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Abstract: In this work the effect of Ti on the formation of nanocrystalline (Fe,Ti)3Al intermetallic compound by
mechanical alloying of Fe75Al25 and Fe50Al25Ti25 systems was studied. Structural and morphological studies of powder
particles were carried out by X-ray diffractometry and scanning electron microscopy. The thermal behavior of powder
particles was studied by annealing of powders. The results indicated that Ti addition significantly affects the solid
solution and intermetallic compound formation, ordering of DO3 structure, crystallite size and mean powder particle
size.
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Introduction
Intermetallic phases have attracted significant interests
during the last few decades since they offer new
prospects for developing structural materials for high
temperature applications [1].
Iron aluminides based on Fe3Al intermetallic are
currently receiving extensive study as high temperatures
steels with advantage over other iron base alloys of lower
density, high specific strengths, and good oxidation and
corrosion resistance [2-4].
The alloys based on Fe3Al are generally stronger than
those based on FeAl, at least at temperatures where they
maintain the DO3 ordered state, and thus have interest for
certain applications even though their density advantage
and oxidation resistance may not be as good as that of the
FeAl materials [5].
Commercialization of these intermetallics has been very
limited due to the low ductility and impact resistance at
ambient temperature as well as poor creep strength at
elevated temperatures [6].
In order to overcome over this problems there are two
main approaches: 1- alloying of this compounds with
third element such as Ti, Cr … and 2- control of
crystallite size and its morphology [7]. There are several
ways to produce nanostructured materials but among
these methods Mechanical alloying (MA) is an effective
method to produce ultra fine grain materials [8].
Maupin et al. [9] reported that addition of Ti to Fe3Al can
improve its tribological properties. This suggests that iron
aluminides may find their applications in some
tribological circumstances, especially where the oxidation
or sulfidation is also a major concern. Zhu et al. [6]
investigated the effect of Ti on the microstructure and
mechanical properties of Fe3Al and reported that the
addition of Ti is effective in refining the coarse grained
microstructures of Fe3Al and significantly improves the
high strength to higher temperatures. Zhu and Iwasaki

[10] studied MA of Fe-Al-Ti system with different molar
ratio of Ti. They found that addition of Ti to Fe-Al binary
system decreases the stable particle size of powders,
crystallite size of solid solution and also milling time for
solid solution formation. In this work the effect of Ti on
the formation of (Fe,Ti)3Al intermetallic compound
during milling is studied.

Experimental
Fe (99.8% purity, ~ 100 µm), Al (99.5% purity, ~ 50-100
µm) and Ti (99.7% purity, ~ 400-500 nm) elemental
powders were used as original materials. In order to
produce Fe3Al and (Fe,Ti)3Al compounds, the powders
were mixed with the nominal compositions of Fe75Al25
and Fe50Al25Ti25 (at.%), respectively.
MA was carried out in a high energy planetary ball mill
under Argon atmosphere and at room temperature. The
milling media consisted of five 20 mm diameter balls
confined in a 120 ml volume vial. The ball and vial
materials were hardened chromium steel. Ball to powder
weight ratio and rotation speed of vial were 10:1 and 500
rpm, respectively. The total powder mass was 17 gr. No
process control agent (PCA) was added to powder
mixture. Samples were taken at selected time intervals
and characterized by X-ray diffraction (XRD) in a Philips
X’ PERT MPD diffractometer using filtered Cu Kα
radiation (λ = 0.1542 nm). Morphology of powder
particles was characterized by SEM in a Philips XL30.
The mean powder particle size was estimated from SEM
images of powder particles by image tool software. The
average size of about 30 particles was calculated and
reported as mean powder particle size. Isothermal
annealing was carried out to study the thermal behavior
of milled powders. MA samples were sealed and then
annealed in a conventional furnace. The structural
transitions occurred during annealing were determined by
XRD.
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Results and Discussion
Fig. 1 shows XRD patterns of Fe75Al25 powder mixture at
different milling times. For as-received powders only Fe
and Al diffraction peaks can be seen. There is no
significant change in Fe and Al diffraction peaks with
increasing milling time up to 40h except weakening and
broadening of these peaks due to the gradual refinement
of crystallite size and enhancement of internal strain
induced by increasing number of lattice defects during
MA.

in Fe lattice during milling and therefore a Fe(Al,Ti) solid
solution with bcc structure is formed.

Fig. 3. XRD patterns of Fe50Al25Ti25 powder mixture at
different milling times

Fig. 1. XRD patterns of Fe75Al25 powder mixture at
different milling times
As seen in Fig. 2 after 60h of milling time the Fe(Al)
solid solution diffraction peak was appeared on XRD
pattern indicating that Al atoms diffuse in Fe lattice and a
Fe(Al) solid solution is formed in this stage.

Fig, 2. Displacement of Fe (110) diffraction peak toward
lower angles
Further milling led to the formation of Fe3Al intermetallic
compound with disordered DO3 structure. As seen on
XRD patterns this phase was completely formed after 80h
MA. Increasing milling time up to 100h did not change
the phase composition significantly.
XRD patterns of Fe50Al25Ti25 powder mixture are shown
in Fig. 3. Similar to Fe75Al25 composition the intensity of
Fe, Al and Ti diffraction peaks decreases and their width
increases progressively with increasing milling time.
Moreover, Fe (110) peak shifts toward lower angles (Fig.
4) after 10h MA indicating that Al and Ti atoms dissolve

Fig. 4. Displacement of Fe (110) diffraction peak toward
lower angles
With comparison of XRD patterns for Fe-Al and Fe-Al-Ti
systems it was found that in Fe-Al system the Fe3Al
intermetallic compound was formed between 60-80h of
milling times while for Fe-Al-Ti system the (Fe,Ti)3Al
intermetallic compound was obtained after 40h indicating
that Ti substitution for Fe in Fe3Al phase decreases the
milling time for intermetallic compound formation
similar to solid solution formation.
Fig. 5 and 6 show XRD patterns from Fe75Al25 and
Fe50Al25Ti25 powder mixtures as-milled for 100h and after
subsequent annealing at 550 ◦C for 1h. As seen in Fig. 5
after annealing of 100h milled Fe75Al25 powder mixture
no new phase formed. The lack of superlattice diffraction
peaks for this phase after annealing indicates this
intermetallic compound has a disordered DO3 structure.
Formation of Fe3Al phase with disordered DO3 structure
after annealing was previously reported by Enayati and
Salehi [11]. As seen in Fig. 6 similar to Fe75Al25 powder
mixture, no new phase formed after annealing of asmilled Fe50Al25Ti25 powder mixture but in contrast to
Fe75Al25, the superlattice diffraction peaks were observed.
This indicates that Ti substitution for Fe in Fe3Al phase
increases the ordering of DO3 structure upon annealing.
Zhu and Iwasaki also reported that Ti substitution for Fe
in Fe3Al compound increases the ordering of DO3
structure after annealing [10].
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shown in Fig. 7 and 8. As seen in Fig. 7 for Fe75Al25
system the mean powder particle size decreased with
increasing milling time. Also the size distribution of
powder particles was non-uniform and became more and
less uniform with increasing milling time up to 100h.
After 5 and 20h of milling times the powders had
equiaxed morphology with mean powder particle size of
about 500±200 µm and 380±110 µm, respectively. This
value decreased to 140±35 µm and 35±13 µm after 60h
and 100h of milling times, respectively.
Fig. 5. XRD patterns of Fe75Al25 powder mixture a) after
100h MA and b) after annealing at 550 ◦ C for 1h

Fig. 7. SEM images of Fe75Al25 powder particles after
a,b) 5h, c,d) 20h, e) 60h and f)100h 0f milling times
Fig. 6. XRD patterns of Fe50Al25Ti25 powder mixture a)
after 100h MA and b) after annealing at 550 ◦ C for 1h
Table. 1 shows crystallite size and internal strain of Fe3Al
and (Fe,Ti)3Al phases before and after annealing. The
crystallite size and internal strain were calculated by
analyzing XRD peak broadening using the Williamson–
Hall method [12]. The crystallite size of (Fe,Ti)3Al after
100h of milling time was 12 nm which is smaller than 35
nm obtained for Fe3Al phase. This suggests that the
presence of Ti in Fe3Al lattice increases the work
hardening rate leading to predomination of dislocations
production over recovery phenomena and therefore
reducing the crystallite size.
For both (Fe,Ti)3Al and Fe3Al phases annealing had more
significant effect on reducing internal strain than
increasing crystallite size. It is worth noting the crystallite
size before and after annealing is the same within the
experimental errors.

Similar to Fe75Al25 system, the mean powder particle
size of Fe50Al25Ti25 powder mixture (Fig. 8) decreased
with increasing milling time up to 60h. From 60 until
100h the mean powder particle size increased slightly as a
result of agglomeration of powder particles. The size
distribution of powder particles was more and less
uniform at early stages of milling and became nonuniform with increasing milling time up to 100h. For
Fe50Al25Ti25 system the mean powder particle size was
about 130±15 µm after 5h which decreased to 45±15 µm
after 20h of milling time. As MA continued for 60h and
then 100h the powder particle size became more nonuniform. The mean powder particle size after 60h and
100h of milling times were about 20±10 µm and 30±8
µm, respectively

Table. 1. Crystallite size and internal strain of Fe3Al and
(Fe,Ti)3Al phases at different conditions
Crystallite size (nm)

Internal strain (%)

Phase

100h MA

100h MA+annealing

Fe3Al

35

35

1.76

0.93

15

1.5

0.86

(Fe,Ti)3Al

12

100h MA

100h MA+annealing

SEM images of powder particles for Fe75Al25 and
Fe50Al25Ti25 powder mixture at different milling times are

Fig. 8. SEM images of Fe50Al25Ti25 powder particles after
a) 5h, b) 20h, c) 60h and d,f) 100h of milling times
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Fig. 9 plots the mean powder particle size of Fe75Al25 and
Fe50Al25Ti25 systems after different milling times. As seen
in all stages of milling times the mean powder particle
size for Fe50Al25Ti25 system is smaller than Fe75Al25
system. This is as a result of Ti substitution for Fe in FeAl system. For Fe50Al25Ti25 system unlike Fe75Al25 system
a Fe(Al,Ti) solid solution is formed at early stages of
milling. Formation of this phase enhances the work
hardening and therefore the fracturing of powder
particles.
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Fig. 9. Variation of mean powder particle size with
milling time

Conclusion
MA behavior of Fe-Al-Ti system to produce
nanocrystalline (Fe,Ti)3Al intermetallic compound was
investigated and the following results were obtained:
1. In both Fe75Al25 and Fe50Al25Ti25 systems MA led to
the formation of Fe-based solid solution which
transformed to the corresponding intermetallic
compounds after longer milling times.
2. The presence of Ti in Fe-Al system decreases the
milling time for solid solution and intermetallic
compound formation.
3. Ti substitution for Fe in Fe3Al phase enhances the
ordering of DO3 structure upon annealing.
4. (Fe,Ti)3Al intermetallic compound achieved a smaller
crystallite size compared with Fe3Al phase.
5. The mean powder particle size in Fe-Al-Ti system was
smaller than Fe-Al system at all stages of milling.
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