cu foam, lying perpendicular and

parallel to the cold-pressing direction during SH processing,
Fig. 2 e XRD patterns of Cu foams processed by FC (blue

colored) and SH (red colored) methods. The peaks were

identified according to the card JCPDS 00-004-0836.
respectively. The Cu walls (16 ± 7 mm in thickness) and near-

polygonal pores (84 ± 26 mm in diameter) were inter-

connected in the entire SH-Cu foam without other impurities

after selective removal of the spacer (NaCl) into warm water

(~90 �C). It should be emphasized that the structure of the

pores and struts in the SH-Cu foam is relatively isotropic,

compared to the FC-Cu foam, even if the pores and struts

observed on the longitudinal surface are slightly tilted along

the vertical loading direction. Single struts of the SH-Cu foam

are shown in the insets of Fig. 3b and d. It can be seen that the

struts are composed of several sintered powder particles in

the form of bead-connected ligaments. The calculated overall

porosities of the FC- and SH-Cu foams were 63e73 and

70e77%, respectively. Figure 3e and 3f shows the microstruc-

tures of the polished and etched struts of the FC- and SH-Cu

foams. After being etched with Livingston's etchant (30 ml

HCl, 10 ml acetic acid, and 410 ml deionized water) [32], indi-

vidual grains are observed on the struts of both Cu foams. The

average grain size of FC- and SH-Cu foams was measured by

Image-Pro software, resulting in 1.6 ± 0.9 and 12 ± 6 mm,

respectively. This is most likely because the final grain size of

FC- and SH-Cu foams is affected by the particle size of the

starting powder (~40 nm vs. ~11 mm). As a result, a significant

difference in the pore and grain size of FC- and SH-Cu foams

can affect the mechanical properties.

Compressive stressestrain curves are shown in Fig. 4 for

the FC- and SH-Cu foams with the loading axis being parallel

to the freezing direction and the cold-pressing direction,

respectively. The values of the compressive yield strength

determined as 0.2% offset flow stress are listed in Table 1. Both

Cu foams exhibit a typical compressive behavior of metallic

foams: an initial linear elastic stage, a plastic plateau regime,

and a densification region with steeply rising stresses as the

compression progresses [37]. In particular, the repeated

stressestrain behavior shows excellent reproducibility,

despite a small difference in porosity between the Cu foams

manufactured by the same process.

It is clearly seen from Fig. 4 that the SH-Cu foam showed a

rather smooth compressivemechanical behavior; by contrast,

a non-monotonous stress variation was observed for the FC-

Cu foam despite similar porosity. This is because different

deformation modes take place within the FC- and SH-Cu

foams during compression. The FC-Cu foam exhibited a

stress drop at the strain of about 3%, and then the stress

increased again with increasing strain. It is hypothesized that

the stress drop for the FC-foam was caused by the plastic

buckling of the longitudinally loaded struts owing to its

anisotropic elongated pore structure (i.e., parallel to the

loading direction) [20,22]. On the other hand, in the case of the

SH-Cu foam, the stresswas gradually changed from the elastic

region to the plastic region. An initial homogeneous defor-

mation occurred in the entire specimen, followed by

collapsing and compaction, thus resulting in the smooth

plateau region in good agreement with previous reports

[38e41]. Despite their similar porosities, the compressive yield

strength and the flow stress were much higher for the FC-Cu

foam than for the SH-Cu foam. Here, we can consider

several possible explanations for themuch greater strength of

the FC-Cu foam than that of the SH-Cu foam. First, the pore

size and grain size of the struts have a considerable effect on

https://doi.org/10.1016/j.jmrt.2021.11.108
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Fig. 3 e SEM images for (a, b) radial section and (c, d) longitudinal section of (a, c) FC- and (b, d) SH-Cu foams. The heat flow

and the compressive loading directions for FC- and SH-Cu foams are indicated by blue and red arrows in (c) and (d),

respectively. Magnified images are also shown in the insets of (aed). Optical images of polished and chemically etched

surface of (e) FC- and (f) SH-Cu foams: the surface was treated by Livingston's etchant [23] to reveal the grains in the struts of

the Cu foams.
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the compressive strength. The significant difference in the

pore size (FC: 13 ± 8 mm, SH: 84 ± 26 mm) might have contrib-

uted to the difference in the mechanical strength of the FC-

and SH-Cu foams [42,43]. In terms of the grain size (Table 1),

the struts of the FC-Cu foam (Fig. 3e) were comprised of grains

that were much smaller (1.6 ± 0.9 vs. 12 ± 6 mm) than those of

the SH-Cu foam (Fig. 3f); here, the difference in the strut

widths (12 ± 5 vs. 16 ± 7 mm) was almost negligible compared
Table 1 e List of Cu foam specimens for compression test show
pore size, strut width, and grain size) and compressive yield s

Process Specimen Pore structure Porosity (%) Pore size (mm

Freeze

-casting

1 Lamellar 71.8 13 ± 8

2 72.8

3 72.9

4 63.1

5 62.8

Space

-holder

1 Polygonal 76.6 84 ± 26

2 77.1

3 72.9

4 70.2
to the difference in the grain size. Another difference is that

the struts of the FC-Cu foam were constructed by hydrogen

reduction and sintering of the nano-sized Cu oxide powder

particles, whereas the struts of the SH-Cu foam were con-

structed by only sintering ofmicron-sized Cu powder particles

under Ar flow. The differences in the size of the initial powder

particles and the method of heat treatment used for the foam

processing should have resulted in the different grain sizes of
ing their microstructural features (pore structure, porosity,
trength (0.2% offset stress).

) Strut width (mm) Grain size (mm) Yield strength (MPa)

12 ± 5 1.6 ± 0.9 20.4

20.0

19.4

29.4

26.6

16 ± 7 12 ± 6 1.5

1.4

2.3

1.2
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Fig. 4 e Comparison of compressive stressestrain curves

obtained for FC- and SH-Cu foams (porosity: 63e73% and

70e77%) with the loading axis parallel to the freezing

direction and the cold-pressing direction, respectively.
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the Cu foams. It can be assumed that sintering between

powders was more effective in the processing of FC-Cu foam

owing to the presence of hydrogen gas than in the processing

of SH-Cu foam under Ar gas.

Similar to bulk metals, the yield strength should be

strongly influenced by the grain size of the struts; namely, it

decreases with increasing grain size [44,45]. Therefore, the

bulk yield strength of the struts in the SH-Cu foam may be

much lower than that of the FC-Cu foam. It is possible to es-

timate the correct bulk yield strength from the grain size

observed in Fig. 3e and f. From the HallePetch equation, we

can estimate the yield strength of the struts (sstrut) for the FC-

and SH-Cu foams as:

sstrut ¼sf þ kd�1=2; (1)

where sf is the friction stress (sf ¼ 25MPa [46]), d is the average

grain size in the struts and k is a constant (158 MPa mm1/2 [37]).

Using the grain sizes of 1.6 and 12 mm for FC- and SH-Cu

foams, the strut yield strength of 150 and 71 MPa are esti-

mated, respectively. This indicates that the two times higher

theoretical yield strength of the directional struts of the FC-Cu

foam (due to 7.5 times smaller mean grain size) may have also

contributed significantly to its ~20 times higher compressive

yield strength as compared to that of the SH-Cu foam [47,48].

Furthermore, it is reasonable to consider the effect of Cu

oxide layer on the compressive yield strength, as Cu foams

processed via both the FC and SH methods are assumed to

possess more than an order of magnitude larger surface area

than their bulk counterpart. The oxygen content inmetals and

alloys can play a dramatic role in some cases; for example, the

strength of the bulk Cu can increase by up to 22% with

increasing oxygen content; former studies have shown that

the value of the yield strength of the bulk Cu can increase from

176 to 215MPawhen bulk Cu contains ~250 ppm solute oxygen

[49e51]. As shown in Fig. 5, XPS analysis of the FC- and SH-Cu

foamswas carried out to characterize the surface states of the

foams. In the FC- and SH-Cu foams before and after

compression, the presence of Cu and Owas clearly observable
from the XPS survey spectra (Fig. 5a), and the presence of Cu

oxide on the surface of the FC- and SH-Cu foams could be

verified from the Cu 2p spectra (Fig. 5b) both before and after

compression; in particular, Cu 2p1/2 and Cu 2p3/2 peaks were

located at the binding energy positions of around 952.3 and

932.5 eV, respectively, in both cases of FC- and SH-Cu foams.

This result indicates that the native oxide with a major

composition of Cu2O was formed on the surfaces of the FC-

and SH-Cu foams during the exposure to air [52]. Thus, the

solute oxygen concentration is not significant, and therefore

its contribution to the strength is marginal. It is highly un-

likely that the large amounts of oxide layers formed on the

surfaces of both the FC- and SH-Cu foams directly contributed

to the compressive yield strength values of the Cu foam

samples, although those excessive oxide layers due to the

large surface area may have affected their compressive be-

haviors and fracture modes.

Additionally, the considerable difference in the pore

morphology between the two types of Cu foams is closely

linked to the significant difference between the yield strength

values of the FC- and SH-Cu foams despite the similar porosity

[53]. Here, the normalized yield strength of the Cu foams was

predicted and compared by the GibsoneAshby (G-A) model

[54] and the cellular-lattice-structure (C-L) model [22] using

the following formulas, respectively:

s*

s0
¼ A1ðr*

r0
Þ1:5 (2)

s*

s0
¼ A2ðr*

r0
Þ; (3)

where A1 and A2 are a constant generally being equal to 0.3

and 0.5 for porous metals, respectively. s0 and r0 are the yield

strength and density of the corresponding bulk material, and

s* and r* are the measured yield strength and density of the

studied foams, respectively. The r0 of Cu is taken as

8.96 g cm�3 while s0 depends on the grain size of the struts as

discussed above [49]. Thus, s0 is taken as the yield strength of

the struts (sstrut) determined from eq. (1).

Besides G-A and C-L models, Tuncer et al. [55] reported an

empirical prediction (labeled as Tuncer's formula), based on

the type of different aspect ratios or morphology of the pores

for SH-Ti foams. The corresponding formulawas thus used for

the calculation of normalized yield strength:

s*

s0
¼ A3ðr*

r0
Þ2:28; (4)

where A3 is a constant equal to 1.07, respectively. The values

of the normalized yield strength (s*/s0) obtained for the FC-

and SH-Cu foam specimens were plotted against the relative

density (r*/r0) in Fig. 6 in a double-logarithmic manner, using

the formulas given in eqs. (2)e(4).

In Fig. 6, the normalized yield strength values of FC-Cu

foams being higher than those predicted by G-A and Tunc-

er's formulas are in close agreement with the C-L model: the

G-A model was developed under the assumption of relatively

weak-structured struts experiencing deformation with the

bending, while the C-L model was constructed based on the

stronger columnar struts with square cross section, experi-

encing deformation with the compression on the vertical

https://doi.org/10.1016/j.jmrt.2021.11.108
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Fig. 5 e XPS pattern analysis of Cu foams processed by FC (blue colored) and SH (red colored) methods before and after

compression testing; (a) survey spectra and (b) Cu2p core-level spectra. The thick and thin lines indicate the results before

and after the compression testing, respectively.
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struts. Based on the strut morphological similarity, the yield

strength of the FC-Cu foams is apparently in better agreement

with the C-L prediction than with the G-Amodel, whereas the

normalized yield strength values of the SH-Cu foam are much

lower than the predicted strength values with the primary

deformation mechanism being bending and plastic yielding

during compression [40]. Given that pore morphology of the

SH-Cu foam is similar to that of the SH-Ti foam studied in [55],

the Tuncer's empirical formula was expected to best predict

the yield strength values of the SH-Cu foams; however, the

SH-Cu foam data are still under the straight line representing

the Tuncer's formula. Nevertheless, it can be seen that the

normalized experimental yield strength values for the SH-Cu

foam data plotted in Fig. 6 are along the slope of Tuncer's
prediction for which the value of the exponent was taken as
Fig. 6 e Plot of relative yield strength versus relative

density to compare experimentally obtained data with

model calculations.
2.28. The coefficient of the Tuncer's formula was modified

from 1.07 to 0.6, resulting in best fitting line between the SH-

Cu foam data and the modified Tuncer's prediction. This

lower value of the coefficient can be attributed to the over-

estimation of the strut yield strength using the HallePetch

formula in eq. (1) since in some places the struts of the SH-

Cu foam have a one-grain thickness, as shown at the left

side of the bottom of Fig. 3f. Therefore, a considerable amount

of boundaries of the grains is on the strut surfaces, and thus

they have no such a strengthening effect as it is usual inside

bulk materials. As a consequence, the strut material may be

softer than the yield strength estimated from the grain size

using the HallePetch formula, and the normalized strength is

underestimated for all SH-Cu foams in our calculation, lead-

ing to a lower coefficient in the modified Tuncer's formula.

It is also worth comparing the energy absorbed during

compression for the FC- and SH-Cu foams. This quantity can be

determined by the integration of the stressestrain curve [56]:

W¼
ZεD

0

sðεÞdε; (5)

where W is the absorbed energy per unit volume and εD is the

densification strain was selected as 50% in accordance with

standard ISO 13314:2011. From the compressive stressestrain

curves, the absorbed energy up to the strain of 50% was

determined from eq. (5) and represented as vertical bars in

Fig. 7. It can be seen that the absorbed energy for the FC-Cu

foam is ~4.6 times higher than that of the SH-Cu foam (FC:

12.3 MJ m�3, SH: 2.7 MJ m�3), in line with the much higher

compressive yield strength of FC-Cu foam (FC: 19e29 MPa, SH:

1.2e2.3 MPa).

To further analyze the compressive behavior of the Cu

foams, in-situ video recording and AE measurements were

conducted during compression. The representative compres-

sion curves with simultaneously recorded AE response up to
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Fig. 7 e Absorbed energy and densification% during

compression of FC- and SH-Cu foams. The absorbed

energy values were determined by measuring the area

under the stressestrain curves recorded from the

beginning of compression until the strain of 50%.

Fig. 8 e Compressive stressestrain curves (black line) and

the AE response (the as-measured AE streaming (red), the

number of events (blue) and the cumulative energy (green))

for (a) FC- and (b) SH-Cu foams. The snapshots show the

deformation of the samples at strains of 0%, 3%, 5%, 15%,

and 30%.
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the strain of about 0.4 and images of the sample surface are

shown in Fig. 8. As already discussed, the FC-Cu foam (Fig. 8a)

exhibited a considerable stress drop after the peak stress

(shortly after the yield point, at the strain of ~3%). The

occurrence of this stress drop at this rather low degree of

global deformation coincides with the onset of the shear

band's formation (see the snapshots in Fig. 8a). It can be also

observed that further plasticity concentrates in the vicinity of

this shear band up until the end of the test, and the defor-

mation band broadens as the sample progressively crushes.

As a consequence, the bottom part of the sample remains

practically intact. The AE response reflects this crushing

behavior; the AE response consists of large amplitude�large

energy signals resulting in “steps” in the cumulative AE en-

ergy curve. The likely origin of these signals is cracking since

due to the small grain size, AE signals caused by dislocation

motion within the grains are not measurable [57]. The cu-

mulative number of AE events as a function of strain is nearly

linear while the slope of the cumulative energy curve starts to

decrease beyond 25% strain. Such an energy evolution can be

attributed to high-energy signals occurring during the plateau

(strain between ~5% � ~17%). Aside from the lower number of

very high-energy signals during the strain hardening stage,

the failure mechanism (i.e., crushing within a well-defined

deformation band) and its AE characteristics remain un-

changed until the end of the test for FC-Cu.

A dissimilar behavior in terms of both deformation dy-

namics and AE response is evidenced for SH-Cu foam (Fig. 8b).

The snapshots bear witness of a very uniform deformation

without any discernible strain localization, resulting in a

smooth deformation curve. In contrast to FC-Cu foams, the AE

activity (by means of the number of AE events) is weaker

during the initial stages of loading, and rises with increasing

strain. This is best visible in the convex shape of the cumu-

lative AE energy curve (in contrast to the concave one for FC-

Cu in Fig. 8a) and the cumulative number of events. Generally,
the AE response in the case of SH-Cu foams (i) is less intense

(note differences in the scales in Fig. 8; the measured AE

voltage is in the range of �1 mVe1 mV for SH foam while it is

�10 mVe10 mV for FC foam) and (ii) consists of AE events

mostly of lower energy, resulting in a relatively smooth cu-

mulative AE energy curve. One of the reasons for measuring

low energy signals is that in the case of SH foam the grain size

is large enough the measure AE signals related to plastic

deformation due to dislocation activity. These signals have

lower amplitude then the signals due to fracture, especially at

low strains, when the mean free path of moving dislocations

is relatively high. The snapshots in Fig. 8b show that at higher
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strain, fracture is visible on the surface, indicating that the

increase in the number of higher energy AE signals are (at

least partly) due to the collapse of the struts. The low fraction

of higher amplitude signals suggests that the main failure

mechanisms, especially at small strains, are related to col-

lective dislocation motion. At higher strains, signals origi-

nated from fracture become more pronounced, suggesting

changes in the failure mode.

These results thus support and complement the earlier

discussion on the operating deformation mechanisms. The

FC-Cu foams deform by a gradual well-localized (both in space

and time) crushing of the struts (i.e., the local fracture events),

giving rise to intermittent but relatively intense AE signals; on

the other hand, the SH-Cu foams deform continuously and

uniformly by means of lower energy plasticity modes e i.e.,

strut bending and buckling e related to correlated motion of

dislocations, which is a common source of (macroscopically)

continuously emitted AE signals [58].
4. Conclusions

Cu foams containing open-porous lamellar-structured and

polygonal pores were successfully manufactured via FC and

SH processes, respectively. Through the FC process, aniso-

tropically stretched lamellar pores (~13 mm), and struts

(~12 mm) were developed into Cu foam by a combination of

sublimation of ice dendrite and hydrogen-reduction

heatetreatment processes, and the struts consisted of

~1.6 mm sized Cu grains. Through the SH process, polygonal

pore (~84 mm) and isotropically stretched random struts

(~16 mm) were developed into Cu foam by a combination of

heat treatment and selective removal of spacer (sodium

chloride) processes and the struts consisted of ~12 mm sized

Cu grains, being approximately 8 times greater than that of

the struts in FC Cu foam.

Compression test of the parallelepiped Cu foams was

performed at room temperature. Both Cu foams exhibited

typical compressive deformation behavior of ductile porous

metal, but several different compressive characteristic, such

as the compressive yield strength (FCeCu foam: 19e29 MPa,

SH-Cu foam: 1.2e2.3 MPa) and the amount of absorbed en-

ergy during compression (FCeCu foam: ~12.3 MJ m�3, SH-Cu

foam: ~2.7 MJ m�3) were observed, which were originated

from the morphological variations (e.g., pore size, grain size,

and the directionality of pore and strut) caused by the dif-

ference in the starting powder type and the heat-treatment

conditions.

The AE analysis and the video recordings of Cu foams

showed different deformation mechanisms during compres-

sion in FC-Cu and SH-Cu foams. FC-Cu foam predominantly

deformed by crushingwithin a singlewell-defined shear band,

giving rise to intermittent but strong AE signals originating

mostly from the fracture of the struts (especially during the

plateau regime). By contrast, the deformationwasmuchmore

homogeneous in the case of SH-Cu foams. The AE response

was weaker and rather continuous due to the lower energy

plasticity modes related to dislocation motion; thus, the main

deformation mechanism was strut bending and/or buckling

throughout the sample.
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