Chapter 2
Iron Rich Iron-Aluminides

Over the 80 years of research on iron-aluminides immense amount of literature was
produced. This chapter summarizes some of the relevant prior work. First, the Fe—Al
phase diagram and ideal equilibrium structures of Fe—Al compounds are described.
Next, the defects; vacancies, anti-site atoms, dislocations and anti-phase boundaries
(APBs) important in the real materials are covered. Finally the yield stress anomaly is
discussed. Of course there exists much more information on Fe—Al system, however
it can not possibly be all covered in this review.

2.1 Structure

The aluminum rich half of the iron—aluminium phase diagram (Fig.2.1) contains
several intermetallic compounds: Alj;Fe4, AlsFe,, Al,Fe and high temperature ¢-
AlgFes. These compounds have often quite complicated structures: Al,Fe is tri-
clinic with P1 symmetry and 19 atoms/unit cell [12], monoclinic Al;3Fes with
102 atoms/unit cell approximates decagonal quasicrystal [3, 24] and orthorhom-
bic AlsFe, features Al atoms moving almost freely inside pentagonal channels [6,
60]. High temperature e-AlgFes was only recently determined to be Hume-Rothery
CusZng-type (52 atoms/unit cell, Strukturbericht symbol D8,) [86].

The iron rich part of phase diagram is dominated by bcc based compounds with
varying degree of order (Sect.2.1.2) depending on temperature and composition [5].
The maximum solubility of aluminium in the high temperature fcc y-iron is only
about 1.5 at.% [88].
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Fig. 2.1 Fe—Al phase diagram according to Sundman et al. [88]. Black zero phase fraction lines,
green tie lines, red invariant equilibria, dotted ferromagnetic transitions, dashed order-disorder
transitions
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Fig. 2.2 Unit cells of bce, B2, and D03 structures. Black, white and gray circles indicate differently
occupied sites

The bcc structure (a-iron, Strukturbericht symbol A2) contains two equivalent
positions in the middle and in the corner of the cubic cell (Fig.2.2a). In the B2
structure' these two sites are occupied differently (Fig. 2.2b). DO; structure has space-
group Fm3m and three non-equivalent lattice sites at Wyckoff positions 4a, 4b and
8c (Fig.2.2c). Atideal 3:1 stoichiometry it is a superstructure of alternating bcc and
B2 cells. The smallest unit cell corresponds to a 2 x 2 x 2 stack of 4 bcc and 4 B2
unit cells.

'In older literature [26, 89] L2 symbol is used instead of B2 [35].
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2.1.1 Lattice Parameter

The room temperature lattice parameter (Fig.2.3) of bee cell increases linearly with
aluminium content from 0.28664 nm for pure iron to about 0.2895nm at 18 at.%
Al Beyond this composition the linear increase continues only for disordered alloys
(either quenched from higher temperature or heavily cold worked) [91]. For equi-
librium alloys beyond 18 at.% Al the lattice parameter stays in 0.2894-0.2897 nm
range with indistinct local minima and maxima indicating the phase boundaries.
The lattice parameter of D03 superstructure is twice the given value. Beyond about
33 at.% Al in the B2 region the lattice parameter rises again to a maximum value of
0.2909 nm for stoichiometric FeAl. For hyper-stoichiometric FeAl alloys the lattice
parameter decreases with excess Al content [10] indicating the triple-defect type of
defect structure. Since the lattice parameter of quenched alloys is directly related to
the vacancy content, it was measured in almost every work quoted in the section on
vacancies (Sect.2.2.1).

2.1.2 Long-Range Order and Sublattice Occupancies

Perfectly ordered D03 and B2 structures with sublattices fully occupied by their
native species correspond to 3:1 and 1:1 stoichiometric compositions. The influence
of temperature and deviations of composition from stoichiometry on the occupation
of sublattices was studied using X-ray [5, 14, 26, 46, 55, 67, 100] and neutron [29, 40,
103] diffraction. The sublattice occupancies are usually characterized by (long-range)
order parameters. However, every researcher uses “slightly different definition” [40].
Therefore, the general features of order in Fe—Al system are illustrated in the Fig. 2.4
directly using the sublattice occupancies.
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Fig. 2.4 Variation of sublattice occupancies with composition (a) and temperature (b). Full lines
are calculated from the model of Sundman et al. [88]. Data are taken from Bradley and Jay [5], Taylor
and Jones [91], Eguchi et al. [14], Morris and Kim [40] and Xiao and Baker [100]. Temperature
variation is shown for 28 at.% Al indicated by a dotted vertical line on the composition plot. Data
for composition dependence are for slowly cooled alloys. Sundman’s model was evaluated at 400 K

Let us describe the D05 unit cell as 4 interlocking fcc (sub)lattices (labeled A, B,
C and D) each displaced from the previous by i[l 11]. In the bee region of the phase
diagram the occupancy of all four sublattices is the same and equal to the overall
alloy composition (xf}} B.C.D = x1). In the sub-stoichiometric B2 alloys @A < 0.5)
at low temperatures one pair of sublattices is occupied almost exclusively by iron
(x5'p, = 0), and the other pair contains mixture of the excess iron and aluminium
(xj}c = 2xA1). As the temperature approaches the transition to bec the differences
in occupancies of sublattices continuously diminish. For aluminium rich B2 alloys
the situation is complicated by so called “constitutional” vacancies. For more details
see the Sect.2.2.1. D05 alloys similarly to B2 alloys have a pair of iron sublattices
(x3'p, = 0), but the occupancies of sublattices A and C differ. Again these differences
continuously diminish with the temperature approaching the B2 transition.

2.1.3 Phase Transformations

Transformations between D03 and B2 and between B2 and bcc (indicated by dashed
lines in Fig.2.1) are higher than first order. They are characterized by continuous
change in the order parameter (sublattice occupancies), no region of phase coexis-
tence and no latent heat. Critical exponent’> 8 = 0.307 for transformation between
DO0; and B2 differs from the value obtained from Landau’s theory 8 = 0.5 and seems
to match the value for Ising model [26]. The A transition line between bcc and B2
ends at the tricritical point, below which a miscibility gap is present in the Fe—Al

2 Long-range order parameter below the critical temperature is proportional to (Tc — T)#.
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system. This results in a two-phase bcc + B2 and bee + D05 regions in the phase
diagram. X-ray and neutron diffraction can determine only the macroscopic averages
of sublattice occupancies and thus do not give the complete picture in the case of
two-phase microstructure [14]. Morphology of the microstructure in the two-phase
region was therefore studied by TEM [56, 73, 78, 89]. Allen and Cahn [1] related
the observed microstructure to the thermodynamic principles of phase separation
and Ikeda et al. [33] used diffusion couple specimens to cover whole composition
range of two-phase region in their thorough work.

2.1.4 Short-Range Order and K-State

In the composition range from 10 to 20 at.% Al the Fe—Al alloys annealed at low tem-
perature (*300°C) after being quenched from high temperature (=800 °C) exhibit
curious increase of resistivity [79, 92] and contraction on dilatometry [13] along with
other anomalies indicating presence of a different phase. X-ray diffraction shows dif-
fuse intensity maxima appearing at the places of D03 superstructure reflections [13,
15, 16]. That would indicate short-range order [16, 32, 61, 71], or long-range order
with very small antiphase domains [13, 15]. TEM study [97] found two-phase bcc
+ D03 microstructure with very small D03 particles. It has been suggested [13, 97]
that the formation of ordered state is facilitated by excess vacancies quenched from
high temperature. The X-ray study of Taylor and Jones [91] mentions Fe;3Al; phase
in this region, however it was not confirmed by other researchers [15, 97]. Becker
and Schweika observed ferromagnetically stabilized B32 order in this region [4, 83].
B32 order was observed during bcc to D05 transition [21] as well. Recently Ikeda et
al. [33] determined boundary between bcc and bee + D05 two-phase region to extend
at low temperatures to much lower Al concentrations than previously thought. This
extended bee + D03 two-phase field thus covers part of the area where “K-state”
anomalies were observed. In the rest of the region short-range order may be still
responsible for the anomalies.

2.2 Defects

2.2.1 Point Defects: Vacancies and Anti-site Atoms

The perfectly ordered state can be realized only at the stoichiometric composition
and at 0 K. The off-stoichiometric composition as well as entropy requirements at
higher temperatures are satisfied by point defects (vacancies and anti-site atoms).
Historically two classes of B2 compounds were distinguished [11], depending on
how the deviations from perfect 1:1 stoichiometry are accommodated. In the anti-site
defect compounds anti-site atoms accommodate the composition on both sides of
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stoichiometry. In the triple defect compounds, on the one side of the stoichiometry
the composition is matched by anti-site atoms, while on the other side, excess atoms
are matched by vacancies on the other sublattice. These vacancies, present in great
amounts determined by the composition, were called constitutional vacancies since
they were thought to persist in the material all the way down to 0 K. Thermally created
defects in the anti-site defect compounds are pairs of anti-site atoms. In triple defect
compounds it is a pair of vacancies and an anti-site atom—a triple defect.

FeAl was considered to be a triple defect compound, with Fe anti-site atoms in
Fe rich alloys and Fe vacancies in Al rich alloys. The presence of vacancies in Al
rich alloys is indicated by the linear decrease of lattice parameter beyond 50 at.% Al
[70].

For triple defect compounds Neumann et al. [66] suggested simple model describ-
ing the variations of defect concentration with composition:

2 _ 3 _ 2,2t
77(z —2x) =«a”, o = AeT, 2.1)

where z is the vacancy concentration, y is the deviation of composition from stoi-
chiometry and « is the vacancy concentration at stoichiometry. This model is based
on the assumption that the concentration of minority defects—Al vacancies and Al
anti-site atoms—is zero.

The match between this model and experimentally determined vacancy concentra-
tions is rather good (Fig.2.5), especially if we consider different conditions of alloys
investigated by different researchers and the error in the determination of vacancy
concentration.
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Fig. 2.5 Compilation of vacancy concentration measurements [31, 36, 41, 54, 68, 69, 76, 82,
100]. Solid black line shows the amount of constitutional vacancies. Colour dashed lines show
vacancy concentration calculated from Neumann model (2.1) with A = 0.57 and B = —4050 K as
fitted to the data of Pike et al. [69] for stoichiometric FeAl at 700 and 1000°C
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Additionally Neumann [65] tried to sort out various B2 compounds into the anti-
site defect and triple defect classes based on their enthalpy of formation. Strongly
ordered compounds with high enthalpy of formation belong to the triple defect class
and weakly ordered compounds with low enthalpy of formation belong to the anti-
site defect class. FeAl, however, ends up somewhere in the middle of the range. This
lead to the abandoning of the idea of two distinct classes of B2 compounds in favour
of the hybrid models [27, 37-39, 44, 45, 49, 50] that describe whole spectrum of the
behaviour between purely anti-site defect and purely triple defect limits. These mod-
els take into account non-zero concentration of all four kinds of defects. Several of
these more rigorously derived models question the existence of constitutional vacan-
cies [38, 39, 45, 72] and propose that FeAl and other B2 compounds accommodate
the deviations from stoichiometry by anti-site atoms on both sides of stoichiome-
try with no vacancies at 0K. As the concentration of thermal vacancies increases
with temperature, Al anti-site atoms can recover to their original sublattice. Experi-
mentally observed vacancy concentration is due to the frozen-in thermal vacancies,
since the diffusion practically stops before 0K base state is reached. Recovery of
anti-site atoms was observed by Kogachi and Haraguchi in their neutron [47] and X-
ray [43] diffraction experiments coupled with vacancy concentration measurements
[41]. Diffraction experiments on their own can not precisely and uniquely determine
the vacancy content, therefore they measured the vacancy content independently and
used diffraction data only to determine the distribution of these vacancies between the
two sublattices. They claimed appreciable concentration of Al vacancies what created
a bit of a controversy [17, 42]. Their other conclusions however stay sound. Notably
the total vacancy concentration lower than constitutional limit supports the idea of
nonexistence of constitutional vacancies. Moreover, they argued that older measure-
ments of the vacancy concentration might have been affected by voids present in the
bulk material that lower the density and thus artificially inflate the measured vacancy
content. Themselves, they avoided this source of error by using powder for density
measurements.

In pure metals the concentration of vacancies increases with temperature accord-

ing the Arrhenius law [18]:
—Hy
cy(T) o e ksT | 2.2)

where Hy is vacancy formation enthalpy and &z is Boltzmann constant. In (partially
ordered) alloys the energetics of vacancy formation depends on a particular atomic
arrangement around the defect [36]. For example, strong tendency for formation of
divacancies and vacancy clusters was found in ab-initio calculations [20]. Moreover,
different kinds of defects (vacancies and anti-site atoms) have to coexist [18]. There-
fore, the enthalpies of formation obtained from Arrhenius plots have to be regarded
as effective values [18, 36]. These effective vacancy formation enthalpies can be
determined by various indirect methods such as resistometry [74, 75], calorimetry
[54], time-differential length change measurements [80] and positron annihilation
spectroscopy [81, 98]. Values summarized in [34, 36] scatter widely around 1 eV
with almost no systematic dependence on composition. Ab-initio calculations give
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similar values [18-20]. Kerl [36] measured the temperature evolution of absolute
vacancy concentration using dilatometry and found changes in the slope of Arrhe-
nius plot corresponding to the tentative phase boundaries given in the phase diagram
of Kubaschewski [52]. These boundaries were based on the work of Koster and
Godecke [48] however their nature is unclear. Recently a cluster-variation based
model that takes into account local correlations (short-range order) by considering
3% = 19683 kinds of differently occupied cubic clusters was proposed by Semenova
et al. [84].

2.2.2 Dislocations

Dislocations are linear defects in the material. Volterra [96] first studied dislocations
as topological defects in elastic solids. If an elastic solid is cut, two sides of the
cut displaced and then reconnected, then dislocation is a boundary of that cut. The
displacement is called Burgers vector (b) and is a basic characteristic of a dislocation.
In crystalline material, possible Burgers vectors of dislocations are restricted by the
crystal lattice. Energy of a dislocation is proportional to b2, therefore only the smallest
lattice displacements are stable. In particular in bce structure it is b = 1/2(111) and
(100) [30].

The motion of dislocations under stress is responsible for plastic yielding of mate-
rials. The stress needed to move a dislocation is called Peierls stress. At low tem-
peratures dislocations glide only under stresses higher than Peierls stress. At higher
temperatures, thermal fluctuations lead to creation of kinks and dislocation can move
by kink migration [7, 90]. This is the case of bcc b = 1/2(111) screw dislocations
since their Peierls stress is particularly high because their core is supposed to be split
on multiple planes [94, 95].

In B2 structure the b = 1/2(111) dislocation creates an anti-phase boundary
(Sect.2.2.3). A pair of b = 1/2(111) dislocations is needed to restore the chemi-
cal order. The two dislocations joined by an APB stay at equilibrium distance since
the repulsion force between them is countered by the energy of the APB.

In DO; structure the situation is even more complicated: Four 1/4(111) dislocations
(equivalent to b = 1/2(111) in bcc due to double lattice parameter) are needed to
restore the order and two different kinds of APB are formed between them (Fig. 2.6,
Sect.2.2.3) [51, 57]. Energy of D03 APB is small (since it affects only the second
nearest neighbours) and often the two pairs are quite separated or only one pair with
trailing DO3; APB is observed [77].

Fig. 2.6 Structure of perfect 1/4[111] 1/4[111] 1/a[111] 1/a[111]
superdislocation in D03 1 | | 1
lattice

B2 APB D03 APB B2 APB
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(a) B2 (b) DO

Fig.2.7 (110) planes of B2 and DOj3 structures. In both structures B2 APB is shown and highlighted
in red. Additionally in DO3 structure DO3 APB is shown and highlighted in blue

2.2.3 Anti-phase Domains and Boundaries

Anti-phase domain is a region with homogeneous chemical order. It is typically
created by the growth of an initial ordered nucleus. When two such growing domains
collide the order developed in each of them might have different origin. In that case
an anti-phase domain boundary (APB) is formed between them. APB is a planar
defect similar to a stacking fault, however across the APB the crystal lattice remains
geometrically intact and only the chemical order is affected.

Different states of order found in Fe—Al alloys give rise to different anti-phase
domain structures [58]. In the case of B2 order the APB is characterized by !/2[111]
displacement and affects nearest neighbour bonds (Fig.2.7a). In the D05 structure
this boundary is characterized by 1/4[111] displacement due to the double lattice para-
meter of D03 structure. Additional kind of APBs specific to D03 structure affects next
nearest bonds and is characterized by !/2[111] or !/2[100] displacements (Fig.2.7b).

APBs created on the interface between growing nuclei of ordered structure during
ordering transformation are called thermal APBs. APBs are created also behind
moving imperfect dislocations (Sect.2.2.2). These are called deformation APBs.

2.3 Yield Stress Anomaly

Strength of bce metals decreases monotonously with increasing temperature as the
thermally activated nucleation of kinks on 1/2[111] screw dislocations becomes more
efficient [90]. Curiously though, ordered Fe—Al alloys exhibit a temperature range
where their yield stress increases with temperature. This gives rise to a peak in the
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yield stress occurring at about 800 K [101]. In B2 alloys, this peak was discovered
only in the 1990s [9, 25, 99] since it is often masked by strengthening due to excess
vacancies [8].

In D03 Fe—Al alloys the peak temperature corresponds well to the DO; <> B2
transition. This motivated the attempts of Stoloff and Davies [87] to explain the
yield stress anomaly (YSA) by the change of deformation mechanism from motion
of super-dislocations to motion of single dislocations related to the gradual loss of
order. Nevertheless, this can not explain the peak observed in B2 alloys. Moreover,
Stein et al. [85] investigated quaternary Fe—Aly,—Tiys—X, (X =V, Cr, Nb, Mo) alloys
and found that although alloying shifted the DO; <> B2 transition temperature, the
YSA peak temperature remained unaffected. Thus, there seems to be no correlation
between the stress anomaly and the degree of ordering.

Slip transition from (111) to (100) slip was observed at the temperature of YSA
peak [2, 59, 93, 102]. The change of a slip system can be explained by hardening of
the (111) slip until (100) slip is easier [102]. Drop of the yield stress after the peak
is then caused by the rapid softening of (100) slip.

Quite a few mechanisms were suggested as an explanation of hardening of (111)
system: Morris and Morris [62] reviewed several mechanisms based on the thermally
activated locking of dislocations: cross-slip pinning, local climb locking, pinning by
APB relaxation, change of slip plane, ... George and Baker [22] proposed that “the
yield stress increase with increasing temperature is a result of the solid-solution
hardening due to thermal vacancies”. Moreover, their measurements [23] revealed
that yield stress depends on the time samples are kept at deformation temperature
before the test and that the yield stress of quenched samples tested at room temper-
ature matches the yield stress of samples deformed at elevated temperature. This is
consistent with vacancy hardening as vacancies need time to reach equilibrium con-
centration when the temperature is changed and their concentration can be retained
by quenching. On the other hand these observations are inconsistent with thermally
activated processes affecting motion of dislocations at elevated temperature directly
[63]. The issue, though, remains unsettled. Articles were published recently both sup-
porting [28, 64] and questioning [53] the vacancy hardening explanation of YSA.
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