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Abstract: The effects of copper content on the microstructural and mechanical properties of steel foams are investigated. Spherical urea
granules, used as a water-leachable space holder, were coated with a mixture of iron, ultrafine carbon, and different amounts of copper
powders. After the mixture was compacted and the space holder was removed by leaching, a sintering process was performed under an at-
mosphere of thermally dissociated ammonia. Microstructural evaluations of the cell walls were carried out using optical microscopy and
scanning electron microscopy in conjunction with energy-dispersive X-ray spectroscopy. In addition, compression tests were conducted to
investigate the mechanical properties of the manufactured steel foams. The results showed that the total porosity decreases from 77.2% to
71.9% with increasing copper content in the steel foams. In the foams’ microstructure, copper islands are mostly distributed in pearlite and
intergranular carbide phases are formed in the grain boundaries. When the copper content was increased from 0 to 4wt%, the elastic modulus,

plateau stress, fracture stress, and fracture strain of manufactured steel foams improved 4.5, 6, 6.4, and 2.5 times, respectively.
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1. Introduction

Metallic foams and highly porous metals with cellular
structures are a new class of advanced engineering mate-
rials [1-3]. These materials have very low specific weights,
good physical and mechanical properties (e.g., high
strength- and stiffness-to-weight ratios, good energy absorp-
tion capacity, good vibration dampening characteristics, and
high gas permeability) in conjunction with good thermal
properties [4-7]. The exclusive properties of cellular metals
and metallic foams depend on the properties of the main al-
loy, porosity percentage, cell morphology (i.e., cell size and
distribution, cell wall thickness, open or closed cells, and
cell wall defects), and the operational factors of the manu-
facturing process [2-3].

Cellular metals and metallic foams are currently used in
lightweight structural materials, automotive materials, air-
craft materials, acrospace structural materials, impact energy
absorbers, filters, and advanced power plant installations
because of their exceptional properties [7-9]. Notably, steel
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foams are much more applicable than aluminum foams and
other metallic foams because of the distinguished properties
of steel. These properties include higher toughness, strength,
stiffness, and heat resistance, lower cost, and better welda-
bility compared with aluminum foams [10].

Cellular metals and metal foams are generally manufac-
tured by the liquid metallurgy processes and powder metal-
lurgy methods [1-2]. Because of their high melting point
and complex control process, steel foams are more difficult
to manufacture by the liquid metallurgy processes than by
the powder metallurgy process. Highly porous steel parts
and steel foams are therefore usually manufactured through
powder metallurgy techniques [10-12]. Among the various
processes of the powder metallurgy route, the most com-
monly used method is the space-holder technique. In this
technique, a mixture of metal powders and an appropriate
space-holder material are mixed and compacted; the space
holder is then removed by heat treatment or a leaching
process in an appropriate solvent. The process is followed
by sintering under appropriate temperature and environ-
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mental conditions for an appropriate time to manufacture the
desired product [12—18].

In the space-holder technique, expanded polystyrene [19-20],
magnesium [21], various salts [22-24], potassium carbo-
nate [25], carbamide [14—16], urea [18,26], tapioca starch [27],
and other materials are used for manufacturing metallic
foams. Steel foams of 316L stainless steel and 17-4 PH
stainless steel have been manufactured using angular and
spherical carbamide and ammonium hydrogen carbonate
particles as space holders [28-32]. In addition, ammonium
bicarbonate and carbamide granules can be used as leacha-
ble materials to produce stainless steel foams and mi-
cro-alloyed steel foams, respectively [33—34].

In recent years, the manufacturing processes of steel
foams have been widely investigated; however, the effects
of adding various elements on the microstructure and me-
chanical properties of these steels have not yet been studied.
In the present study, spherical urea granules coated with a
mixture of commercial iron, ultrafine carbon, and copper
powders are used to manufacture foams using the wa-
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ter-leachable space-holder technique. Furthermore, the ef-
fects of different amounts of copper on the porosity percen-
tage, microstructure, and compression behavior of the man-
ufactured steel foams are studied.

2. Experimental
2.1. Materials

Commercial water-atomized iron powder (purity >99.5%),
commercial water-atomized copper powder (purity >99.9%),
and ultrafine graphite powder (purity >99.99%), all supplied
by Mashhad Powder Metallurgy Company, were used as
raw materials. Although iron particles are irregular in shape,
the size distribution is varied from 45 pm to 200 pm (Table
1 and Fig. 1(a)). In addition, the copper powder has an av-
erage particle size of 100 um (Fig. 1(b)).

Table 1. Size distribution of iron particles wt%
160-200 pm 100-160 pm 63—100 um <63 pm
3 30 31 36
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Fig. 1. SEM micrographs of iron (a) and copper (b) particles.

The iron powder was mixed with 1wt% of graphite
powder, and 0, 1wt%, 2wt%, 3wt%, and 4wt% of copper
powder in a blender (150 r/min, 30 min). Spherical urea
granules (size: 1-1.5 mm, purity >99.5%, Merck) were se-
lected as the water-leachable space-holder materials because
of their very high water solubility.

2.2. Foaming technique

The main stages of the foaming process are: (1) prepara-
tion of the powder mixture; (2) coating of the urea granules
with the powder mixture; (3) compacting the coated urea
granules; (4) removing the space holder by leaching in dis-
tilled water; (5) sintering of the product. The main stages for
manufacturing the steel foams are schematically shown in
Fig. 2. First, the spherical urea granules were progressively
poured into the cylindrical container of the mixer. Then, ap-
proximately 2wt% of distilled water was sprayed into the

container and the surfaces of the urea granules were gradu-
ally wetted. Afterwards, the rotating process was carried out
at 150 r/min for 1 min. As a result, the surfaces of urea gra-
nules became sticky because of interaction between the urea
granules and the sprayed water. In the next stage, the mix-
ture of powders was added to the mixer container and the
mixing process was carried out at 150 r/min for an addition-
al 2 min. Finally, the coated granules were dried in an oven
at 50°C for 5 h. In this stage, the urea/powder weight ratio
was selected as 1.

Next, the coated urea granules were cold compacted in a
cylindrical stainless steel die (¢ = 12 mm and /# = 100 mm).
For the compaction process, the applied pressure selected to
fabricate the green compacted specimens was 150 MPa [13].
The selection of an appropriate load ensures that the urea
granules can be removed from the green compacted speci-
mens without breaking them [14].
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Fig. 2. Schematic stages of manufacturing the steel foams.

Afterward, the green compacted specimens were im-
mersed in distilled water at 25°C for 2 h to leach the urea
granules. The shape of the space holder can affect the time
and temperature required during the leaching process. In a
spherical space holder, in comparison with an irregu-
lar-shaped space holder, the formation of sharp, extended
channels between the pores is restricted, leading to a longer
leaching time [16,35]. In the leaching process, at least
90wt% of the urea granules were removed from the green
compacted specimens. The leached specimens were then
rinsed with ethanol and dried in oven at 50°C for 5 h. Steel
foams were manufactured through the sintering of green
specimens in a continuous furnace at 1120°C for 1 h under a
dissociated ammonia atmosphere. The remaining urea was
removed through thermal pyrolysis during the sintering
process.

2.3. Density and porosity

The density of steel foams is defined as their mass per
unit volume. The weight and volume of the specimens were
determined using a digital balance and dimensional calcula-
tions, respectively. Therefore, the density of foams was ob-
tained by dividing the weight of the foams by their volume.
The porosity percentage of the steel foams was determined
as[1]:

P:{l—[&ﬂxloo% (1)
Ps

where P is the porosity percentage, and pr and pg are the
densities of the foam material and the solid bulk, respec-
tively.

2.4. Microscopic evaluations

First, the steel foam specimens were mounted and po-
lished in accordance with standard metallographic proce-
dures. The cell morphologies of the manufactured steel
foams and the microstructures of the cell walls were inves-
tigated using optical microscopy (OM) and scanning elec-
tron microscopy (SEM; LEO 1450VP). OM and SEM im-
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ages were analyzed using microstructural image processing
software (MIP™). In addition, the elemental composition
and distribution in the cell walls were chemically characte-
rized using energy-dispersive X-ray spectroscopy (EDS).

2.5. Mechanical properties

To study the influences of the additional amounts of
copper on the mechanical properties, compression tests were
conducted using a displacement-controlled universal testing
machine (Zwick Z250) with a cross-head speed of 0.2
mm/min on compression specimens cut from sintered steel
foams (d = 12 mm and /% = 18 mm). For each manufactured
steel foam, at least three specimens were mechanically tested.

3. Results and discussion
3.1. Cell morphology

The open-cell morphologies of the cylindrical 2wt%
copper—steel foam specimen are reported in Fig. 3. The
formation of open cells is common in metallic foams manu-
factured through the powder metallurgy technique using a
leachable space holder [13—16]. The surface quality of the
manufactured steel foams is very good, and little shrinkage
is observed in the dimensions of the sintered specimen. Un-
der a suitable applied pressure (150 MPa), the urea granules
exhibited no damage. Furthermore, this applied pressure
enabled easy subsequent leaching of the urea granules. As a
result, interconnected open cells were consistently distri-
buted, as observed in the images of the side surface (Fig.
3(a)) and top surface (Fig. 3(b)) of the sintered steel foam,
and the cell walls continuously encircled the cells.

To investigate the distribution of internal cells and their
intersected walls, steel foam specimens were accurately cut
from the middle section and their surfaces were subse-
quently evaluated microscopically. The OM and SEM im-
ages of the internal cells and cell walls are presented in Fig.
4. The revealed open cells have reasonably spherical shapes
in the horizontal and vertical cross sections. The various el-
liptical and spherical shapes of cells resulting from a higher
applied pressure have been previously reported by other re-
searchers [16,26]. In addition, two types of pores are ob-
served in the steel foam specimens. One type (pore size be-
tween 1 and 1.5 mm) is related to the resolved urea granu-
lates (Figs. 4(a) and 4(b)); the other type (average pore size
~35 um) is formed between the agglomerated iron particles
during the sintering process (Fig. 4(c)). Thus, the total po-
rosity consists of the amounts of resolved urea cells and the
pores in agglomerated particles (wall pores). The wall pores
have relatively nonuniform, irregular shapes (Fig. 4(c)).
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3.2. Porosity percentage

The surface fraction was measured from resolved urea
cells and wall pores via analysis of OM and SEM images
(Fig. 5). We observed that the surface fraction of wall
pores decreased substantially with increasing amount of
copper. This trend is attributed to the liquid-phase sintering
process resulting from the addition of copper to the powd-
er mixtures. In powder metallurgy steels, liquid-phase sin-
tering can decrease porosity and increase densification in ag-
glomerated iron particles through particle-rearrangement and
solution-precipitation mechanisms [36-37]. Copper is
known to be an effective element for liquid-phase sinter-
ing of powder metallurgy steels and to act as a bonding
element during the sintering process [38—40]. Additional
distributed copper in the mixtures melts at the sintering
temperature (1120°C), which leads to thickening of the
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Fig. 4. Open cells and cell walls of
2wt% copper-steel foam: (a) the optical
microscopy image; (b) and (c) the SEM
micrographs in different magnification.

necks formed between sintered iron particles. Thus, the
wall pores are substantially reduced. However, increasing
the amount of copper in the cell walls of the manufac-
tured steel foams can dramatically increase the lig-
uid-phase sintering densification and reduce the surface
fraction of the wall pores. Furthermore, no substantial
difference was observed in the surface fraction of the re-
solved urea cells. The average value of the surface frac-
tion for the resolved urea cells was 69.5%. In addition,
the average measured thickness of the cell walls was ap-
proximately 250 pm.

The surface fraction of porosities and the volume fraction
of porosities are approximately equal. Thus, the porosity
percentage of manufactured steel foams can be calculated
on the basis of the sum of the surface fraction of resolved
urea cells and wall pores:
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Fe =SFrycs + [(1 —SFrycs ) X SFWPs] (2)
where Pc is the calculated porosity percentage, and SFrycs
and SFyyp, are the surface fractions of resolved urea cells and
wall pores, respectively. A comparison between the meas-
ured porosity percentage (using Eq. (1)) and the calculated
porosity percentage (using Eq. (2)) is illustrated in Fig. 6.
This comparison reveals that the calculated values for po-
rosity percentage are less than the measured amounts. Both
the measured and the calculated porosity percentage de-
crease with increasing amount of copper in the mixture. This
observation can explain the higher density of added copper
in comparison with iron particles and the positive effects of
copper on the densification [37].

3.3. Microstructure

SEM images of cell walls in the steel foam specimens are
shown in Fig. 7. Wall pores and copper islands are randomly
distributed in the microstructure (Fig. 7(a)). Under the expe-
rimental sintering conditions, because of imperfect diffusion,
the copper particles melt and concentrate primarily on the
external surfaces of the original iron particles. Furthermore,
the molten copper fills some of the micropores between the
iron particles. As a result, copper islands form between the
original iron agglomerates, likely improving the mechanical
properties of the manufactured steel foams by improving the
bonding between the original iron particles. In addition, if
the time of the sintering process is increased, then the cop-
per islands may deform and grow, leading to enhancement
of the mechanical properties [38—40].
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Fig. 7. SEM micrographs of cell walls in the 2wt% copper—steel foam specimen (a) and the 4wt% copper—steel foam specimen (b).

Scanning electron micrographs of steel foam specimens
containing 0 to 4wt% Cu are shown in Fig. 8. The number
of copper islands increases with increasing amount of added
copper. In addition, intergranular iron carbide phases are
formed in the grain boundary of the pearlite microstructure
(Fig. 7(b) and Fig. 8). The formation of the intergranular
iron carbide phases and the pearlite microstructure might be
due to the diffusion of carbon during the sintering process.

A scanning electron micrograph of a cell wall of 2wt%
copper—steel foam and the corresponding EDS results for
different regions are shown in Fig. 9. EDS spectrum 1 in-
cludes Fe and Cu peaks (Fig. 9(b)). The peaks in EDS spec-
trum 2 (Fig. 9(c)) and EDS spectrum 3 (Fig. 9(d)) are attri-
butable to Fe and C. Figs. 9(c) and 9(d) indicate that carbon
diffuses into sintered iron agglomerates and forms iron car-
bide phases. Notably, the difference between EDS spectrum
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2 and spectrum 3 is the amount of carbon. These investiga- islands (Fig. 9(b)), intergranular iron carbide (Fig. 9(c)), and

tions reveal three different microstructure regions: copper pearlite regions (Fig. 9(d)).
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Fig. 8. SEM micrographs of steel foam
specimens containing 0 to 4wt% Cu: (a)
0wt% Cu (b); 1wt% Cu; (c) 2wt% Cu;
(d) 3wt% Cu; (e) 4wt% Cu.
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Fig. 9. SEM micrograph of a cell wall of 2wt% copper—steel foam specimen (a) and the corresponding EDS spectra of the different
regions in (a): (b) copper island (spectrum 1); (c) intergranular iron carbide (spectrum 2); (d) pearlite region (spectrum 3).
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3.4. Mechanical properties

The compressive stress vs. strain curves of the manufac-
tured steel foams are depicted in Fig. 10. The foams demon-
strate typical compressive stress vs. strain curves of metallic
foams. They include an elastic deformation region, a plateau
region, and a fracture point. Beyond the plateau region, the
collapse region reported in other research works [14,16] is
observed. The elastic region is almost linear and occurs at
low stress values. The plateau region extends from the elas-
tic region to the fracture point. With increasing amount of
copper, the plateau stress and fracture strain increase consi-
derably. In the steel foams with higher copper contents, a
long region of saw-toothed plateau is observed. The forma-
tion of this region is related to the initiation and growth of
microcracks in cell walls [14,34]. The collapse of cell walls
in individual layers of cells causes a substantial reduction in
the stress. As a result, a stress valley is clearly revealed in
the stress—strain curves. The remaining cell walls then resist
the applied stress. Therefore, a hill of stress is evidently
formed in the curves. The sequences of hill-and-valley
stresses resulting from the repeatable collapse of cell layers
produce the long saw-toothed plateau region in the com-
pressive stress—strain curves. We observed that the amount
of copper can remarkably affect the size and shape of the
hills and valleys in the plateau region. With an increase in
the amount of copper, the height of the hills, the depth of the
valleys, and their widths increase dramatically. The cell
walls then contact each other, and the steel foams demon-
strate bulk-like behavior under applied compressive stresses.
Finally, brittle failure occurs at an angle of 45° relative to
the applied compressive stress.

Int. J. Miner. Metall. Mater., Vol. 26, No. 5, May 2019

proved by increasing the amount of copper particles in the
powder mixtures. In addition, the mechanical properties of
the manufactured steel foams increase with increasing
amount of added copper. Although the cell morphology
(shape, size, and distribution of cells) and the porosity per-
centage strongly influence the mechanical behavior of the
various metallic foams [41-43], liquid-phase sintering also
influences the mechanical behavior of steel foams manu-
factured by powder metallurgy. As already discussed, add-
ing copper particles to powder mixtures can improve the
liquid-phase sintering process [38—40]. The liquid-phase
sintering process increases the bonding between the iron
particles, which in turn enhances the compressive properties
of the foam. The improvement of the mechanical properties
of aluminum foams through a liquid-phase sintering process
has been previously reported [44—45].

Table 2. Elastic modulus, plateau stress, fracture stress, and
fracture strain of manufactured steel foams

Copper / Elastic Plateau Fracture Fracture
wt%  modulus / GPa stress/ MPa stress/ MPa strain/ %
0 0.12 17.2 17.6 26.8
1 0.42 23.7 28.7 48.6
2 0.38 459 47.1 54.2
3 0.46 72.6 74.8 62.8
4 0.54 104.8 112.5 67.6
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Fig. 10. Compressive stress vs. strain curves of manufactured
steel foams.

Table 2 presents the obtained results of compressive
stress—strain curves. The compressive properties are im-

4. Conclusions

In this study, high-porosity steel foams were successfully
manufactured through the powder metallurgy technique by
replication of urea granules as leachable space holders. The
influence of various amounts of alloying element Cu on the
microstructure and compressive properties of the manufac-
tured steel foams was investigated, and the following con-
clusions are drawn:

(1) The manufactured steel foams have two types of po-
rosity: one due to re-solvation of the urea granules during
the leaching process, and the other one due to the formation
of pores between agglomerated iron particles.

(2) The porosity percentage of steel foam was reduced by
increasing the amount of copper.

(3) The measured porosity percentage was between
71.5% and 77.5%.

(4) The microstructure of the steel foam consists of dis-
tributed copper islands and intergranular carbides in pearlite.

(5) The stress—strain curves of the steel foams comprise
an elastic region, a long saw-toothed plateau region, and a
fracture point.
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(6) With increasing amount of copper in the steel foam,
its mechanical properties are generally improved.
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