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The development of Fe-Al intermetallics
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National Meta'lurgical Laboratory, Jamshedpur 831 007, India

The intermetal ics based on aluminides have long been known for their exceilent resistance to
high-temperature oxidation. However, for use in structural components the poor ductility at
ambient temperatures has always been felt as a stumbling block. Interest in these materials has
been revived racently, after achieving some success in improving the ductility at ambient tem-
peratures and creep at elevated temperatures in titanium aluminides. For the iron aluminides,
too, similar methodologies have been attempted, namely alloying with elements such as titan-
ium, boron, malybdenum, chromium, silicon and manganese, as well as grain refinement for
improving high-temperature creep and room-temperature ductility. Raising the creep resistance
close to 600 °C and improving the ambient-temperature ductility to around 6% have been the
major immediate aims. Attempts are also being made to improve the high-temperature fatigue
and creep properties in these materials, particularly by pushing the stability temperature of or-
dered DO, upwards. It is now visualized that once the above properties are achieved, the iron
aluminides, perticularly the types based on Fe;Al, could offer themselves as excellent candi-
date materials for structural purposes. Their attractiveness also stems to a large extent from their
low cost, as they contain only abundantly occurring materials. The present work examines two
routes for introducing ductility in the Fe;Al-based materials: one by ternary—guarternary addi-
tions and the other by grain refinement. Structural studies have been made on materials ob-
tained through conventional casting as well as through rapid solidification with minor alloy
additions. The results confirm that Fe;Al-based alloys, even when air-melted, are amenable to
a high degree of hot working and could be made to display improved ductility at room tem-
perature by a careful control of the chemistry. Rapidly solidified ribbons also show reasonably
good bonding during high-temperature compaction. Ordering in these alloys is not suppressed

even by rapid solidification.

1. Introduction

Excellent high-temperature strength properties of in-
termetallics, occurring in relatively narrow composi-
tional ranges zround simple stoichiometric ratios,
have long been ecognized and are attributed to long-
range ordered superlattices. Aluminides represent an
important grou) of materials in this class.

The structural use of ordered intermetallic com-
pounds based on aluminides has not materialized
commercially because of the brittleness at ambient
temperature and rather poor creep properties. Efforts
to improve thes: properties through the 1960s did not
meet with much success and interest in structural
aluminides therefore waned. A marked revival has,
however, been witnessed particularly with the success
in improving creep and ductility properties in tita-
nium and nickel-aluminides through grain refinement
and alloying [1-157.

The aluminides of nickel, titanium and iron contain
sufficient amouats of aluminium to form thin, adher-
ent, protective films of Al,O; in an oxidizing environ-
ment, which impart resistance to further oxidation
and corrosion (particularly in a sulphurated atmo-
sphere) even at high temperature. Their low density,
relatively high melting points and good high-temper-
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ature strength [16-18] are other attractive properties.
Some general characteristics of these materials are
given in Table I [19].

Among the aluminides, the ones based on Fe-Al
have a special attractiveness in that they are the least
expensive. Here, both Fe;Al and FeAl compounds
have engaged the attention of researchers. However,
Fe;Alis believed to possess greater potential owing to
its relatively higher ductility.

Considerable efforts have recently been channelled
into introducing satisfactory high-temperature creep
properties and improved ambient-temperature
ductility in Fe;Al through alloying with elements such
as boron [20-22], titanium [23, 24], beryllium [7],
chromium [24, 25], molybdenum [24, 26], zirconium
[24], hafnium [24, 27] and niobium [24, 28]. Many of
these additions can introduce fine precipitates or dis-
persoids that resist grain-boundary sliding and retain
high-temperature strength by resisting particle
growth. Some elements such as boron can prevent
intergranular decohesion at grain boundaries by pref-
erential habitation [29].

Recent work shows that additions upto 10% Mo
along with 1% TiB, in Fe-28% Al results in a de-
crease in grain size, an increase in the recrystallization
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TABLE I Properties of nickel, iron and titanium aluminides [19]

Alloy Crystal structure Critical ordering Melting point Material density Young’s modulus
temperature, T, (°C) T, (°C) (gem™3) (GPa)

Ni,Al LI2 (ordered fcc) 1390 1390 7.50 178.5

NiAl B2 (ordered bcec) 1640 1640 5.86 294.2

Fe,Al DO; (ordered bcec) 540 1540 6.72 140.6

B2 (ordered bcc) 760 1540

FeAl B2 (ordered bce) 1250 1250 5.56 2604

Ti;Al DO, (ordered hcp) 1100 1600 42 1447

TiAl LI, (ordered tetra) 1460 1460 391 175.6

TiAl, DO,, (ordered tetra) 1350 1350 34

temperature and also an increase in the DO, to B2
ordering transition temperature [26], all of these con-
tributing towards better high-temperature strength
and creep resistance. The ordered DO, structure is also
reported to possess better high-cycle fatigue (HCF)
resistance at elevated temperature in comparison to
ordered B2 structure [30].

Apart from alloying, the introduction of fine grains
through rapid solidification has also been attempted
for improving ductility at ambient temperature. Both
ribbons [31, 32] and powders [23] have shown en-
hanced ductility with alloy additions.

Of the various alloying elements mentioned above,
boron has received a good deal of attention in view of
having achieved dramatic success in the case of NijAl
[3-6]. However, results so far show that boron is not
as effective in the case of Fe;Al In the Fe Al bee-
based ordered intermetallics, the lower-temperature
ordered DO, structure shows a brittle cleavage frac-
ture [33, 34]. The higher-temperature ordered B2-
FeAl phase, in contrast, shows primarily intergranular
fracture at ambient temperature [35, 36].

Regarding the phase diagram of Fe-Al, there has
been a lack of agreement between the large number of
earlier research reports [37-40], which stems prim-
arily from the complication of higher-order transitions
displayed in the system. Until recently, significant
differences were reported in the phases formed. These
were subsequently rationalized by the classic work of

Allen and Cahn [41] on the basis of coherent and
incoherent equilibrium diagrams. Fig. 1a shows the
relevant portions of the Fe-Al diagrams due to
Okamoto and Beck [39], Oki et al. [42] and Swann et
al. [37]. Fig. 1b shows the rationalized diagram pro-
posed by Allen and Cahn [41].

Recent reports indicate that ductility could be
pushed to as high as 10% from a low value of 1% at
ambient temperature and that tubes as well as sheets
and castings could be fabricated successfully [43].
However, because of its strategic importance, the open
literature still does not carry sufficient information
about the chemistry and processing parameters that
would usher in an immediate commercial use. Also,
barring a few recent publications, one does not find
systematic investigations throwing light on the role of
alloy additions on the mechanical properties or phases
formed.

The present investigation, which forms a part of a
larger programme to develop Fe-Al materials for
commercial exploitation, attempts to throw some light
on

(i) the structural characteristics of Fe;Al-based
alloy made through conventional casting with and
without microadditions;

(i) some characteristics of alloys made by rapid
solidification processing (RSP) with microadditions;
and
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Figure 1 (a) (——) equilibrium [39] and (- - -) metastable [42] Fe—Al phase diagram [16]. (b) Superposition of the phase diagrams of (——)

Okamoto and Beck [39] and (- - -) Swann et al. [41].
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(iii) the basic workability of the material at high
temperature and the tensile properties at room
temperature.

2. Experimental procedure

2.1. Conventignal casting

The alloys were cast in metal moulds from an air-
induction melting furnace (Table 1I). The ingots were
homogenized at 1100 °C for 48 h, forged and rolled at
900 °C repeatedly until maximum deformation (with-
out cracking) was obtained. The rolled sheets were
held at 900°C and water-quenched (WQ) or air-
cooled (AC).

2.2. Rapid solidification

Castings of modified alloys (with B + Ti) were re-
melted and melt-spun ribbons were produced in a
laboratory-fabricated unit. Two sets of heat treat-
ments were done. The ribbons were held at 500 °C for
2 h and furnace-cooled. Another set of ribbons was
held at 570°C for 3 min, 10 min or 5h and water-
quenched. The as-cast ribbons were pulverized in a
ball mill and corapacted manually, encapsulated in a
mild steel capsulz, forged and rolled at 900 °C.

2.3. Structural characterization and
mechanical testing

Structural characterization was done using optical
microscopy, transmission electron microscopy (TEM)
as well as X-ray diffractometry (XRD). Thinning of
samples for TEM was done using a twin jet polisher in
a 5% perchloric acid-acetic acid bath. Microhardness
was also measured on the samples.

For the forged Alloy C, electron probe micro-
analysis (EPMA) was done to determine the distribu-
tion of elements and the composition of inclusions.

Flat sub-size tensile specimens of length 100 mm
were made from rolled sheets of Alloys C and D and
tested in a Hounsfield Tensometer for UTS and per-
centage elongation.

The fractured surfaces of tensile specimens of Alloys
C and D were examined in the scanning electron
microscope for conventionally cast material.

3. Results

3.1. Conventional casting route

3.1.1. Cast and homogenized material

The microstructures show coarse columnar grains for
Alloys A and C (Fig. 2a and b) and coarse equiaxed
grains in (B + Ti)-modified Alloy D (Fig. 2c).

TABLE I Compositions of alloys prepared

Alloy designation Composition (wt %)

Al C B Ti

16.7 0.07 - -
14.5 0.05 0.001 ~
133 0.06 0.001 0.08

o a»

The average microhardness of alloys as shown in
Table IIT corresponds to that of Fe;Al compound.
Table IV gives the available approximate microhard-
ness values of Fe-Al intermetallic compounds [44].
XRD of Alloy A as shown in Fig. 3 and that for Alloy
C show the presence of fundamental lines of DO,
structure along with one set of superlattice lines, SL:
(200), (222) and (4 20) but without the second set of
superlattice lines, SL,: (111), (311) and (331), which
are exclusive to D0, order. Alloy D showed the pre-
sence of all lines with a lattice parameter of 0.579 nm.
The presence or absence of SL, at all stages of these
alloys as determined by XRD has also been reported
in Table III.

3.1.2. Hot-forged material

The hot-forged structure shows fine equiaxed grains
in all cases, as shown in Fig. 4, the finest being in
modified alloys. XRD reveals one set of SL, lines in
Alloy A and both sets in Alloy D. EPMA on Alloy C
reveals that inclusions are mostly of aluminium oxides
and sometimes of boron oxide.

3.1.3. Hot-rolled and heat-treated material
The equiaxed grains obtained on rolling, reheating
and water-quenching (Fig. 5) are the finest in Alloy D
(Fig. 5c). Further rolling causes grain growth. The
average microhardness is higher in the as-rolled sheets
and decreases on reheating and tends towards the
reported Fe;Al value.

The unmodified alloy could take a maximum de-
formation (reduction in thickness) of 65%, whereas
boron- and (B + Ti)-modified alloys could be de-
formed by over 97% without cracking, finally leading
to a 0.7 mm thick rolled sheet. The ductility of speci-
mens of Alloys C and D was found to be 2.8 and-5%,
respectively, compared with a reported value of less
than 1% for unmodified alloys. The UTS of Alloys C
and D was 686 and 863 MPa, respectively. The frac-
tured surfaces viewed in the SEM show mostly cleav-
age fracture (a river pattern) in Alloy C (Fig. 6a) and a
mixed fracture (both dimples and river patterns) in
Alloy D (Fig. 6b).

3.2. RSP route

3.2.1. As-cast material

The microstructures show very fine equiaxed grains
compared with the ingot structure. The wheel-side
grains are finer than the air-side grain structure
(Fig. 7), the finest being in Alloy D/wheel-side (Fig. 7c¢).
The inclusions are more finely dispersed in ribbons
compared with the ingot. A harder phase was ob-
served in Alloy D which could be FeAl (Tabie V).
XRD shows the presence of D05 order in both C and
D alloys (Fig. 8).

3.2.2. Heat-treated ribbons
The ribbons held at 500 °C, i.e. in the (@ + D0,) region
according to Allen and Cahn’s diagram (Fig. 1b) and
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Figure 2 Optical microstructures of as-cast ingots. (a) Unmodified
and (b) boron-modified alloys show coarse columnar grains; (c) (B
+ Ti)modified alloy shows coarse equiaxed grains. x 100.

furnace-cooled (FC) showed complete DO, order by
XRD (Table V). The microhardness of ribbons held at
570°C and water-quenched indicates a combination
of Fe;Al and a harder phase (which could be FeAl).
The first set of superlattice lines was identified, while
the second set SL, was absent. Thus holding at 570 °C
in the (¢ + B2) region even for 3 min and WQ appears
to be sufficient for partly suppressing DO, order,
partly in contrast to the as-RSP structures.

TEM micrographs show the presence of antiphase
domain boundaries (APB) both in as-cast (Fig. 9a) and
heated (570 °/3 min/WQ) samples (Fig. 9b), confirming

ordering in these compounds. The selected-area dif-
fraction pattern (SAD) of as-cast ribbon is shown in
Fig. 9c along with the indexed diagram showing
superlattice points such as (111) in the DO, lattice
(Fig. 9d).

3.2.3. Ribbons pulverized and hot-worked
The microstructure shows that bonding has taken
place, although there still are some regions of dis-
continuity (Fig. 10). The microhardness is 354 VPN
and XRD shows the presence of DO, order.

4. Discussion

It may be observed from the microstructure of con-
ventionally cast alloys that, with modification of the
base alloys, more particularly with (B + Ti), there is a
refinement in structure as well as a change-over from
columnar to equiaxed. There may be a synergistic
effect of boron and titanium in enhancing the rate of
nucleation, although there is also a variation in alumi-
nium in these alloys. The influence of a small variation
in aluminium on a possible synergistic effect between
boron and titanium would be considered as low.
However, no direct literature-reference is available on
this subject. As is evident, these alloys show an encour-
aging response to hot forging — the grain refinement
due to dynamic recrystallization is clear. However,

TABLE 111 Average microhardness and XRD data for alloys along rolling direction

Condition Alloy

Unmodified (A) Boron-modified (C) (B + Ti)-modified (D)

uH(VPN) SL, (hkl) pH (VPN) SL, (hkl) uH (VPN) SL, (hk!)
As-cast 302 No 333 No 368 Yes (111)
Forged 320 No 383 No 390 Yes(111,311)
Forged/rolled 432 No 518 No 442 Yes (111)
Forged/rolled/WQ 363 No 357 No 380 No
Forged/rolled/AC 326 Yes (111) 441 Yes(111) 390 Yes (111,311,331)
Further rolled NA - 427 No 453 No
Rolled/WQ NA - - - 350 Yes (111)
Rolled/AC NA - 416 Yes(111) 385 Yes (111)
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TABLE 1V Approximate hardness values of Fe-Al Intermetallics
[44]

Phase Approximate hardness
(kgmm~?)
Fe;Al 350
FeAl 640
FeAl, 1030
Fe,Alg 820
FeAl, 990
Fe,Al, 1080

there is a perceptible grain-growth during the sub-
sequent hot rolling of the forged plates. This broadly
indicates that the amounts of titanium and boron
present in the material are not very effective in
checking the grain-growth. It may be observed that
the levels of titanium and boron additions in the alloys
of previous investigations [23, 31, 32] are much
higher.

The microstructures of rapidly solidified alloys
show an equiaxed structure in the as-cast condition
and the grain size is also considerably finer. These are
essentially predicted effects of rapid solidification.
There are some references in the literature where rapid
solidification has been adopted and evidence of cellu-
lar or dendritic structure has been reported [23] along
with TiB, particles in the intercellular regions. In these
cases, however, cooling rates greater than 10° °C sec™*
(with centrifugal atomization) were employed which
are higher than in the present case. Further, in some of
the previous investigations (45) carbon (1.7 to 2.1 wt %)
was deliberately added and a non-equilibrium ductile
fcc phase was observed.

TEM of the RSP samples presents some interesting
results. Both the as-cast as well as heat-treated
(570°/WQ) samples show the presence of APBs, and
there is hardly any difference in the sizes of the APBs
in these two cases. The XRD data, however, show the
absence of some superlattice lines in the 570 °/WQ
case. Now, the designation of the superlattice and
fundamental lines has been dealt with comprehen-
sively by Fortnum and Mikkola [46], and in the
present work a similar scheme was followed. The
Fe,Al structure (cubic) consists of fundamental lines
when h, k, and [ are even and (h + k + [)/2 is also even,
asin 220,400 and 422. The first set of superlattice
reflections SL., has h, k and [ all even and (h + k + 1)/2
odd, e.g. 200,222, 420. Such reflections correspond
to an ordered B2 compound and also to DO0;. Lastly,
when h, k and lare allodd (asin 111,311,33 1) these
lines correspond to superlattice lines SL, for DO,
order alone. The ratios of integrated intensities of the
various lines, however, did not concur with the theor-
etical values, particularly in the conventionally cast
condition. The large grain-size of the structure is
believed to be responsible for this. Since the size of
grains here is larger than the X-ray beam-size, the
contribution of texture is considered to be low as far as
observed anomalous line-intensities are concerned.

The high-temperature workability of the alloys
seems to be very good. It is known [45] that the DO,
to B, transition results in an appreciable fall in yield
and tensile stresses. This change may contribute to the
enhanced hot workability, Ambient-temperature tens-
ile test results are also encouraging, with elongation
around 5% for (Ti+ B) grades. There are reports
[22-25] to show that by alloy addition, the ductility
did improve; again, the earlier investigations (e.g. [23])
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Figure 3 XRD of unmodified Fe;Al alloy ingot in as-cast and forged/rolled/AC conditions.
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Figyre 4 Optical microstructures in As-forged condition shows fine
equiaxed grains in (a) unmodified, (b) boron-modified and (¢} (B
+ Ti)-modified alloys. x 100.

primarily operéted at a higher level of alloy additions.
The SEM results for fractured samples did confirm the
good ductility through the presence of dimples.

5. Conclusions
The present work on Fe;Al, though preliminary in
nature, did indicate the following:

1. Air-melting and micro-additions such as boron
and titanium to Fe,Al-based alloys bring about
changes in the microstructure from columnar to
equiaxed in the as-cast condition.

2. The addition of boron and titanium makes these
alloys amenable to hot working. 97% reduction was
achieved in these alloys (leading to a 0.7 mm thick
rolled sheet) compared with 65% in unmodified alloy,
and a greater workability is also achieved.

3. Rapid solidification induces a fine grain size and
the material shows good bonding characteristics on
compacting and hot working.

4. The formation of ordered intermetallic phases
takes place too rapidly to be suppressed by rapid
solidification.

Figure 5 Optical microstructures of as-forged, rolled and water-
quenched samples along longitudinal direction shows grain growth
in all cases: (a) unmodified, (b) boron-modified, and (c) the least
being in (B + Ti)}-modified alloy. x 150.

-



Figure 6 SEM photomicrographs of fractured tensile specimens from forged, rolied sheets show cleavage fracture (river pattern) in
(a) boron-modified alloy and (bj mixed fracture (both dimples and river pattern) in (B + Ti)}-modified alloy.

Figure 7 Optical microstructures of rapidly solidified ribbons of boron-modified alloy (a) wheel-side and (b) air-side, and (B + Ti)-modified
alloy, () wheel-side and (d) air-side. The wheel-side shows finer grains in both compared to the air-side, the finest grains being in (B + Ti)-
modified alloy (wheel-side). x 100.

TABLE V Average microhardness and XRD data for RSP alloys

Condition Alloy
Boron-modified (C) (B + Ti)-modified (D)
Av. pH (VPN) SL, (hkly Av. pH (VPN) SL, (hkl)
“As-cast 350 Yes(111) 395 + harder phase Yes (111)
500°/2 h/FC - - - Yes (111,311,331)
570°/10 min/WQ - - - No
570°/5 h/WQ - - 366 + harder phase No
Powder/compacted/forged/rolled - - 354 Yes(111)

2691



89.02 T T T T T T 7 T T
L.
o
7790 ~
T - 1
66.77 | 4
5565} P
x
" w
S 44520 N J
- <
> =
‘h
5
:E_ 334Q + _
L
- - 5 -
227 @ ? = 7 ﬁ
o) ~ ' S
~ & N < 'JJ
oo 1 \ L
11.15 A g N 4- DR. 570%/10m/wQ
- J-————.TA- Jh\. - [B*Ti) mod. ribbon, DR
0.02 fl i i L 1 | N 1 1 M)
38 50 62 74 86 98 110 122 134 146 158
26 (deg)

Figure 8 XRD of (B + Ti)-modified alloy ribbon in as-cast and 570 °/10 min/WQ condition shows the presence of both sets of SL lines in as-
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Figure 9 TEM photomicrographs of (B + Ti)-modified alloy ribbon in (a) as-cast condition, x 33000 and (b) 570°/3 min/WQ condition
showing APB ordering, x 42000. (c) The selected-area diffraction pattern of as-cast ribbon is indexed in (d).
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Figure 10 Optical microstructure of (B + Ti)-modified ribbons pul-
verized, encapsulated, forged and rolled in transverse section.
x 200.
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