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a b s t r a c t

In the present study high energy mechanical milling followed by cold temperature pressing consolidation
has been used to obtain bulk nanocrystalline FeAl alloy. Fully dense disks with homogenous microstruc-
ture were obtained and bulk material show grain size of 40 nm. Thermal stability of the bulk material
is studied by XRD and DSC techniques. Subsequent annealing at a temperature up to 480 ◦C for 2 h of
eywords:
echanical milling
-ray diffraction
icrostructure

ntermetallic alloys

the consolidated samples enabled supersaturated Fe(Al) solid solution to precipitate out fine metastable
Al5Fe2, Al13Fe4 and Fe3Al intermetallic phases. Low temperature annealing is responsible for the relax-
ation of the disordered structure by removing defects initially introduced by severe plastic deformation.
Microhardness shows an increase with grain size reduction, as expected from Hall–Petch relationship at
least down to a grain size of 74 nm, then a decrease at smallest grain sizes. This could be an indication
of some softening for finest nanocrystallites. The peak hardening for the bulk nanocrystalline FeAl is

agein
anostructured Fe(Al) detected after isochronal

. Introduction

FeAl intermetallics possesses advantageous properties, in par-
icular a high strength at both room and elevated temperatures,
igh specific stiffness, an excellent corrosion resistance at ele-
ated temperatures under oxidizing, carburizing and sulfidizing
tmospheres, relatively high electrical resistivity and low ther-
al conductivity [1–4]. Recent studies have demonstrated the

easibility of fabricating FeAl intermetallics by powder metal-
urgy, including hot isostatic pressing (HIP) [5], extruding [6,7],
ot forging or pressing [8,9], powder injection molding [10] and
old consolidation [11–14]. The FeAl powders used for powder
etallurgy processes were prepared mostly by MA [5,9,11,14].

he formation of nanocrystalline structures is possible in the
all-milled FeAl powders, thus helping improve the ductility [6].
onsolidation of mechanically alloyed (MA) powders into bulk,

ull-density compacts preserving nanometric grain size, which is
rucial for possible application of nanophase materials, is not easy
o achieve. In fact, full consolidation of nanocrystalline or amor-

hous alloy powder during conventional extrusion or consolidation
as achieved only at high temperatures. In many of these cases, the

laborated bulk materials contain phases and microstructures that
re frequently different from the initial ones or from desired phase.
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Alternatively, cold consolidation by severe plastic deformation
(SPD) techniques can produce bulk samples, without significant
phase transformation [11,13,14].

The present paper deals with preparation of nanocrystalline
bulk Fe–Al alloy by MA, cold consolidation and subsequent
annealing. The different tempers of the nanocrystalline alloy
were characterized by X-ray diffraction (XRD), scanning electron
microscopy. The thermal stability of consolidated sample was
studied by differential scanning calorimetry (DSC). In addition,
mechanical property of the nanocrystalline alloy was evaluated by
microhardness measurement.

2. Experimental data

Pure elements, Fe (99.9%) and Al (99.3%), with respectively 80–60 and
120–80 �m, powders were separately weighted and mixed to get the desired com-
position (Fe–40 at% Al). Mechanical alloying was carried out to 20 h in a vibrator
mixed Mill (Fritsch P9) at room temperature, using agate vials and ball, so that
contamination debris, if any, should not be soluble in the intermetallic powder.
Moreover, to protect the powders against oxidation, argon was introduced into the
vials. Milling proceeds with a constant speed of rotation automatically fixed. In order
to avoid the increase of the temperature inside the vials, the milling process was
interrupted each 10 min for 15 min.

Nanocrystalline FeAl powder produced by MA was consolidated at room
temperature using a uniaxial hydraulic press at 5 and 7 GPa for 5 min into cylin-

drical pellets of 10 mm diameter. The density of the sample was measured using
Archimede’s method. The microstructures were carried out with a wide angle X-ray
diffractometer using Cu K� radiation (� = 0.15406 nm). Scans were collected over a
2� range of 30–90◦ with a step of 0.02◦ . Microstructural parameters were calculated,
from XRD data, by using Halder–Wagner method [15]. The instrumental broadening
was determined using Si standard and subtracted from the experimental breadth to

dx.doi.org/10.1016/j.jallcom.2010.10.214
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. SEM images of prepared Fe(Al) solid solution: (a) milled for 20 h, (b) conso
nalysis corresponding to (c).

btain the physical broadening of each diffraction line. For the phase analysis, X’Pert
igh Score plus program was used.

The morphology and composition study was followed by scanning electron
icroscopy (SEM). Thermal behaviour was performed under Ar atmosphere using

ifferential scanning calorimetry (DSC) at a temperature range from 35 to 700 ◦C
nd at a constant rate of 20 ◦C/min.

Mechanical hardness tests were performed on the consolidated and heated sam-
les by using a METKON P005811 hardness tester. For each sample, the overall
verage hardness was obtained by using a 100 gf load indenter over random regions
n five points.

. Results and discussion
.1. Microstructure of consolidated nanocrystalline Fe(Al) powder

The room temperature consolidation is chosen as a compaction
rocess in the present work in order to retain the nanocrystalline

ig. 2. XRD patterns of FeAl alloy: (a) before milling, (b) after milling and (c) after
onsolidation under a stress of 7 GPa.
d under a stress of 5 GPa, (c) consolidated under a stress of 7 GPa and (d) the EDX

structure obtained by mechanical milling. The conditions were
established after many consolidation trials cited in recent work
[11]. In the present work, the MA product after 20 h milling time
was subjected to room temperature consolidation under stresses of
5 and 7 GPa. Typical SEM micrographs of the utilized powder and
the consolidated samples are given in Fig. 1. During milling for 20 h,
the fine powder tends to form a matrix of randomly welded thin lay-
ers of highly deformed particles (Fig. 1(a)). Fig. 1(b) corresponds to
the consolidated milled powder under stresses of 5 GPa and shows
an almost perfect regions. The prior particle boundaries are still
visible and some pores are observed in the triple junctions of prior

particle boundaries. This illustrates that the bonding of powder par-
ticles is not extremely good. The relative density, evaluated by the
Archimedes method, is about 90%. However, the consolidated disk
under stress of 7 GPa exhibits a fully dense microstructure without

Fig. 3. DSC traces of the powder produced after milling for 20 h and consolidated
under 7 GPa.
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These overlapping exothermic peaks became more clearly as fourth
ig. 4. X-ray diffraction patterns of consolidated Fe(Al) powder: (a) after consoli-
ation under a stress of 7 GPa, (b) after heating at 370 ◦C, (c) after heating at 480 ◦C,
d) after heating at 610 ◦C and (e) after heating at 660 ◦C.

ny distinct porosity and the prior particle boundaries Fig. 1(c). For
hat, the relative density increased to about 98%. The EDX analy-
is of typical region in Fig. 1(c) shows the presence of Fe and Al
lements (Fig. 1(d)).

The investigated samples were further characterized by XRD,
nd main results are represented in Fig. 2. Fig. 2(a) and (b) shows
ypical X-ray diffraction patterns of FeAl powder before and after

illing for 20 h. With further milling, the most intense Al line (1 1 1)
isappears completely, which indicates that all the Al atoms are
issolved in the bcc Fe lattice to form the Fe(Al) solid solution. The
etails of this experimental step have been described elsewhere
16]. Fig. 2(c) shows the XRD pattern of the consolidated Fe(Al)
owder under a stress of 7 GPa. Comparing the diffractogram of
ulk Fe(Al) sample with the one of the powder before consolida-
ion, one can see that there is no change in the constituent phase
resents in the powder after consolidation and all peaks became
little sharper than those in the patterns of the milled powder

efore consolidation. This little reduction in peaks width indi-
ates the occurrence of grain growth and/or internal strain release.
he estimated mean crystallite sizes and the mean lattice strain
f the Fe(Al) alloy are given in Table 1. The maximum variations
f the crystallite size and the lattice strain are �D ≈ 31 nm and
ε ≈ 0.75%, respectively.
During the consolidation process the sample was high-pressed
nder some GPa, thus high strain imposed for certain size. How-
ver, the increase of the mean crystallite size in the consolidated
ample can indicates that high strain imposed by severe plastic
eformation causes partial crystallization of the nanostructure. The

Fig. 5. Reflections of (a) Al5Fe2 and (b) Al13Fe4 phases used for the ca
ompounds 509 (2011) 3293–3298 3295

same effect of consolidation already observed during severe plastic
deformation of gas atomised Al90Fe5Nd5 [13] and of mechani-
cal milled Al–4.5wt%Cu [11], and Al90Fe7Zr3 [17] alloys. Another
feature in these XRD patterns is that all the peaks are shifted
to higher values of angles in the case of consolidated sample.
This is due to the decrease of the lattice parameter during com-
paction process. The maximum variation was �a ≈ −0.0022 Å. This
decrease is probably explained by the presence of compressive
stress fields within the nonequilibrium grain boundaries inside of
crystallite [18]. Lattice strain caused by SPD is commonly attributed
to the generation and movement of dislocation [11,19]. So, for
MA samples subjected to SPD, dislocations are considered as the
main defects. The calculated values of dislocation densities, �D, of
the MA and consolidated Fe(Al) samples are about 2.9 × 1016 and
1.27 × 1016/m2, respectively. This decrease can explain the partial
dynamic recrystallization of the original deformed structure from
the milled powder to the consolidated one. Usually, in conventional
polycrystalline materials, the grain boundaries GBs are thought to
be barriers to the dislocations motion, therefore the slight decrease
in the dislocations density within consolidation process indicates a
softening of the GBs. When the GBs have turned soft or relaxed, the
amount of the dislocations piled up near the GBs will be decreased.
McQueen et al. [20–23] have also carefully studied the dynamic
recrystallization behaviour in cold deformed materials. They found
that strain hardening combinations are outweighed by the oppor-
tunities for annihilation and array polygonization in the restorative
mechanism of dynamic recovery. On the other hand, the passage
of grain boundaries (GB) through the metal alters the progress of
deformation lowering stress by replacing regions of high disloca-
tion density from strain hardening reactions, with soft regions ripe
for the operation of dislocation sources. This process called discon-
tinuous dynamic recrystallization is dependent on nucleation; it is
found primarily in low stacking fault energy (SFE) metals, such as
Cu, Ni and �-Fe alloys above 0.5TM (melting K) due to the low level
of dynamic recovery [24–26].

3.2. Thermal stability of consolidated nanocrystalline Fe(Al)
powder

Fig. 3 shows DSC traces of Fe(Al) samples (MA for 20 h and con-
solidated under stress of 7 GPa). As shown, the DSC trace of 20 h
milled powder exhibited overlapping exothermic peaks. The details
of this DSC experimental step have been described elsewhere [27].
peaks, in the case of consolidated powder. The first exothermic
peak was rather small and its onset and peak temperatures were
approximately 322 and 371 ◦C, respectively. The second exothermic
peak became stronger, and its onset and peak temperatures were

lculation of their mean values of crystallite and lattice strains.
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Table 1
Evolution of structure in the investigated FeAl alloy after MA, consolidation and annealing at deferent temperatures.

Processes types Phases formed Structure <D> (nm) ε (%)

MA for 20 h FeAl bcc 10 1.85
MA + consolidated FeAl + Al2O3 Bcc/Romb 41/. . . 1.10/. . .

◦

a
p
t
e
a

i
X
i
e
X
i
a
t
a
w

MA + consolidated + heated at 370 C FeAl + Al2O3

MA + consolidated + heated at 480 ◦C FeAl + Fe2Al5
MA + consolidated + heated at 610 ◦C FeAl + Fe2Al5 + Al13Fe4

MA + consolidated + heated at 660 ◦C Fe3Al + Fe2Al5 + Al13Fe4

pproximately 371 and 480 ◦C, respectively. The third exothermic
eak was rather small and large and its onset and peak tempera-
ures were approximately 484 and 610 ◦C, respectively. The fourth
xothermic peak became stronger, and its onset and peak temper-
tures were approximately 610 and 700 ◦C, respectively.

In order to understand the phase transformations correspond-
ng to each of the exothermic peaks shown on the DSC trace,
RD analysis was performed on the samples produced by heat-

ng the as consolidated sample to temperatures above different
xothermic peaks, as shown by the arrows in Fig. 3. The obtained
RD patterns are shown in Fig. 4(b)–(e), respectively. As shown

n Fig. 4(b), there is a small amount of Al2O3 (Space group R-3c;

= 4.7180 Å, b = 4.7180 Å and c = 12.8180 Å [28]) formed after heat-

reated consolidated powder at 370 ◦C. The formation of Al2O3 is
ssociated with the oxygen that is absorbed at the powder surface
hen exposed to air after ball milling. Comparing the diffractogram

Fig. 6. SEM images of consolidated Fe(Al) powder: (a) a
bcc/ortho 68/35 0.7/0.4
bcc/ortho 74/65 0.65/0.35
bcc/monoc/ortho 80/65/45 0.5/0.25/0.15
bcc/monoc/ortho 92/—/86 0.15/. . ./0.05

of annealed sample at 370 ◦C (Fig. 4(b)) with the one obtained
after room temperature consolidation (Fig. 4(a)), one can see that,
except the formation of fine Al2O3, there is no change in the
constituent phases present in the case of material obtained after
consolidation. In addition, all peaks became a more little sharper
than those in the patterns of the consolidated sample. This lit-
tle reduction in peaks width is probably explained by a partial
remove of the structural defects. Thus the first exothermic peak
in the DSC trace (Fig. 3) of consolidated sample is attributed to
the structure relaxation of the disordered structure of Fe(Al) solid
solution by mechanisms of atomic-scale interchange and the move-
ment of defect (e.g. dislocations with APBs). Annealing at 480 ◦C

enabled supersaturated Fe(Al) solid solution to precipitate out
Al5Fe2 intermetallic (space group: Cmcm; a = 7.6486 Å, b = 6.4131 Å
and c = 4.2165 Å [29]) (Fig. 4(c)). According to the Fe–Al phase equi-
librium diagram [30], for the Fe concentration of 60 at% there is

fter heating at 480 ◦C, (a) after heating at 660 ◦C.
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ig. 7. (a) Variation of microhardness as a function of square root of the grain size
ardness and grain sizes of consolidated samples as a function of annealing temper

two-phase FeAl + Fe3Al field. However, mechanical alloying is a
on-equilibrium processing technique, thus the phase composition
nd transformation of its products can differs from those predicted
sing phase equilibrium diagrams. For example, one can see that
nnealing of consolidate Fe(Al) solid solution at 480 ◦C resulted in
tarting precipitation of fine metastable Al5Fe2 intermetallic from
he supersaturated Fe(Al) solid solution. The reason for preferred
ormation of metastable Al5Fe2 intermetallic can be attributed to
he nonequilibrium nature of MA and also to the lower enthalpy
f formation of Al5Fe2 (�Hf = −22 kJ/mol) in comparison to that of
ther intermetallics [31]. The nucleation of the Al5Fe2 intermetallic
t temperature range [370–480 ◦C] can explain the existence of the
econd exothermic peak in the DSC trace (Fig. 3) of consolidated
ample. In the case of annealing at 610 ◦C, an Al13Fe4 intermetallic
space group: Bmmm; a = 7.7510 Å, b = 4.0336 Å and c = 23.7710 Å
32]) appears in the existing of Al5Fe2 intermetallic (Monoclin-
que a = 9.9100 Å, b = 10.8110 Å and c = 8.8240 Å [33]), which was

anifested by sharpening of diffraction peaks, and of the partially
rdered Fe3Al intermetallic (Fig. 4(d)). Thus the third exothermic
eak in the DSC trace (Fig. 3) is attributed to the appearance of these

ntermetallic phases. Annealing at 660 ◦C resulted in formation of
rdered Fe3Al intermetallic (space group: Fm3m a = 5.800 Å [34])
appears in the existing Al5Fe2 and Al13Fe4 phases) (Fig. 4(e)). This
an explain the appearance of the fourth exothermic peak in the
SC trace (Fig. 3). In addition, this peak can probably contain of the

ecrystallization and to the grain growth phenomena occurred in
he FeAl intermetallics.

Besides the signs of phase changes, another feature in the bulk
aterials XRD patterns is that all the peaks become a little sharper
hile increasing the annealing temperature. This reduction in
eaks width is due to the increase of the mean crystallite size and
he decrease of the mean lattice strain. The estimated mean crys-
allite sizes for the phases in the compacted and heated samples
where it was reasonable) are given in Table 1. The mean values
f crystallite size and lattice strain for the metastable Al5Fe2 and
l13Fe4 intermetallics were calculated by using the (0 2 1), (3 1 0),

2 2 1) and (1 3 0) and (2 1 2), (2 1 4) and (3 0 7) peaks represented in
ig. 5, respectively. One can see a limited growth of grain size took
lace during heating of consolidated samples and the nanoscale
rain size has been retained after consolidation process followed

y heating.

Fig. 6(a) and (b) shows the SEM images of the heated con-
olidated samples at 480 and 660 ◦C for 2 h, respectively, and
he corresponding EDX. The obtained microstructures exhibit

icroparticles with particle sizes ∼60 �m. From the EDX analysis,
st the Hall–Petch relationship for the Fe(Al) consolidated samples, (b) variation of
, showing the peak hardening after isochronal ageing at 480 ◦C.

the black particles correspond to Al rich phases (Fig. 6(a), Y zone)
whereas the white ones represent the iron-rich zones (Fig. 6(a), Z
zone). Comparing these results with those presented in Fig. 4(c)
and (e), we can attribute the black and the white particles to the
Fe2Al5 and Fe3Al, respectively.

3.3. Mechanical properties of consolidated nanocrystalline Fe(Al)
powder

Microhardness was adopted to evaluate the mechanical proper-
ties of the nanocomposite Fe(Al) alloy obtained after consolidating
the powder milled for 20 h, under a stress of 7 GPa at room temper-
ature. Fig. 7(a) shows the variation of microhardness as a function
of reciprocal square root of the grain size in compacted Fe(Al). The
hardness increases linearly with the reciprocal square root of the
grain size up to a grain size of about 74 nm. Hall–Petch behaviour
is thus demonstrated over the range of grain sizes from 95 nm to
74 nm, with the Hall–Petch slope describing the grain size sensitiv-
ity having a similar value to that found for conventional grain sizes.
This behaviour is believed to be associated with perfect densifi-
cation and interparticle bonding at these small grain sizes which
are found in the materials compacted in room temperature then
heated at lower temperatures. However, it is interesting to note that
when the crystallite sizes drops below 74 nm, the slope of the plot
becomes negative. The microhardness falls at the smallest grain
sizes that this could be an indication of some softening for finest
nanocrystallites (the inverse H–P relationship [35–37]). Moreover,
other studies have, alternatively, considered that hardness may fall
at very small grain sizes, for example as it becomes impossible to
accommodate the several dislocations required to form pile-up at a
grain boundary [19,38]. The variation of microhardness of the FeAl
samples, obtained after 2 h annealing at different temperatures,
was plotted as a function of temperature of annealing (Fig. 7(b)).
The microhardness increases with increase in annealing tempera-
ture up to 480 ◦C, while annealing at a higher temperatures of 610
and 660 ◦C resulted in sharp decrease in microhardness. Based on
these observations, one can conclude that 480 ◦C is the peak of hard-
ening for the nanocrystalline FeAl obtained after 20 h MA and cold
consolidation. The high hardness values of 1.1 GPa can be proba-
bly attribued to the effects of nanocrystalline Al5Fe2 and Al13Fe4

phases formed at this annealing temperature (Fig. 4(c)) and high
defect density incorporated during MA of the investigated alloy.
Furthermore, the decrease of the hardness values, at higher tem-
peratures, is expected due to the increase in volume fraction of soft
nanocrystalline phases and to the grain coarsening of FeAl phases
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nd annihilation of defects being created during MA. Moreover, it
s interesting to mention here that even though the hardness of
anocomposite of FeAl alloy drops after annealing at 660 ◦C, it is
till higher than that of hardness of cold compacts of FeAl alloy.

. Conclusion

Room temperature consolidation of nanocrystalline Fe(Al) solid
olution prepared by MA after 20 h has been attempted by high
ressure under stress of 7 GPa. Microstructural analysis after pro-
ess of consolidation and after annealing allowed the following
eatures to be remarked:

(i) Almost full consolidation of the MA powder occurred after
7 GPa where the consolidated material had a nanocrystalline
structure with grain size of 40 nm.

(ii) Compared to MA powder, high strain imposed on the fine
particles by consolidation causes partial crystallization of the
nanostructure.

iii) Heating of the consolidated samples resulted in formation of
nanocrystalline Fe2Al5 and Al13Fe4, and Fe3Al intermetallic
phases and finer grain size may be retained.

iv) Mechanical property measured in microhardness testing
shows strengthening down to a grain size of 74 nm and
Hall–Petch behaviour is thus demonstrated over the range
of grain sizes from 95 to 74 nm. At the smallest grain sizes,
the microhardness falls indicating of some softening for finest
nanocrystallites. The peak hardening for the nanocrystalline
FeAl obtained after 20 h MA and cold cnsolidation is detected
after isochronal ageing at 480 ◦C.
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