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Low-cost method of the highly porous iron sintering
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Abstract

This paper reports a study of low-cost method relating to the preparation of well defined
porous iron-based materials. We employed the technique where the impressed iron oxide
powder is sintered. We changed the specific volume fraction of sodium chloride as a primary
pore forming additive to achieve the total porosity up to 70 % and effective/total porosity
rate in a ratio of 0.89 with interconnected pores. The investigations of physical properties with
respect to the particle size distribution, powder morphology, density, volume contraction and
both effective and total porosity were carried out by laser diffraction (LD), pycnometric meas-
urement, atomic force microscopy (AFM), scanning electron microscopy (SEM) and optical
microscopy. Porous iron sintered electrodes represent a suitable alternative to the expensive
nickel electrodes.
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1. Introduction

Porous iron and its oxides are of great scientific and
technological importance. They are used in various ap-
plication fields because of their low price, good mech-
anical and thermophysical properties. Those fields are
for example magnetic materials [1], ethanol sensors
[2], gas sensors materials [3, 4], iron based cata-
lysts [5], cathodes used in electrolysis of CO2 in a
proton conducting membranes [6] and anodes in re-
chargeable lithium–ion batteries instead of graphite
[7]. Porous iron sintered electrodes with high sur-
face area represent a suitable alternative to the ex-
pensive nickel electrodes [8]. Moreover, porous iron
can be used as a negative active nickel-iron and
iron-air electrodes [9]. Economic aspects are crucial
for evaluation of highly porous iron sintering use-
fulness. Highly porous iron and iron oxides based
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materials manufactured by inexpensive way repres-
ent perspective trend in up to date technical ap-
plications. Moreover, surface characteristics can be
used for production quality control. In this paper
we demonstrate effective and inexpensive method of
the iron powder sintering by using sodium chlor-
ide as pores forming additive which allows to create
highly porous material with a high fraction of effective
pores.
As pores forming additive can be used magnesium

[10], sodium chloride [11], saccharose [12], carbamide
and even urea crystals [13]. In our work we decided to
use NaCl as a cheap structure forming additive with
favourable crystal size. One of the NaCl advantages
is a wide temperature range when NaCl evaporates
(up to 800◦C). Stamped porous iron specimen can be
sintered in one step (separate pore forming additive
removal is not necessary).
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2. Experimental methods

Four specimens were prepared in total. Iron powder
(Fe purity 99.9 wt.%) used in this paper was produced
by hydrogen reduction. The first specimen consisted of
pure iron powder without any additives. The second
specimen consisted of Fe powder mixed with 20 %
volume fraction of sodium chloride (NaCl) as a pore
forming additive. The third mixture consisted of Fe
powder mixed with 40 % volume fraction of NaCl. The
fourth mixture contained Fe powder with 60 % volume
fraction of NaCl. Particle size distribution of the Fe
powder was determined by laser diffraction (Fritsch
Analysette 22) and NaCl crystal size distribution was
determined by sieve analysis (Fritsch Analysette PRO
3). For the Fe powder morphology characterization
was used the optical microscopy (Olympus SZX7).
All specimens were isostatically stamped by 400MPa
pressure using CIP EPS stamp (cold stamping). All
the specimens were stamped in a cylindrical shaped
resin form with internal diameter 20 mm. It is neces-
sary to emphasize that Fe powder with 60 % volume
fraction of NaCl could not be successfully stamped.
Remaining three specimens were sintered in anneal-
ing oven (Clasic) at 1200◦C for two hours. Temperat-
ure increment was 10◦Cmin−1. Moreover, when 600◦C
were achieved, heating through period occurred (1 h).
The main aim of the heating through period was to
complete NaCl evaporation.
Sintering process was realized by using protection

atmosphere (volume fractions were 95 % Ar and 5 %
H2). Density, volume contraction, effective, ineffect-
ive and total porosity were determined by pycnomet-
ric method (AccuPyc II 1340) and double weighting
method. All specimens microstructure was evaluated
by SEM (FEI QUANTA 650 FEG) and metallographic
microscope Olympus SD12. Surface topography obser-
vations were performed by atomic force microscopy
(AFM, NT-MDT, Ntegra Prima) operated in semi-
contact mode with Si cantilever tips.

3. Results and discussion

Fe powder morphology analysis revealed predom-
inantly spongy shaped grains, which are characterized

Fig. 1. Dependence of the particles frequency and cum-
mulative distribution on logarithm of particle size for Fe

powder (a) and sieve size for NaCl (b).

by irregular surfaces with many micropores. This ob-
servation corresponds with the Fe powder preparation
method – hydrogen reduction. Suitable shape of the Fe
particles allowed cold stamping of the specimens with
NaCl volume fraction up to 40 %. Average particle size
of the Fe powder was 24.2 µm. Both particle size distri-
bution and cumulative distribution of the Fe powder
and NaCl crystals are depicted in Fig. 1. It was ob-
served that relatively short sintering period combined
with sintering procedure mentioned above is suitable
for the achievement of high porosity. According to

Ta b l e 1. Summarized variables obtained by pycnometric method and double weighting method (Pe is effective porosity,
Pi is ineffective porosity, Pt is total porosity, ∆V is volume contraction and ρ is density)

Specimen Pe (%) Pi (%) Pt (%) Pe/Pt ∆V (%) ρ (kg m−3)

Fe 16.14 2 18.14 0.89 26.04 6390
Fe + 20 % NaCl 34.15 12.46 46.6 0.73 33.58 4170
Fe + 40 % NaCl 61.87 8.82 70.69 0.88 36 2290
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Fig. 2. Photography of the sintered samples side view (a)
(pure Fe – left side, Fe + 20 % NaCl – middle, Fe + 40 %
NaCl – right side) and transverse cut of the samples (b)
(pure Fe – left side, Fe + 20 % NaCl – middle, Fe + 40 %

NaCl – right side).

pycnometric analysis it is possible to prepare iron spe-
cimens with total porosity 70.69 %. Variables obtained
by pycnometric method and double weighting method
are summarized in Table 1. For practical applications
such as catalysts and cathodes the most important
variable is an effective porosity that represents sur-
face characteristics of the specimens. Specimen pre-
pared from Fe + 40 % NaCl demonstrated not only
higher effective porosity than specimen prepared from
Fe + 20 % NaCl, but also effective/total porosity rate
was higher, see Table 1. Sintered specimens and their
transverse cuts are presented in Fig. 2. Practical prob-
lem represents heterogeneity of the highly porous Fe
specimens. During the preparation the powder mix-
tures have to be stirred carefully because of signific-
ant difference between Fe and NaCl densities. Prob-
lems with specimens homogeneity can occur if the spe-
cimens are not stamped in more steps. Anyway, re-
peated stamping is sufficient method to ensure accept-
able specimens homogeneity. Microscopic evaluation
revealed interconnected pores networks not only in the
specimens that were sintered with pore forming ad-
ditive (Fig. 2c,d), but also in the specimen which was
sintered without any additive, see Fig. 2a,b. All spe-

Fig. 3. Microscopic evaluation of macropores size and interconnections: sintered Fe (a, b), sintered Fe + 20 % NaCl (c) and
sintered Fe + 40 % NaCl (d).
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Fig. 4. SEM images of sintered iron specimens: Fe without
pores forming additive (a) and Fe + 20 % NaCl (b).

cimens were evaluated by SEM technique. Iron speci-
men sintered without pores forming additive revealed
partially interconnected small pores with low depth
profile. On the other hand, specimens sintered with
NaCl addition exhibited not only well interconnected
pores but also high depth profile. This high depth pro-
file represents added value in electrochemical applica-
tions due to bigger higher specific surface. Moreover,
all evaluated specimens did not show any significant
cracks that could be associated with stamping and/or
sintering process, see Fig. 4. Surface topography eval-
uation included 3D roughness, peak to peak variable
and Hausdorf fractal dimension. These variables that
characterize surface properties are important not only
for catalysts with increased efficiency production, but
they are also a suitable tool for verification of the pro-
duction quality. While specimen sintered from pure
Fe showed quite smooth surface, specimen sintered
with 20 % volume fraction of NaCl showed almost
uniformly rough surface. Typical surface topography

Fig. 5. Surface topography of sintered Fe specimens: Fe
without pores forming additive (a) and Fe + 20 % NaCl

(b).

Ta b l e 2. Surface characteristics obtained from AFM
analysis (PTP is peak to peak, DH is Hausdorf fractal di-

mension)

Specimen 3D roughness (µm) PTP (µm) DH

Fe 0.066 0.455 2.58
Fe + 20 % NaCl 0.376 2.621 2.65

of the specimens sintered with and without structure
forming additive is demonstrated in Fig. 5. AFM can-
not be used in case of very rough surfaces (specimen
with 40 % NaCl). Anyway, AFM represents suitable
method for highly porous surface analysis, although
very fine pores forming additive has to be used in
this case. The most important surface characterist-
ics determined by AFM are summarized in Table 2.
All three variables presented in Table 2 are sensitive
indicators of the surface topography. The most fun-
damental difference was observed in case of the 3D
roughness. Also peak to peak variable revealed sig-
nificant difference between the surfaces of Fe powder
sintered with and without structure forming additive.
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Our results are in good agreement with conclusions of
Ficker [14] who found out correlation between surface
fractal dimension and material porosity.

4. Conclusions

In this paper it is demonstrated that NaCl rep-
resents a suitable structure forming additive for sin-
tering of the iron powders. By using this method it
was possible to get total porosity of approximately
70 %. Moreover, effective/total porosity rate was also
high (0.89) and interconnection networks among pores
were observed. It was confirmed that it can be an ef-
fective tool for porous materials production. Highly
porous iron sintering by using NaCl as a structure
forming additive represents an effective and low-cost
method which can be used in the production of elec-
trodes, sensors and catalysts. SEM technique revealed
well interconnected pores with high depth profiles in
case of iron specimens sintered with NaCl addition.
Moreover, no significant cracks were detected. AFM
allowed to characterize 3D surface roughness, fractal
dimension and surface profile.
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