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Fabrication of ferrous metallic foams by reduction
of ceramic foam precursors
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A process has been developed for obtaining closed cell metallic foams using a ceramic
foam precursor. In the present study, the major constituent of the ceramic foam precursor
was iron oxide (Fe,03), which was mixed with various foaming/setting additives. The
mixture set rapidly at room temperature, stabilizing the foam generated by hydrogen
release. The oxide foam was then reduced by annealing at 1240°C in a non-flammable
hydrogen/inert gas mixture to obtain a metallic foam with a relative density of 0.23 &+ 0.017,
and an average cell diameter of 1.32 & 0.32 mm. The iron foams were tested in
compression and yielded an average compressive strength of 29 + 7 MPa. The compressive
stress-strain curves obtained were typical of cellular metals. The normalized strengths of
the metal foams obtained in the present study compare favorably with those of steel foams
produced by other techniques. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Metal foams possess special characteristics which ren-
der them attractive for a large range of applications;
these include lightweight structures, energy absorption,
and thermal management [1]. The properties and uses
of foams and cellular materials have been the subject of
several extensive reviews [1-5]. With regard to multi-
property indices, which are often used in design crite-
ria, metal foams offer a potential for high stiffness and
strength, at low density. At any given density, closed
cell foams are projected to be stronger and stiffer that
open cell structures [4]; accordingly, closed cell foams
are preferable for structural applications.

To date, a variety of methods have been used to pro-
duce metal foams [1]. Closed cell structures have been
obtained by foaming of the molten metal [6] and pow-
der metallurgy (P/M) [7]. In this latter process, com-
pacted metal powders are sintered together, sometimes
with the incorporation of blowing agents or trapped gas.
Another technique which can be used to generate cel-
lular metallic structures is the consolidation of hollow
spheres [8—10]. The hollow metallic spheres may be
formed by coating polymeric spheres, or by blowing
of metal or metal hydride powder slurries. The pro-
duction of steel foams presents a particular challenge,
since foaming normally can only be achieved at tem-
peratures close to the melting point, which makes the
control of the metal foam morphology very difficult.
The present work circumvents this problem by devel-
oping a new approach to produce a ferrous metallic
foam.

Results of preliminary studies on the production of
metallic foams from ceramic foam precursors (CFPs)
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have been reported previously [11]. In this novel
method, an iron foam is produced in two stages. The
first step, involves the foaming of a mixture made of
iron (IIT) oxide and appropriate additives. The second
step is the complete reduction of the ceramic precursor
to obtain a metal foam. The CFP process has several po-
tential advantages over existing foam fabrication meth-
ods. First of all, foaming is achieved at room temper-
ature which is experimentally convenient. The CFP is
produced from low cost raw materials, and the reduc-
tion process requires only standard equipment which
is already widely used in industry. Furthermore, this
process is amenable to scale-up, and complex shapes
can be achieved using inexpensive mold materials. The
CFP technique is particularly advantageous for high
melting point metals, e.g., ferrous alloys, where foam-
ing in the molten state is less attractive from an eco-
nomic standpoint. It is believed that the foam precursor
process is readily adaptable to a wide range of steel
compositions. Initial studies, however, were focused
on the fabrication of iron-based foams to demonstrate
viability.

2. Background

2.1. Production of ceramic foam precursor
The production of the ceramic foam precursor (CFP)
is based on a procedure developed by Motoki [12] for
preparing a ceramic foam body. This approach involves
the reaction of an acidic solution with a metal blowing
agent to generate hydrogen; at the same time, cementi-
tious materials react to form a fast setting hydrate. The
mixture thus foams and sets simultaneously, enclosing
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Figure 1 Diagram showing stability fields in the iron/iron oxide system as a function of temperature and ratio of the partial pressure of water and

hydrogen (pH>O/pH3).

the evolved gas to produce a ceramic foam with a pre-
dominantly closed cell structure.

Since the aim of this work was to produce a fer-
rous foam, a large proportion (> 90 wt%) of iron (III)
oxide was added to the list of components initially sug-
gested by Motoki. The other reagents selected for use
in this approach were hydrochloric acid, aluminum or-
thophosphate, calcium oxide, aluminum, and carbon
black. The production of the ceramic foam precursor
involves two main reactions. The first one relates to the
foaming process, in which Hj is generated as a product
of the reaction between Al (blowing agent) and HCI,
according to the following stoichiometry:

2Al 4+ 6HCI — 2AICl3 4 3Hxt 1)

The second reaction involves the process to set and
harden the precursor. A potential setting mechanism
has been proposed based on reactions from analogous
systems [13]. This mechanism is based on the follow-
ing reaction between calcium oxide and aluminum or-
thophosphate:

2Ca0 + Al(H,PO,); 22 2CaHPO, - 2H,0
+AIPO, - nH,0 )

The production of CaHPO,4.2H;O (brushite) causes
the setting and hardening of the ceramic precursor. The
role of the carbon black is as a foaming stabilizer. Car-
bon black increases the viscosity of the mixture, which
in turn hinders the drainage of the foam and reduces cell
coalescence. This ensures that a predominantly closed
cell structure is developed.

2.2. Reduction of the ceramic foam
Several authors have studied the reduction of iron (III)
oxide (Fe,O3) with hydrogen [14—17]. The system un-
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der study can be described by the following series of
reactions [18]:

3Fe;03 + Hy(g) == 2Fe304 + H O(g) (3a)
Fe;04 4+ Hy(g) == 3FeO + H,O(g) (3b)

FeO + Hy(g) == Fe + H,0(g) 3c)

1 3
1Fe30s + Ha(g) == JFe + H:0(p)  (3d)

Assuming that the solids are immiscible (unit activity),
the nature of the solids present will be completely de-
termined by the ratio of partial pressures of water to
hydrogen and can be obtained from the free energies
of formation from each of the oxides. For example, for
reaction 3(c):

1
FeO = Fe+ - Ox(2): K1 =Py’ )
1 Pl/2 * PH
H0() = Ha(@) + 5 Oa2)s Ko = e T
pHZO

(&)

The expression for K will be given then by K;/K>,
which reduces to:

_ pmo
PH,

K (6)

If the ratio pu,0/ pH, exceeds the equilibrium constant
of the reaction only FeO will be present. Conversely, if
this ratio is smaller than K, only Fe will be stable.
Using this procedure, Fig. 1 was generated, which
shows the equilibrium conditions between the vari-
ous components plotted as a function of temperature
and pn,0/pH,. Note that in terms of establishing the



TABLE I Composition of powder mixture used for the ceramic foam
precursor

Component Weight(%)
Fe,03 95.57
CaO 2.33
Al 1.05
C. Black 1.05

experimental conditions, the value of the oxygen partial
pressure is more directly relevant. Accordingly, loga-
rithmic curves representing p,, isobars were calculated
based on Equation 5, and have also been included in the
figure. It is readily apparent that the lower the process
temperature, the lower the value of p,, required to re-
duce the oxide to metallic iron.

3. Experimental procedure

The ceramic foam precursor was produced by mix-
ing 100 ml of an acidic solution (containing HCI,
Al(H,POy4)3, and H,O) with 121 g of the following
materials in powder form: iron (IIT) oxide (Fe,O3), cal-
cium oxide (CaQO), aluminum, and carbon black. The
composition of the powder materials is shown in Table I.
The acidic solution was a mixture of 12.7 parts of con-
centrated HCI (hydrochloric acid), 78.8 parts of deion-
ized water, and 8.5 parts of a 50% w/w solution of
Al(H;POy4)3 (aluminum orthophosphate).

As mentioned previously, foaming occurs by the re-
action of aluminum with the acidic solution to generate
hydrogen. Due to the presence of setting and bonding
materials (CaO and Al(H,PO,)3), the mixture foams
and sets almost immediately, so that the foam mor-
phology is retained in the green ceramic body. The
ceramic foam samples were subsequently dried under
ambient temperature conditions for 48 h. Note that re-
sults from X-ray powder diffractometry on the dried ce-
ramic foams showed the presence of CaHPO, - 2H,0,
and hence were consistent with the setting reaction put
forward in Equation 2.

Due to safety considerations, it was desirable to uti-
lize a non flammable hydrogen mixture of 4% hydro-
gen in argon for the reduction process. This gas mixture
yields a p,, in the range of 10~!°. Based on Fig. 1, it can
be seen that for this value of the oxygen partial pressure,
the lowest temperature (in theory) at which complete
reduction to Fe could be achieved would be 1000°C.
The upper bound temperature is 1567°C, the melting
point of iron. Taking into account additional consider-
ations of the reduction kinetics and experimental con-
venience, a heat-treatment temperature of 1240°C was
selected. Cylindrical samples of the ceramic precur-
sor foams, (diameter ~23 mm, height ~28 mm), were
annealed for 36 h in a tube furnace fitted with end fix-
tures to achieve atmosphere control. Note that prelimi-
nary experiments revealed that complete reduction was
achieved for annealing times of 12 h or greater. Results
on the effect of annealing time on the degree of re-
duction and foam microstructure will be reported sepa-
rately. The volumetric flow rate of the gas mixture was
350 cm?/min. The heat-up and cool-down rates were
3°C/min.

Figure 2 Sample mounted on the ASTM D695 compression subpress.

After reduction, samples of the iron foam were sec-
tioned using a high speed aluminum oxide blade. The
specimens were dried and ultrasonically cleaned in
ethanol. The sectioned samples were then mounted in
a low viscosity epoxy under vacuum conditions. Note
that for observation using optical light microscopy, the
addition of a black dye to the clear epoxy was found to
be beneficial, both in terms of enhanced contrast, and by
confining visibility to the sectioned surface. In prepara-
tion for metallographic examination, the samples were
first ground to 600 grit. They were then sequentially
polished with the following: 6 um diamond, 0.3 um
aluminum oxide, and 0.04 pum colloidal silica. Some
specimens were etched in a 2% nital solution (2 parts
HNOj; in 98 parts ethyl alcohol) in order to delineate the
grain boundaries in the iron matrix. The cell dimensions
of the iron foams were characterized by a combination
of image analysis and manual measurement techniques.
With the aid of a video camera attachment, optical im-
ages of the sectioned and mounted foams were captured
using an image analysis program (IA-3001 Image Anal-
ysis System fabricated by LECO®). Line segments cor-
responding to the cell diameters were set manually, but
measured by the program. Altogether, more than 360
cells from seven different samples were measured.

Cylindrical samples were tested in an ASTM D695
compression subpress manufactured by Wyoming Test
Fixtures. The top and bottom parts of the specimens
were glued to a 3.2 mm steel plate to ensure that the test
was done on two parallel surfaces (as seen on Fig. 2).
The deformation rate used was 1 mm/min. Specimens
were compressed until ~50% strain.

4. Results and discussion

4.1. Foam morphology and microstructure
Using the techniques described above, closed cell, ce-
ramic foam precursors were fabricated. A photograph
of the dried CFP is depicted in Fig. 3. Due to the
high iron (IIT) oxide content, the ceramic foams were
reddish in color; the cell sizes ranged between 0.5—
2 mm. Following the reduction process, the ceramic
foams were successfully converted into metallic foams.
The corresponding degree of linear shrinkage was
25%.
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Figure 3 Ceramic foam precursor (CFP).

Samples of the foam were sent out for chemical anal-
ysis, and the carbon content of the samples after reduc-
tion was determined to be 0.008-0.017%. It is believed
that the low carbon content of the reduced samples may
be due to the oxidation of solid carbon according to the
following reaction:

C(s) + O2(g) == 2CO(g) N

The expression for the equilibrium constant will be
given by:

2
P

Kco = =2 (8)
Po,

At 1240°C and po, = 10713, the equilibrium pres-
sure of CO (pco) is equal to 11.3 atm. Since the reduc-
tion is carried out at ~1 atm, the reaction as represented
by Equation 7 will proceed in the forward direction,
producing CO, and therefore diminishing the amount
of solid carbon on the sample.

Figure 5 Scanning electron microscope (SEM) micrograph of outer sur-
face of iron foam specimen.

Examination of polished sections confirmed that the
morphology was that of a closed cell foam (as seen
in Fig. 4). The results of image analysis on the sec-
tioned foams gave an average cell dimension of 1080 %+
260 wm. When corrected for sectioning effects (assum-
ing spherical cells), this corresponds to a cell diameter
in the foam of 1320 & 320 um [19].

The structure depicted in Fig. 5 shows a scanning
electron microscope (SEM) image of the iron foam
(taken at 13 kV on a JEOL model JSM-6300F). The
weakly polygonal nature of the cells is readily appar-
ent. The iron foam exhibited a predominantly closed
wall morphology, although some perforations in the
cell walls were also visible. It was observed that in gen-
eral, the cell walls formed a dihedral angle of ~120°,
which is consistent with the equilibrium rule of foams.
Fig. 6 shows a SEM micrograph of the foam taken
at higher magnification. It can be seen that the sur-
faces of the walls were not planar, but rather adopted
a ‘pin-cushion-like’ morphology. Furthermore, a large
number of second phase particles can be observed.
The inset of Fig. 6 depicts such a particle, shown at

Figure 4 Optical micrograph of polished section of iron foam produced
by the reduction of the CFP.
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Figure 6 SEM micrograph of a cell wall within the iron foam. Note the
presence of second phase particles. Inset shows circled particle at higher
magnification.
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Figure 7 Optical micrograph of a polished section of the iron foam,
depicting a cell wall and second phase inclusions.

higher magnification. Optical microscopy of polished
sections through the cell walls revealed that the parti-
cles were dispersed throughout the ferrite matrix, and
not just confined to the surfaces (see Fig. 7). Gener-
ally speaking, the inclusions could be categorized as
one of two types: they were either highly facetted,
with dimensions of the order of 5 to 10 um, or they
were several tens of microns in size, and exhibited
a more rounded morphology. Qualitative EDS anal-
ysis (Oxford ISIS) of the facetted particles showed
the presence of aluminum, oxygen, and iron; it is
speculated that they were composed of an iron alu-
minate spinel (FeAl,O4). Conversely, the major ele-
ments detected by EDS in the particles with the more
rounded morphology were calcium, phosphorus, and
oxygen. The formation of this kind of Ca-P compound
may be due to the thermal decomposition of brushite
(CaHPOy - 2H,0) which generates calcium pyrophos-
phate according to the following sequence of reactions
[20]:

100—260°C
CaHPO4-2H20 —_— C

1200°C 1250°C
y-Ca P07 —— B-CaP,07 —— «-CayP,04

€))

400-440°C
aHPOy ——

4.2. Mechanical behavior

A typical stress-strain curve derived from an iron foam
sample tested in compression is shown in Fig. 8. The
initial (elastic) portion of the curve is linear; this is
followed by an extended plateau. The stress level even-
tually increases due to the densification of the predom-
inantly closed structure of the iron foam. A set of seven
iron foam samples was tested, and the compressive
strength (o) was calculated by taking the load value
at an offset of 0.2% strain. The average compressive
strength was found to be 29 & 7 MPa. This value cor-
responds to a plateau stress (o) equal to 34 & 7 MPa.
The average density of the samples was equal to 1.83
+ 0.13 g/cm?, which corresponds to a relative density
of 0.23 + 0.017.
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Figure 8 Representative compressive stress-strain curve for metal foam
sample.
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Figure 9 Absolute compressive strength versus absolute density for
foams produced by x Present study, ¢ Hollow Spheres [8], Bl Hollow
Spheres [9], A P/M [7]. The error bars represent the range corresponding
to plus or minus one standard deviation, where no bars are shown the
standard deviation lies within the marker.

Fig. 9 shows the absolute compressive strength ver-
sus the absolute density for the foam generated by the
CFP method and steel foams produced by different
techniques. When comparing steel foams produced by
hollow spheres [9] with the CFP’s foams, it can be seen
(Fig. 9) that a 30% increase in the absolute density
results in an increase of 260% in the absolute compres-
sive strength. Given that scaling relations predict that
the compressive strength of a closed cell foam should
be directly proportional to its density [4], we may infer
that the CFP foams have superior properties. Clearly,
this result may be due to the fact that the cell wall ma-
terial of the CFP foams is stronger; this point will be
addressed in the following.

By normalizing the data, it is also possible to compare
these results with values obtained from foams produced
by other methods. This was achieved by dividing the
foam density by the density of the cell wall material,
and dividing the plateau stress (o), by the compressive
strength of the cell wall material. The density of the cell
walls was taken as the density of iron (7.85 g/cm?). The
compressive strength of the ferrite cell wall material
was estimated from hardness measurements. This was
judged to be more accurate than taking a value from the
literature, because of the possible presence of solid so-
lution elements. Microhardness tests (100 g load) were
carried out on the iron matrix of the cell walls using
a Vickers indenter (LECO M-400 Hardness Tester);
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TABLE II Comparison of relative compressive strengths and relative
densities of iron foams prepared from CFP’s, and steel foams generated
using hollow spheres [8, 9] and the powder metallurgical method [7].
Notice that for comparison purposes the plateau stress (o) was used
instead of (o).

Method U; /ocs 0*/ps
Present study 0.10 0.23
Hollow spheres [8] 0.02 0.16
Hollow spheres [9] 0.05 0.21
PM [7] 0.28 0.43

the duration of loading was 15 s. The average Vick-
ers (VHN) and Brinell hardness numbers (BHN) were
214 £ 15 and 212 £ 12, respectively. Given that for
steels, the tensile strength (when expressed in kg/mm?)
is approximately one third the BHN [21], this corre-
sponds to an estimated tensile strength of 692 MPa for
the foam cell wall material. For both iron and 1020 steel,
the ratios of the yield strength to the tensile strengths
are very similar, i.e. 0.48 [22]. Assuming this value
is also applicable for the foam cell wall material gives
a compressive yield strength value of 332 MPa. This
value is  30% higher than accepted values for the yield
strength of ferrite (252 MPa [23]). In terms of a direct
comparison of the hardness values, the hardness mea-
sured experimentally on the foam cell walls was 15%
higher than quoted values for the HB hardness of ferrite
(184 HB [23]). These observations are consistent with
a degree of solid solution hardening in the CFP foams.
The normalized compressive strength value (O’; /ocs)
is thus 0.10.

Table II shows comparative results of relative com-
pressive strength (o, /ocs) values, and corresponding
relative densities (p*/py), for steel foams produced by
different methods. The relatively high value of (o I’j /ocs)
for the P/M foam is not unexpected, since its relative
density is twice the relative density of the foam pro-
duced by the CFP process. Therefore, o, is 69.21 MPa
for the P/M foams, a value which is approximately twice
the compressive strength of the CFP foams (34 MPa).
On the other hand, it can be seen that the proper-
ties of foams produced from CFPs compare favorably
with those derived from hollow spheres. Because the
strength values have been normalized with respect to
the cell wall material, it is reasonable to infer that any
enhancement in behavior can be attributed to the cell
morphology. Indeed, one of the proposed advantages of
the CFP process is that there may be less *waviness’ in
the cell walls compared to foams produced by the foam-
ing of metals in the molten state. Other advantages of
the process are the uniform cell morphology, and the
relatively low value of the relative densities which can
be achieved, particularly in comparison to steel foams
produced by the powder metallurgy process [7]. Work
is currently ongoing to achieve even lower densities by
exploring faster setting cement formulations.

5. Summary
A novel approach has been developed to fabricate metal
foams beginning with a ceramic foam precursor con-
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sisting predominantly of iron (III) oxide. This precur-
sor was reduced at 1240°C in a 4% Hj,-argon mix-
ture to generate a closed cell iron foam with a uni-
form morphology. The relative density of the foam was
0.23 + 0.017, and the average cell size was 1320 +
320 mm. The hardness of the cell walls was deter-
mined by microhardness testing, and found to be ~214
VHN (212 BHN). The compressive stress-strain be-
havior of the iron foams was typical of cellular mate-
rials; the average compressive strength obtained was
29 + 7 MPa.
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