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Fabrication of porous FeAl-based intermetallics via thermal explosion
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Abstract: Porous FeAl-based intermetallics were fabricated by thermal explosion (TE) from Fe and Al powders. The effects of
sintering temperature on phase constitution, pore structure and oxidation resistance of porous Fe—Al intermetallics were
systematically investigated. Porous Fe—Al materials with high open porosity (65%) are synthesized via a low-energy consumption
method of TE at a temperature of 636 °C and FeAl intermetallic is evolved as dominant phase in sintered materials at 1000 °C. The
porous materials are composed of interconnected skeleton, large pores among skeleton and small pores in the interior of skeleton.
The interstitial pores in green powder compacts are the important source of large pores of porous Fe—Al intermetallics, and the in-situ
pores from the melting and flowing of aluminum powders are also significant to the formation of large pores. Small pores are
from the precipitation of Fe—Al intermetallics particles. In addition, the porous specimens exhibit high resistance to oxidation at

650 °C in air.

Key words: Fe—Al intermetallics; porous material; thermal explosion; phase transition

1 Introduction

In the past decades, research on inorganic porous
materials has increased considerably due to their
important applications in environmental protection and
industrial filtration [1]. The current inorganic porous
materials are divided into two parts: porous ceramics and
porous metals. Porous ceramics, which are characterized
by high melting points, high corrosion and wear
resistance, low thermal mass and thermal conductivity,
are widely applied in many fields, such as catalyst
supports, wastewater treatment, heat insulation and metal
filtration [2,3]. However, the intrinsic brittleness, low
thermal shock resistance and poor weld ability have
limited their applications. Though porous metals have
advantages over ceramics, like superior toughness and
weld ability, they exhibit poor resistance to oxidation and
corrosion in acid/alkali environment, and low strength at
elevated temperature [4,5]. As a consequence, it is badly
in need of a novel material that possesses the merits of
metals and ceramics. Fe—Al intermetallics have been of
great interest on account of their unique combinative

properties of both ceramics and metals characteristics,
such as low density, low production cost, excellent
corrosion resistance and oxidation resistance [6—8].
Therefore, porous Fe—Al intermetallics could work as
potential materials for purification and separation in
rugged environment.

Up to now, various technological routes have been
proposed to prepare porous Fe—Al intermetallics.
CHOJNACKI et al [9] have achieved FeAl intermetallic
foam with the addition of magnesium hydride,
acknowledged to the decomposition of MgH, with H, in
situ evolution. LAZINSKA et al [10] have obtained FeAl
intermetallic foam using NaCl as the pore former.
Nevertheless, in such situation remaining MgH, or NaCl
may affect the mechanical properties and corrosion
resistance performance of Fe—Al intermetallics and/or
have a negative effect on the furnace. Moreover, organic
compound aided sintering is a quite popular approach of
metallic foams formation. KARCZEWSKI et al [11-13]
have prepared intermetallic Fe—Al foam by powder
metallurgy with the organic pore former (crystalline
oxalic acid, palmitic acid, cholesteryl myristate).
Whereas some gases will actually release into the air

Foundation item: Project (51574241) supported by the National Natural Science Foundation of China; Project (51611130064) supported by the Bilateral
Project of NSFC-STINT; Project (2015QN004) supported by the Program for Innovation Research Team of China University of Mining

and Technology

Corresponding author: Pei-zhong FENG; Tel: +86-516-83591879; Fax: +86-516-83591870; E-mail: fengroad@163.com

DOI: 10.1016/S1003-6326(18)64737-5



1142 Ya-nan LIU, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1141—-1148

because of the decomposition of organic, which may be
harmful to the environment. GAO et al [14] have
fabricated porous Fe—Al intermetallics based on
Kirkendall effect through sintering process accompanied
with a heating rate of 1 °C/min in the temperature range
of 550-650 °C. It is a high-energy consumption
fabrication route. However, the combustion synthesis
(CS) provides a simple, economic and highly efficient
method for fabricating intermetallics [15—18]. And two
reaction modes are involved in CS procedures,
self-propagating high-temperature synthesis (SHS) and
thermal explosion (TE). During the SHS process, the
reaction is initiated by heating one end of the reactant
compact. Previous study [14,19] showed that it is
difficult to preserve the final product with the desirable
shapes; whereas in the TE process, the reaction is ignited
by heating the entire reactant compact. In general, the TE
is conducted in a furnace where all of the reactants are
heated simultaneously. As a consequence, TE can avoid
the deformation and cracks of the specimen during the
sintering process [20].

In this work, a simple and energy-saving approach
has been explored to fabricate porous Fe—Al
intermetallics with near-net-shape by TE reaction. The
effects of sintering temperature on phase constitution,
pore structure and oxidation resistance of Fe—Al
intermetallics have been systematically investigated.
Besides, the pore forming mechanism has also been
discussed.

2 Experimental

Elemental Fe (<50 pm, 99.6% purity) and Al
(<50 pm, 99.0% purity) powders were employed as
reactant materials. Fe and Al powder mixture with 1:1 in
molar ratio was homogenized in a planetary ball mill
(QM-ISP 2CL, Nanjing NanDa Instrument Plant, China)
at 450 revolution/min for 2 h using agate balls in agate
vessels at ambient temperature. The mass ratio of ball to
powders was 1:1. Absolute ethanol was used as milling
medium. The mixed powder was dried completely in an
oven for 24 h at a stable temperature of 40 °C. The dried
mixtures were uniaxially pressed into green compacts
under a pressure of 200 MPa, with a diameter of ~16 mm
and a height of ~2 mm, and then the as-pressed discs
were sintered in a vacuum furnace at a constant heating
rate of 10 °C/min. To study the effects of sintering
temperature on phase transition and pore structure
evolution, the specimens were sintered at temperatures of
500, 550, 600, 650, 700, 800, 900 and 1000 °C for 1 h.
Extensive experiments have found that the specimens
exhibited a sharp volume expansion when sintered at
650 °C. With the same heating rate, we conducted the
experiment in a tube furnace in a flowing argon

atmosphere to identify the appearance of TE. During this
procedure, thermocouple wires (WRe3-WRe25 with a
diameter of 0.1 mm) were placed between two discs to
record explosion temperatures with a frequency of
100 Hz.

The open porosity was measured based on
Archimedes principle [21,22]. Sintered specimens were
polished to study optical morphology. The final products
ground to powders were identified by X-ray
diffractometry (XRD) on a Bruker D§ ADVANCE X-ray
diffraction machine with Cu target (1=0.15406 nm),
operating at 40 kV and 150 mA. Quanta 250 scanning
electron microscope (SEM) was employed to examine
the pore structure. The optical metallography of the
polished specimens was performed on an Olympus
optical microscope (Japan, PMG 3). The thermal analysis
was carried out on thermogravimetry differential
scanning calorimeter (TG—DSC: STA449F3, Netzsch,
Germany) under argon atmosphere with a heating rate of
10 °C/min.

The oxidation experiments were conducted at
650 °C for 4 cycles and duration of 96 h under air
atmosphere. The mass of porous Fe—Al monoliths was
measured before and after each cycle. The oxidation
kinetics of the porous Fe—Al materials was determined
by measuring the change in mass every 24 h as a
function of the exposure time.

3 Results and discussion

3.1 Characteristics of TE reaction

Figure 1 shows DSC curve of a Fe—50Al pellet
heated at a heating rate of 10 °C/min. In the Fe—Al
system, the exothermic reactions take place during the
sintering of Fe—Al compounds from elemental powders,
as can be seen from Fig. 1. Two exotherms can be seen
with the onset of exothermic reactions at 574 and
643 °C. The first exothermic peak is more diffuse,
whereas the second peak is shaper. This means that the
mechanism governing the first peak 1is more
time-dependent [23], where the reaction is in the solid
state. Compared with the heating rate of 1 °C/min in the
temperature range of 550—650 °C for Fe—Al compounds
conducted by GAO et al [14], a higher heating rate
decreases the time for diffusion of the atoms and
consequently the reaction is not violent [24]. At the same
time, the second peak is more instantaneous, indicating
that the reaction of Fe—Al compound is violent and
causes a large amount of heat emission. Also, the
exothermic nature of the reaction can be inferred from
the data in Fig. 2, which shows the temperature—time
profile in an experiment performed at a heating rate of
10 °C/min. The critical temperature at which combustion
occurs is defined as the ignition temperature (7;). The



Ya-nan LIU, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1141—-1148 1143

121 649 °C —
‘OD |
g 8
=
g
2 47
=

o T~smec 643 °C

550 600 650 700 750
Temperature/°C

Fig. 1 DSC curve of Fe—50Al mixture at heating rate of
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Fig. 2 Combustion temperature—time profile of Fe—Al powder

compact during sintering

maximum temperature of the TE reaction is denoted as
the combustion temperature (7;). As shown in Fig. 2, the
reaction is ignited when the furnace temperature reaches
the T; (636 °C), leading to a sharp rise to 7, (1073 °C).
This is TE reaction that occurs transiently like an
explosion, during which large amount of heat releases,
resulting in a rapid increase in the temperature of
specimen to T, (1073 °C) in a short time (within 6 s). At
the end of TE, there is no enough heat available to
maintain the temperature of the specimen at 1073 °C.
Therefore, due to the large temperature gradient between
the specimen and the furnace, the specimen cools rapidly
to 674 °C, which means that TE process has finished.
However, this observation is different from those results
highlighting the role of melt formation in triggering the
combustion reaction [25]. In the present case, it is clearly
seen from Fig. 2 that the ignition temperature is about
636 °C, which is below the melting point of Al (660 °C).

The explanation is that an amount of heat is given to the
samples due to the Fe,Als formed through the solid—solid
reaction between Fe and Al, causing enough heat
accumulation in the sample and initiating combustion at
lower temperatures [23]. The dramatic increase in the
sample temperature (1073 °C) can be attributed to the
exothermic reaction occurring between Fe and Al powder
mixture, which will be referred later.

3.2 Phase transformation

To understand the effect of temperature on the
formation of FeAl as well as to find pore forming
mechanism, the samples are heated to 500, 550, 600, 650,
700, 800, 900 and 1000 °C and held for 1 h, and then
cooled down (furnace cooling). Figure 3 shows the XRD
patterns of the specimens with sintering temperature
increasing from 500 to 1000 °C. As illustrated in Fig. 3,
the results show that sintering temperature has a strong
influence on the phase composition of the specimens.
Only Fe and Al phases are detected, indicating that no
reaction, at least no detectable reaction between Fe and
Al takes place when the sintering is carried out at or
below 500 °C. With increasing temperature to 600 °C,
the newly formed phase Fe,Als, reactant Fe and Al exist,
which shows that the formation of Fe,Als phase takes
place and releases heat supported by the DSC curve
where a weak exothermic peak forms at 574 °C shown in
Fig. 1. The formation of this compound is also predicted
from its formation heat, which is —143.374 kJ/mol [26],
and the heat generated by this reaction is not sufficient to
induce the melting of aluminum. Increasing the sintering
temperature to 650 °C, the Al phase disappears and the
main phases are Fe,Als, FeAl and a small amount of Fe.
This is due to TE reaction in the temperature range
between 600 and 650 °C. As described in Fig. 2, a
sudden slope appears and the temperatures of specimen
increase sharply to 1073 °C when the specimen is heated
to the 7}, implying that the Al powders start to melt. The
reactions between the solid Fe, Fe,Als and liquid Al are
violent due to the liquid aluminum possessing a much
higher reactivity than solid aluminum. The liquid
aluminum phase quickly covers the iron surface by the
capillary force owning to good wetting between Al liquid
and Fe [27]. The large amount of heat releases from the
formation of Fe,Als and FeAl in the Fe—Al system,
which leads to an instant rise in the temperature—time
profiles from the T; to the 7. After TE reaction, as the
specimen contains Fe,Als together with residual Fe,
further heating leads to the diffusion reaction between
Fe,Als and Fe, resulting in the formation of FeAl
compound that is more stable at higher temperatures [14].
Therefore, the dominant process is solid-state diffusion
and the formation of FeAl by the reaction of Fe,Als with
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Fe during the temperature from 700 to 1000 °C. As the
temperature increases to 1000 °C, the pure phase FeAl is
obtained as the final product after an additional
homogenizing process.
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Fig. 3 XRD patterns of powder compacts synthesized at
different final sintering temperatures from 500 to 1000 °C

3.3 Macrograph and pore structure

Figure 4 shows the macrographs of green compact
and sintered porous Fe—Al intermetallics. The green
compacts keep the integrated body. As can be seen, the
sheen
and the specimens gradually become

specimen before sintering presents metallic

(Fig. 4(a)),
dark in colour with increasing the sintering temperature
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(Figs. 4(b)—(h)). At the same time, the specimens have a
variety of macroscopic expansion with increasing
sintering temperature because of the thermal explosion
reaction, which significantly changes the size of the
specimens. But all of the specimens keep the original
cylindrical shape, no deformation and cracking are
observed.

The optical metallographs of specimens are
presented in Fig. 5, fully showing the internal pore
structure of the porous material. As shown in Fig. 5, the
black regions are pores, meanwhile the white regions
represent intermetallics skeletons. It can be seen clearly
that the porous materials are composed of interconnected
skeleton, larger pores among skeletons and small pores
in the interior of skeleton. The size of a number of large
pores is about 100 pm, as shown in Fig. 5(b), while some
small pores distribute in the interior of skeleton, with a
size around 5 um (Fig. 5(c)). Interconnected pores can be
found easily that make porous material an open cellular
structure as marked by red lines (Fig. 5). The
observations are supported by the fracture micrographs
of sintered specimens shown in Fig. 6. As it can be seen
that for the specimen sintered at 650 °C, the skeletons
consist almost entirely of numerous small particles
accumulating together tightly or loosely and the pore
distribution is non-uniform. With increasing sintering
temperature, the large pores and the particle shape
distribute more uniformly. Also, many pores exist in the
products, as shown by red circles in Fig. 6, which have a
complex porous structure.

@ (b)

(© (d)

Fig. 4 Macrographs of green compact (a) and sintered specimens at 500 °C (b), 600 °C (c), 650 °C (d), 700 °C (e), 800 °C (f),

900 °C (g) and 1000 °C (h)
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3.4 Oxidation properties

Figure 7 shows the variation of the mass gain as a
function of the time for porous Fe—Al materials oxidized
at 650 °C for 96 h exposure in air. All of the oxidation
kinetic curves exhibit parabolic-like behavior, indicating
that the porous Fe—Al materials have good high-
temperature oxidation resistance. The mass gains after 96
h reach the maximum values of 23.8496, 20.1437,
15.5332, 10.3185 and 2.4876 mg/crnz, which correspond
to the specimens sintered at 650, 700, 800, 900 and
1000 °C, respectively. Obviously, the mass gains
decrease with increasing sintering temperature. In
particular, the specimen prepared at 1000 °C shows the
lowest mass gain compared with other four specimens,
which exhibits better high-temperature oxidation
resistance than the other four specimens. This is ascribed
to the decrease of the residual Fe and the increase of the
Fe—Al compound identified by XRD patters in Fig. 3.
This is because the residual Fe is easily oxidized to form
Fe,0;, which is not beneficial to the high temperature
oxidation. Whereas, the Fe—Al compounds have a
capacity of forming a passivated dense Al,O; layer on
the surface [28,29], which prevents the material from
being oxidized. This ensures the longevity in service life
and high accuracy in filtration of the material under
rigorous environments.

3.5 Pore forming mechanism

The variation in porosity of porous Fe—Al with
sintering temperature is shown in Fig. 8. The open
porosities are measured to be 19.87%, 37.39%, 65.28%,

e = q % i s :
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Fig. 6 SEM images of specimens sintered at temperatures of 650 °C (a), 800 °C (b) and 1000 °C (c)
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Fig. 7 Mass gain of porous Fe—Al monoliths sintered at
different temperatures and further oxidized at 650 °C in air
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65.56%, 65.74%, 66.61% and 61.47%, corresponding to
sintering temperatures of 0 (green compact), 600, 650,
700, 800, 900 and 1000 °C, respectively. It can be seen
that the porosity of green compacts is 19.87%, which is
due to the fact that green compacts formed by the
cold-pressed method could not be fully dense and many
pores exist among the Fe and Al powder particles. With
the increase of the furnace temperature, the diffusion rate
increases. Since the intrinsic diffusion coefficient of Fe is
much smaller than that of Al, and some pores are caused
by the Kirkendall effect [30] and a small amount of
Fe)Als is formed. As a result, the open porosity of
sintered specimen increases to 37.39% at 600 °C. Also, it
can be seen that the open porosity of Fe—Al
intermetallics sintered at 650 °C shows an abrupt
increase, reaching 65.28%. The reason can be attributed
to the TE reaction. During the TE procedure, Fe and
liquid Al react violently, and the specimens release
massive amount of heat, which forms a large number of
the in-situ pores in the original aluminum particle sites
because of the consumption of the aluminum. However,
this result is not in an agreement with the observations
made by GAO et al [14] who reported that these pores
are mainly caused by the Kirkendall effect from 600 to
650 °C at a heating rate of 1 °C/min. In the present case,
it takes only 5 min from 600 to 650 °C at a heating rate
of 10 °C/min, the time for diffusion of the atoms is
shorter, resulting in the limitation of Kirkendall effect. In
addition, the chemical reaction rate is much faster than
the diffuse rate at the reaction stage of liquid Al and Fe
surface. The magnitude of former is strongly dependent
on the temperature, but that of latter is insensitive [27].
This is because of an exponential relationship (Arrhenius
equation) between the chemical reaction rate constant k
and temperature 7:

k=A-exp[~E/(RT)] (1)

where A4 is the pre-exponential factor, R is the mole gas
constant and £ is the activation energy. However, there
is a linearity relationship (Stokes—Einstein equation)
between diffusion coefficient D and temperature 7:

D=(RT/N)(1/2nry) (2)

where # is the viscosity, 7 is the radius of the spherical
particle and N is Avogadro number. As shown in Fig. 8,
the open porosity increases slowly with further increase
in sintering temperature from 650 to 900 °C, but
decreases slightly at 1000 °C. This can be explained
by the fact that the dominant process is solid-state
diffusion and the formation of FeAl by the reaction of
Fe,Als with Fe after TE reaction, which is an
additional homogenizing process. And the formation
of FeAl is completed at 900-920 °C reported by

GEDEVANISHVILI and DEEVI [26]. According to
theory of sintering, after the synthesis of a single phase
FeAl, the next step is the densification of the compact
involving diffusion during the final stage of sintering. As
a result, the porosity decreases slightly at 1000 °C.

Combined with the reaction mechanism in the
Fe—Al system, we proposed a pore-formation model of
the porous Fe—Al materials prepared by a thermal
explosion reaction, as shown in Fig. 9.

1) The green compacts formed by the cold-pressed
method could not be fully dense. Many pores exist
among the Fe and Al powder particles inside the green
compacts. In the present experiments, the porosity of the
green compacts is measured to be 19.87%. Thus, there
are many pores in the green compacts, which are the
important sources for pores in the porous Fe—Al
materials (Fig. 9(a)).

2) Before TE reaction, the Al diffusion rate
increases with the increase of the furnace temperature,
the intrinsic diffusion coefficient of Fe is much smaller,
and some pores are caused by the Kirkendall effect,
which forms a small amount of Fe,Als (Fig. 9(b)).

3) When the temperature increases to the 7, the
green compact is quickly ignited and the TE reaction
occurs rapidly. Because of Al melting, there is good
wetting between Al liquid and Fe, and Al liquid
infiltrates into grain boundary of Fe and Fe,Als by the
capillary force, which diffuses and reacts rapidly and
continuously. In the meantime, some pores are from the
precipitation of fine Fe—Al intermetallics particles. The
net movement and consumption of Al results in a large
number of in situ pores in the original Al particle sites
(Fig. 9(c)).

4) After TE, FeAl intermetallics form the skeleton
of the network structures of the porous monoliths, as
shown in Fig. 5. In the final monoliths, there are mainly
three structures, including FeAl intermetallics skeleton,
large pores among skeletons and small pores in
skeletons. At the same time, the in-situ pores combine
with interstitial pore to form interconnected pores
(Fig. 9(d)).

Compared with the traditional sintering to fabricate
porous Fe—Al intermetallics, TE reaction is found to be
more promising. The method of vacuum sintering takes
longer sintering time (more than 5 h) [10,31,32] to
prepare porous Fe—Al, which consumes a large amount
of energy. TE reaction only takes less than 160 min
(from room temperature to 1000 °C with a constant
heating rate of 10 °C/min) to fabricate porous Fe—Al.
The open porosity of TE specimens is slightly higher
than results reported in Refs. [11,13,14]. Thus, the
present work opens the way to synthesize high porosity
Fe—Al intermetallics using an energy- and time-saving
route.
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4 Conclusions

1) A time- and energy-saving sintering process with
a heating rate of 10 °C/min is successfully conducted for
fabricating FeAl-based intermetallics within 160 min. A
TE reaction occurs at 636 °C and by increasing sintering
temperature up to 1000 °C, FeAl is the dominated phase
in the final products.

2) The obvious heat release phenomenon is
observed, and all of the porous monoliths keep their
original cylindrical shape and do not crack after the
thermal explosion. The porous FeAl-based intermetallics
possess a high open porosity of about 65%. At the same
time, the porous materials show good high temperature
oxidation resistance at 650 °C in air, especially the
specimen sintered at 1000 °C.

3) The main pore formation mechanism includes the
residual pores among the particles of the green powder
compacts, and the in-situ pores owing to the molten
aluminum particles flowing during the TE reaction.
Large pores are formed by the interstitial pore combining
with the in-situ pores, and the small pores are formed
from the precipitation of Fe—Al intermetallics particles.

Interstitial pores
between particles

Melting Al
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Kirkendall pores

(d

Fig. 9 Schematic diagram of pore-formation model of porous Fe—Al intermetallics: (a) Green compact; (b) Reacting front;
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