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Combustion forging of FeAl (40 at.% Al)
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This paper presents work on combined combustion synthesis and forging of FeAl from
elemental powders. The process can be used to simultaneously form and shape
intermetallics with reduced external energy inputs. The effect of varying processing
parameters including forging temperature and forging strain on the developed
microstructure and hardness is presented. Results confirm the feasibility of this new
approach in forging Fe-40 at.% iron aluminide. C© 2004 Kluwer Academic Publishers

1. Introduction
Iron aluminide intermetallics have recently attracted
consideration for a large number applications includ-
ing dies for superplastic forming, heating elements, ex-
haust manifolds and support hangers [1] which often
necessitate the use of thermomechanical processing. It
is well known that sintered powder metallurgy parts
are often forged in order to improve their mechanical
properties. This is believed to be an unnecessary and
extra processing step that can be eliminated in the case
of materials that can be combustion synthesized from
elemental powders. The combustion synthesis process
utilizes chemical energy generated during a reaction to
process materials with minimal external energy inputs
and in very short processing times. Recently it has been
applied to iron aluminides as a low-energy alternative
to their processing [2, 3]. In combustion synthesis of
iron aluminides in the thermal explosion mode of ig-
nition, elemental powders of iron (Fe) and Aluminum
(Al) are mixed in the desired composition, compacted
and then heated to initiate the exothermic reaction that
forms the intermetallic (e.g., FeAl). Despite its energy-
saving advantage this method often results in porous
microstructures (and in some cases in-homogeneities)
that require further high temperature consolidation [4].
Since during the reaction, the product is raised to very
high temperatures, a high-temperature transient win-
dow of short duration exists in which these materials
can be malleable and most suitable for processing. De-
formation during this period should shape the product
while achieving a higher degree of consolidation com-
pared to just simultaneously deforming and reacting
the elemental powder compact [5]. In essence the ap-
proach can be used to forge aluminides at operating
temperatures ∼400◦C lower than would be required
for the forging of powder metallurgy intermetallic parts
(which would also need to be sintered prior to forging).
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Combustion forging also avoids the extra processing
step of heating the already reacted and cooled compact
again to an elevated temperature (often in excess of
∼1000◦C [6, 7]) and then applying deformation. While
the application of pressure during the reaction has been
extensively studied in the form of hot pressing, hot iso-
static pressing and pseudo-hot isostatic pressing for alu-
minides [8–10], systematic work on bulk deformation
and shaping during combustion synthesis has not been
covered as much for intermetallics. Recently a number
of interesting studies were conducted on what the au-
thors termed reactive forging of interpenetrating phase
composites [11, 12] and Ti3SiC2 based ceramics [13]
with the aim of producing highly dense final products.
In these studies green powder compacts were placed be-
tween two heated rams (also used to heat the compact)
and a predetermined pressure (load control) was applied
immediately after the onset of thermal explosion. The
studies however did not systematically consider the ef-
fect of forging at different product temperatures while
the specimen was cooling or forging to different pre-
determined strains, all of which can have an effect on
the developed microstructures. LaSalvia et al. [14, 15]
studied the combustion synthesis/impact forging of TiC
and TiC-Ni based cermets using forging speeds 10–15
m/s. In these experiments a gas driven high-speed forg-
ing machine was used, and the specimen was placed
on a heated anvil and the reaction initiated. After a cer-
tain time delay, the forging stroke was applied. This
method uses SHS (self-propagating high temperature
synthesis) in which the compact is reacted at one end
and a combustion wave travels through the compact.
Therefore, at the onset of forging the temperature dis-
tribution within the specimen would not be uniform. In
the present work we are concerned with thermal explo-
sion or volume combustion synthesis (VCS) [16] where
the whole volume of the compact is simultaneously
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Figure 1 Experimental setup for combustion forging experiments.

heated to the reaction temperature. Also some materi-
als such as iron aluminides (which are very sensitive
to strain rate during forming [17]), may not be suitable
for impact forging. In these experiments as mentioned,
a time delay was specified after the reaction was ini-
tiated to allow for the reaction to go to completion.
A time delay of 20 s for example was found to result
in cracking [14]. Although time delay is significant in
the initial stages of the reaction where reaction kinetics
play a role in converting the reactants to product(s) and
microstructural development, the temperature (which
is an important parameter in conventional forging) as
the specimen cools from the combustion temperature
would be a more suitable parameter to use in combus-
tion forging as opposed to time delay. Ideally, one would
apply the forging stroke at specified temperatures dur-
ing the cooling stage, and hence a higher temperature
would dictate a lower flow stress and higher ductility
. . . .etc. Although the above mentioned studies provide
important contributions, a controlled systematic study
of simultaneous combustion synthesis and forging of
aluminides covering the conventional forging param-
eters is needed. An experimental setup for combus-
tion forging was recently reported by Morsi et al. [18]
which allows for the variation and monitoring of forg-
ing processing parameters. In that work however, only
the experimental verification of the combustion forg-
ing process was presented, with hardly any variation in
processing parameters. The present work therefore pro-
vides an insight into the effect of combustion forging
processing parameters on the developed microstructure
and hardness of FeAl (40 at.% Al—one of the FeAl
compositions considered for structural use [19]).

2. Experimental procedure
Elemental powders of iron (<45 micron, 99.9% pure)1

and aluminum (<45 micron, 99.9% pure)2 were tur-
bula mixed for 30 min in the composition of FeAl (40
at.% Al). The mixed powders were then compacted into
cylinders approximately 11.3 mm in diameter and 11.3
mm high with green densities approximately 67, 77

1,2Atlantic Equipment Engineers (AEE), NJ 07621, USA.

and 84% of theoretical green density (TGD). All com-
pacts were vacuum degassed at 300◦C for 12 h in order
to remove any low boiling point species adsorbed on
the powder surface that may evolve during the reaction
and cause unwanted porosity. Each pellet was placed
between two quartz plates connected to two vertical
rams, and the whole arrangement surrounded by a ver-
tical tube furnace and heated (at a rate of ∼10◦C/min)
to the ignition temperature under an argon atmosphere.
A K-type (Chromel-Alumel) thermocouple was imbed-
ded into the specimen at half height. The experimental
arrangement is shown in Fig. 1. All specimens were
combustion synthesized using the same setup without
applying any deformation in order to select a suitable
compact green density that yields a high combustion
temperature (maximum temperature during the reac-
tion) and suitable temperature-time profiles. Repeat ex-
periments verified that the combustion temperatures
were reproducible to within ±25◦C. For the combustion
forging experiments, a computer-controlled setup with
rapid response sensors was used to allow the control
of the onset of deformation at a specified temperature
along the temperature-time profile. In our current study,
for the 77% TGD specimens, the forging was allowed to
commence at temperatures from 800 to 1100◦C as the
specimen was cooling down from the maximum com-
bustion temperature and using an average strain rate
of 0.5 s−1 to an engineering strain of 0.5. Also com-
bustion forging to a range of engineering strains (0.1–
0.7) (i.e., 10–70% height reduction) was conducted at
an average strain rate of 0.5 s−1 (by varying the ram
speed) and 1000◦C during cooling. Graphite was used
as the lubricant. All specimens were sectioned centrally
along the forging axis for microstructural characteriza-
tion. The effective consolidation (porosity content) was
measured by conducting image analysis on the central
region of the cross-section (five areas were investi-
gated for each specimen). Microstructural and com-
positional analyses were conducted using SEM/EDS
(AMRAY-600). Phase analysis was carried out using
X-ray diffraction (XRD) (Scintag PADV diffractome-
ter). Hardness was measured using the A-scale on a
Rockwell hardness indenter (Buehler Ltd.) (ten mea-
surements for each region were taken and the average
calculated and reported). To reveal the microstructure,
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specimens were etched using an etching agent of com-
position (5% HNO3, 5% HF, 75% glycerol, 15% water).

3. Results and discussion
3.1. Combustion synthesis
The formation of the FeAl compound from iron and alu-
minum powders can be preceded with the formation of
transitional phases during the heating of elemental pow-
ders. However, the complete conversion to FeAl would
have already occurred as the specimen cools from the
combustion temperature [20, 19]. Therefore it is a log-
ical conclusion that the forging should be performed
as the specimen is cooling and not before reaching the
peak combustion temperature. This assumes prior op-
timization of processing parameters such as green den-
sity and elemental particle size so that the elemental
powder would transform to ∼100% intermetallic prior
to the forging stroke. In our initial experiments we var-
ied the green density from 67 to 84% TGD. Each pellet
was then combustion synthesized using the same ar-
rangement used for reaction forging but without actu-
ally forging.

The ignition for all specimens was found to initiate
at temperatures close to the melting point of aluminum
and slightly above the eutectic temperature of 652◦C,
and the heat of reaction heated the compact to the peak
combustion temperature. Some studies previously re-
ported onset of ignition close to the eutectic temper-
ature of Fe-Al [3]. Also recently dilatometer studies
showed that two exothermic peaks where observed dur-
ing the heating of FeAl. One attributed to the formation
of Fe2Al5 at temperatures as low as 560◦C and is ac-
companied by an expansion of the green compact and
the other at ∼655◦C close to both the eutectic tempera-
ture and melting point of Al [19]. We did not notice any
significant exothermic peak at 560◦C. Our ignition tem-
perature is however very close to the melting point of
Al and therefore the melting of Al is very much an intri-
cate part of the reaction. The combustion temperatures
for the 84% TGD, 77% TGD and 67% TGD specimens
were 1072, 1174 and 797◦C respectively. As indicated,

Figure 2 Synchronized temperature profiles for combustion synthesized FeAl (actual data).

the ∼77% TGD specimen yielded the highest combus-
tion temperature of ∼1174◦C and therefore is expect
to show the highest intermetallic yield i.e., Fe + Al →
FeAl. This value is also slightly lower than a reported
value of 1220◦C for Fe-50 at.% Al [21], due to a slightly
greater enthalpy of formation for Fe-50 at.% [22] in ad-
dition to higher heat losses to the tooling and flowing
argon for our material/system setup. XRD revealed that
the 67% TGD reacted specimen contained a large num-
ber of phases including FeAl, Fe3Al, FeAl2, Fe2Al5 and
un-reacted iron. The combustion synthesis process in
aluminides is often facilitated by the formation of a
transient liquid phase (eutectic/aluminum), this is also
the case for the Ni-Al system, where a eutectic has been
shown to trigger the reaction [23]. The process could be
classified as a reactive transient liquid phase sintering
process [24]. The transient liquid phase then spreads by
capillary action throughout the compact encapsulating
the iron particles [24]. The spreading of the aluminum
phase is essential in ensuring proper Al/Fe interaction
leading to a complete reaction and relative consolida-
tion via capillary forces. At high porosity levels (as
observed for the 67% TGD specimen), the number of
contact points between elemental powders is low and
in addition, the capillary forces are also low due to
the excessive porosity. This appears to have resulted
in an incomplete reaction, with a lower heat genera-
tion rate after ignition signified by a lower slope on the
temperature–time profile compared to the 77% TGD
specimens (Fig. 2) and lower combustion temperature.
Also it shows that at the lower green density of 67%
TGD the combustion temperature is reached after a
longer time following ignition. The decrease in com-
bustion temperatures due to decrease in green densities
has also previously been reported for the reaction syn-
thesis of both iron and nickel aluminides [3, 25].

X-ray diffraction carried out on the 77 and 84% TGD
specimens confirmed full conversion of elemental pow-
ders to FeAl. Since the FeAl diffraction peaks are close
to those of iron XRD data were also confirmed using
SEM (back scattered mode) and EDS analysis. The
reduction in combustion temperature for the 84% green
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Figure 3 XRD plot of FeAl produced by combustion forging at 1000◦C to 0.5 strain and at 0.5 s−1 average strain rate.

density is therefore believed to be due to higher heat
losses from the compact (a possible density/compact
thermal conductivity effect). Combustion forging ex-
periments were subsequently conducted using green
pellets of 77% TGD specimens. The temperature-time
profile (Fig. 2) shows that it takes ∼25 s for the tem-
perature of the compact to decrease from the peak
temperature to a temperature of 800◦C, facilitating the
investigation of effect of forging temperature. For larger
compacts it is expected that this forging regime could
run into minutes due to a lower surface area/volume
ratio and therefore lower heat losses.

3.2. Combustion forging
Fig. 3 is an XRD plot of a combustion forged FeAl
specimen (forged at 1000◦C to 0.5 strain and at 0.5 s−1

strain rate). EDS analysis also revealed a bulk compo-
sition of Fe-40.45 Al (±2) at.%.

By simultaneously heating the whole compact to the
ignition temperature (VCS) as opposed to locally ig-
niting the compact mixture (SHS), the maximum tem-
perature obtained during the reaction (the combustion
temperature) is increased, since the heat of reaction
is used mainly in heating the product as opposed to
being partly consumed in heating the reactants to the
ignition temperature in SHS. For our system, this fa-
cilitates the examination of a larger temperature range.
The effect of forging temperature (during cooling from
the combustion temperature) on the % residual porosity
of specimens reaction forged to 0.5 strains at 0.5 strain
rate is presented in Fig. 4. It can be seen that consol-
idation was more effective at forging temperatures of
900◦C and above, possibly a result of the increased duc-
tility at these temperatures. Although there appears to
be a slight increase in porosity at 1100◦C, the error bars
overlap data at lower temperatures (900 and 1000◦C)
and therefore such conclusions can not be decisively
drawn. It has previously been recommended that hot
working of iron aluminides at strain rates similar to ours
be conducted at temperatures between 950–1150◦C for

Figure 4 Effect of forging temperature on porosity (0.5 strain rate and
0.5 strain).

“good” (crack free) processing [26]. It is believed that
increased ductility at temperatures of 900◦C and above
facilitates pore closure.

The grain size of the reacted but unforged mate-
rial was 13.2 µm. The microstructures of the combus-
tion forged materials were however very difficult to
reveal through etching. The etched microstructure of
the combustion forged specimens contained some re-
gions which appeared to be preferentially over-etched,
while other regions of the microstructure were easier
to reveal. It is possible that the over-etched regions
may be un-recrystallized areas with high dislocation
density, however further work needs to be conducted
in this respect. The grain size of the well etched re-
gions was measured in order to gain a qualitative eval-
uation of recrystallization (no less than fifty grains
were counted for each region). The specimen combus-
tion forged at 800◦C contained equiaxed grains with
an average grain size of 3.9 µm, a marked decrease
compared to the un-forged specimen, suggesting re-
crystallization. In a recent study by Zhao et al. [27],
forging FeAl (40 at.% Al) at 800◦C yielded dynami-
cally recrystallized grains 3–5 µm in size within the re-
crystallized regions, comparing well with our findings.
Higher combustion forging temperatures prompted an
increase in grain size due to grain growth subsequent
to recrystallization such that forging temperatures of
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Figure 5 (a) Combustion synthesized and combustion forged specimens (forging strain (ε) 0.1 to 0.7) also showing microstructures with corresponding
porosity reduction with strain and (b) effect of forging strain on Rockwell hardness and % area porosity.

1000◦C and 1100◦C resulted in grain sizes of 6.5 and
11.7 µm respectively. The development of subgrain
structure was recently reported for FeAl alloy that had
undergone conventional forging to 45% height reduc-
tion, at 1000◦C and 1 s−1 strain rate [27], subgrain
structures were also observed in our specimen forged
at 1000◦C to 50% height reduction. The development of
subgrain structure and dynamic recrystallization above
750◦C for FeAl (40 at.% Al content) has been recently
attributed to the change in deformation mechanism
from a 〈111〉-type superdislocations to a 〈100〉-type per-
fect dislocations giving rise to considerable refinement
of the microstructure through an increased ability for
dislocation climb [28].

To investigate the effect of forging strain, combustion
forging was conducted at the same forging strain rate
of 0.5 s−1 (achieved by varying the corresponding ram
speed) and temperature of 1000◦C to different strains
(height reductions) (Fig. 5).

The forgings were generally sound and crack-free
with relatively good surface finish. Severe cracking was

however observed at 0.7 engineering strain, showing a
strain limit at the current forging conditions (Fig. 5a).
It was also clear that forging was effective in consol-
idation, porosity decreasing with increase in forging
strain (Fig. 5b). Hardness is also seen to increase with
forging strain as a result of densification. An impor-
tant outcome of our work and experimental approach
is that in addition to consolidation, Fe-40 at.% Al iron
aluminides can be successfully forged during the high
temperatures achieved in combustion synthesis. This
experimental approach should be applicable to other
aluminides and intermetallics with future work address-
ing the closed-die combustion forging of intermetallics
into more complex shapes.

4. Summary and conclusions
Forging was successfully applied during combus-
tion synthesis to produce Fe-40 at.% Al aluminide.
An initial green density of 77% TGD provided the
highest combustion temperature and good forging
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characteristics. Porosity was found to decrease with in-
crease in forging strain, leading to an increase in hard-
ness, with severe cracking occurring at a forging strain
of 0.7 (signifying a strain limit at the specified forg-
ing conditions). Consolidation was more effective at
forging temperatures of 900◦C and above. Recrystal-
lization in combustion forged microstructures was ev-
ident allowing grain size refinement compared to just
combustion synthesis without forging.
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