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Abstract. The phonon dispersion curves of iron-rich Fe—Al alloys have been studied using
inelastic neutron scattering. Measurements were performed on thiegAfe single crystals
at three temperatures, 300 K, 800 K and 1250 K, corresponding to the bcc solid solution for
x = 0.2 and to three different states of order @2 and A2 forx = 0.25 and 0.30. The
migration enthalpiegsH,;) are deduced from the phonon density of states through a model
proposed by Schober. They decrease with increasing temperature and have a minimum value at
the FgAl composition.

A comparison of the present determinationHy; in Fe—Al with similar Hy,-measurements
on Fe-Si confirms the contribution of the effective pair interaction energies to the migration
enthalpy, as described in models of Monte Carlo simulations of ordering kinetics in B2 and
DO3 compounds.

In the FgAl DO3 phase, the three separate determination#l gf (present work), of the
formation enthalpy of the vacancié& ), and of the activation enthalpy of the ordering kinetics
(HJ¥), which are all average quantities, satisfy the addition 1&§!X = Hy + Hy.

1. Introduction

The understanding of the atomic mobility and of related diffusion or ordering kinetics in
intermetallic compounds is still a challenge. Jumps to nearest-neighbour (NN) vacancies
are nowadays recognized as being the basis for the atom mobility in cubic metals (Peterson
1978, Ait Salemet al 1979, Gltz et al 1980, Herzig 1983, Voget al 1989, Petryet al

1991) in which both the concentration of vacancies and their migration enthalpies are
important quantities that drive the mobility. Experimental methods like radiotracer diffusion
or ordering kinetics basically yield macroscopic transport coefficients. Two thermodynamic
guantities are deduced from the Arrhenius plots of the diffusion coeffidiemtr of the
relaxation timer of ordering: (i) the pre-exponential factor®y or to; and (ii) the
activation enthalpy#4) of each process. In intermetallic compounds having non-equivalent
sublattices, the activation enthalpy results from many contributions that are at least: (i) the
formation enthalpies of vacancieH ) on each sublattice; and (ii) the migration enthalpies
(Hy) depending on which of the species is migrating and of their initial and final sublattices.
In order to get a clearer insight into all of these quantities, experiments that yield separate
information either on the formation enthalpy of vacancies, or on their migration enthalpy
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must be considered. It is the purpose of the present work to focus on the determination of
migration enthalpies in iron-rich Fe—Al alloys and ordered compounds.

A lot is already known on the diffusion properties in these alloys. Whereas radiotracer
diffusion experiments on Al or Fe in Bal yield high activation enthalpies of respectively
2.76 and 2.6 eV (Larikowt al 1981), i.e. of the same order of magnitude as the self-
diffusivity in pure iron (2.6 eV in the paramagnetic range (Lubbehusen and Mehrer 1990)),
an important decrease of the activation enthalpy with Al contéft & 1.78 eV for
x = 0.18) in the solid-solution phase was reported by Raghunathan and Sharma (1981)
from a®°Fe tracer diffusion experiment. More recenthKEi et al (1996) have measured
the self-diffusion coefficient o°Fe in FeAl in the solid-solution phase{? = 2.12 eV) and
in the B2 phase. They observe a downward curvature of the Arrhenius plot that is assigned
to the B2 type of atomic order. Veaguweset al (1990) found, in experiments probing the
kinetics of ordering, a strong decrease of the activation enthalpy with increasing Al content,
leading to a smalH -value of 14+0.2 eV around the Rl composition in the DQ phase.
Besides this, the vacancy concentration was determinedsil fiem positron annihilation
experiments by Schaefeat al (1990) as a function of temperature, giving a formation
enthalpyHr of vacancies of 118+ 0.04 eV, a value that is small compared to the value of
1.8 eV for pure iron given by Schultz (1991). Assuming first, in a very crude approximation,
that for FgAl the activation energy is the sum of its formation and migration counterparts
independently of considerations of an eventual temperature dependence, the values of the
migration enthalpyH,, that we deduce from diffusion in the A2 phase&Kgi et al 1996) or
ordering kinetics in the D@phase seem to be very different, being either very high.9
eV from diffusion) or very low 0.2 eV from ordering kinetics). In order to solve or to
understand this apparent contradiction, a direct determination of the migration enthalpy and
of its temperature dependence is necessary.

There are several experimental approaches for determining the migration enthalpy
directly. Its direct determination in pure metals or alloys can be obtained for example
from the temperature of the stage Il resistivity annealing after low-temperature irradiation,
as described by Schultz (1991). Another method is that based on short-range ordering
kinetics through resistometry (Balanzat and Hillairet 1981, Afycetrél 1989) that yields
simultaneouslyHr, Hy and H4. This last method requiring very highly homogeneous
samples rests on the hypothesis that all of these quantities are temperature independent.

Recently a model relating the migration enthalpy for NN vacancy jumps in cubic metals
to the phonon dispersion has been proposed by Sclatila(1992). It was applied first to
fcc and bce metals (Schobet al 1992, Githoff et al 1994). In pure fcc metals an excellent
agreement between the calculated and measured valudg afas found, whereas in bcc
metals, where the experimental values are less well known, predictions were obtained that
show a pronounced chemical group systematic. More recently, the aasa¢zhas been
used by Randkt al (Randl 1994, Randét al 1995) to estimate the migration barriers in
Fe_,Si, (x = 0.20, 0.25) alloys, an intermetallic system with a phase diagram very similar
to that of FgAl (Kdster and @decke 1980). Strictly speaking, tlsatzfor Hy, is only
valid for monatomic structures, because it assumes that diffusion takes place via nearest-
neighbour jumps only. In general this cannot be assumed for intermetallics. However,
for both FgSi (Sepiol and Vogl 1993) and FgAlo33 (Feldwischet al 1995), quasielastic
Mossbauer spectroscopy has shown that the elementary diffusion jump essentially is a jump
to the nearest-neighbour site. Therefore, as a first approximation, we consider $hesDO
well as the B2 structure as a bcc lattice with atoms of a mass corresponding to the average
mass of the alloy.

The prerequisite for such an evaluationif; is the precise knowledge of the phonon
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dispersion for the different states of order, where order is a function of both composition and

annealing temperature. For the stoichiometric compoundlFRghonon dispersion curves

have already been measured in great detail. Van Dijk (1970) obtained an almost complete
set of results at room temperature (RT) for P@dered FgAl but did not examine the

other states of order. Robertson (1991) has investigated at RT the different states of order
of quenched alloys, but he has measured phonon frequencies only below 9 THz. In the
present paper we report for the first time an investigation of the total phonon frequencies

in iron-rich Fg_,Al, alloys as a function of the concentratian £ 0.20, 0.25 and 0.30)

and the temperature (300 K, 800 K, 1250 K) for several states of order (A2-disordered bcc,

DOg3- and B2-ordered structures).

This paper is organized as follows. In section 2 we recall some features of the
phase diagram and the ordered structures of the iron-rich Fe—Al system. The experimental
procedure is described in section 3. Section 4 is devoted to results of phonon dispersion
measurements, to their qualitative discussion, to their simulation using a Born-aramiK
(BvK) model in the axial approximation and to the calculation of the phonon density of
states. In section 5 the migration enthalpies are deduced from the density of states, and
discussed comparatively with determinationg&f by other methods. Section 6 is a general
discussion of the data, comparing with similar results for Fe—Si B@npounds and with
diffusion and ordering kinetics data for around thesAecomposition. Conclusions are
drawn in section 7.

2. Some established results

The iron-rich side of the Fe—Al phase diagram as determineddstdf and @decke (1980)

and confirmed by Afyouni (1989) is shown in figure 1. It displays the A2 solid-solution
phase and the D and B2-ordered structures, depending on concentration and temperature.
The ferro—paramagnetic transition line is also represented showing the disappearance of the
long-range ferromagnetic order at around 30 at.% of Al. The; B@®ucture consists of

four interpenetrating fcc sublattices with two of them ¢nd §) being equivalent. In the

case of ideal ordering the Al atoms occupy only theublattice. More generally, the long-
range-order (LRO) state is determined by two LRO parameterg?’ify is the probability

of occupation of the sublatticeby an Al atom, one has

1
m = §[<Pf,> — (P}
@)

1
N = é[<P}§‘l> +(P]) —2(P%%)].

In the B2 structure, the sublatticggsand y are equivalenti; = 0), i.e. the Al atoms
occupy thes- andy-sublattices with equal probability, and one has a single order parameter:

n=n2=(Ph) — (P%). )

The structures of D®and B2 are shown in the insets of figure 1.

According to the phase diagram of figure 1§, has the disordered A2 structure
at high temperature and is two-phase A2DO; below about 650 K. However, due to
the very sluggish character of the A2 A2 + DO3 phase decomposition, it iS very easy
to quench the disordered A2 structure to room temperature. When correctly annealed,
FessAl o5 and FegAlzg display at increasing temperature successively thg, B2 and A2
structures. Figure 2{ displays the temperature dependence of the two order parameters
ny and n, for FessAls calculated by Sanchez (1995) using the same model as used by
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Figure 1. The iron-rich part of the Fe—Al phase diagram fromgter and @decke (1980) €,

v) and Afyouni (1989) O, A). The dotted line shows the magnetic transition temperatures.
The stars indicate the measurement temperatures. The Bravais lattices and the primitive unit
cells of the two ordered structures B2 and P&e in the insets.

Cadevilleet al (1992) for FgoAl3p. Due to the lack of diffusion at low temperatures, the
maximum values of); are never reached. The LRO parameter values at the temperatures
where the phonon spectra were measured are deduced from the calculated values shown
in figure 2@), taking into account the ordering kinetics data of Vlegees et al (1990), as
given hereafter in section 3.2.

Finally, figure 2¢) shows a(110) cut through reciprocal space including the Brillouin
zones for the different states of order.

3. Experimental procedure

3.1. Sample preparation

The preparation of the BgAlog single crystal has been reported by Pierron-Boheteal

(1990). The sample was a cylinder 20 mm long and 10 mm in diameter. The composition
was checked through various techniques; the aluminium concentration vias 08 at.%

Al. The composition fluctuations on the slice surface were within 0.3%. The mosaicity of
the crystal was measured througtray diffraction (Pierron-Bohnest al 1989) and was 0.5.

The FepAlgg single crystal was provided by Metals Crystals and Oxides Ltd, Cambridge,
UK. The sample was a cylinder 9 mm long and 9 mm in diameter. The quality of the
crystal was checked during the neutron scattering experiment. From the width of several
Bragg peaks on different scattering planes the mosaicity has been estimated to be 0.6. After
a first set of phonon dispersion measurements, this crystal was transformed accidentally to
Fess0Al,45 by partial sublimation during a neutron diffuse scattering experiment to measure
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Fe, Al

0.5 (a) |

Figure 2. (a) Calculated LRO parameters for the 76&l>5 compound as a function of
temperature according to Sanchez (1995); see the text for further deti)i®rilfouin zone
boundaries in th¢110) plane of the reciprocal space. The dotted lines are the bcc boundaries,
the dashed lines the B2 boundaries and the solid lines are theddGndaries. The Miller
indices refer to the D@structure.

the short-range order. This experiment was performed at 1Cd0r several days. Its final
concentration and homogeneity were checked by chemical analysis and scanning electron
microscopy, giving an absolute uncertainty on the Al concentration of 1.0 at%. A set of
phonon measurements were performed again on this single crystal.

3.2. Heat treatments

The annealing times to get samples in thermodynamically ordered states were chosen in
agreement with the results on ordering kinetics measured by@geaset al (1990). They
were set to be at least 10 times the relaxation times for ordering. During the heat treatments,
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the samples were wrapped in a tantalum foil to prevent them from oxidation and sealed in
a quartz container under 19 Torr residual pressure. The dpél,o sample was heated for

1 hat 1075 K and 16 h at 875 K for homogenizationntlieh at 825 K, 2 h at 775 K, and
guenched in ice water in order to keep the solid-solution phase down to 300 K.

Feg,Aly,
0 € £ 28] [££0] [0og] [EEE]
() L 1250K
8 N L T

=]

N

frequency (in THz)
RN

Figure 3. Phonon dispersion curves measured fogoR&o at three temperatures: 300 K)(
800 K () and 1250 K ¢). ¢ is the reduced wave vector in bcc units. The filled squares at
300 K indicate measured magnons. The lines correspond to BvK fits as described in the text.

To ‘catch’ the DQ phase, the FgAl,s sample was heated for 21 h at 1075 K and
guenched in ice water. Then it was heated for 44 h at 875 K and quenched in ice water to
avoid the critical slowing down at the B2—RQ@rder—order transition. It was then annealed
in the DQ; region: 92 h at 725 K, 212 h at 675 K, 117 h at 625 K, 390 h at 575 K, and
then quenched in ice water to retain the ordered state at 575 K. Below this temperature the
annealing times increase considerably without any appreciable increase of the LRO. The
same heat treatment, with approximately the same annealing times, was performed on the
FespAlzg sample.
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3.3. Neutron inelastic scattering experiments

The neutron inelastic scattering experiments were performed on the triple-axis spectrometer
1T at the Laboratoire &on Brillouin (LLB). In most cases the final wave vector was fixed

at k; = 2.662 A~ and scans were performed either in the constam}-(node or in the
constante) mode, depending on the slope of the phonon dispersion at the meagurdd (
point. Typical energy resolutions at zero energy transfer of 0.25 THz have been measured.
Most of the phonons have been measured in the (110) plane. However, to have access to
the transverse f;4[££0] dispersions, the (100) plane has been set parallel to the scattering
plane. Adequate Brillouin zones have been chosen in order to measure the different phonon
branches at their structure factor maximum.

Measurements were set up at the three temperatures 300, 800 and 1250 K. The high
temperatures were achieved by means of a standard ILL (Institut Laue—Langevin) resistance
furnace. The vacuum was of the order of $Torr. The sample temperature was monitored
with two independent thermocouples. The uncertainty is of the order of 10 K.

According to the heat treatments and the phase diagram, the three measuring
temperatures correspond, respectively: iRgR&yo to the A2 solid-solution phase, short-
range ordered at 775, 800 and 1250 K; indPé.5 to the DG phase long-range ordered
at 575 and 800 K (see figured(for the values of the LRO parameters) and to the A2
solid-solution phase at 1250 K; in fgdl30 to the DQ phase long-range ordered at 575 K,
to the B2 phase long-range ordered at 800 K (see Cadetili (1992) for the values of
the LRO parameters) and to the A2 solid-solution phase short-range ordered at 1250 K.

The temperature of 800 K had been initially chosen to measure thélgin the most
ordered state of the B2 structure. Fordd ,s, this temperature corresponds to the superior
limit of the existence of the D@®phase, i.e. it is very close to the REB2 transition.

At 800 K the LRO parameten; which characterizes the DRGstructure is far from its
maximum value, whereas the LRO parametgmwhich characterizes the B2 order is close

to its maximum value (see figuredj. For this reason and considering the uncertainty

in the determination of the furnace temperature, the dispersion curves at 800 K were set
up and fitted in the B2 structure. As we shall see later in this paper, this procedure has a
negligible effect on the determination of the migration enthalpy at this temperature.

4. Results

4.1. Phonon branches

The measured frequenciegq) of the phonon dispersion are reported in figures 3 and 4.
For the ordered alloys, we use the same notation as Randl (1994) to recall the irreducible
representations of the point group that they belong to.

As a general trend, one observes an overall decrease of the low-energy branches
(frequencies lower than 9 THz) with increasing temperature and Al concentration. The
FegoAl 29 sample, which conserves the disordered bcc structure over the whole explored
range, displays the specific features of phonon dispersions in a bcc lattice: (i) a pronounced
dip in the vicinity of the Iongitudinal%[lll] branch; and (ii) low frequencies of the
transverseg£0] branch with [1L0] polarization (E[££0]). Both features are generic to the
open geometry of the bcc lattice (Petry 1995). The decrease of all phonon frequencies with
increasing temperature indicates a softening of the lattice as the temperature is increased. In
the FesAl,s when going from the disordered phase to the ordered B2 angidirOctures,
new branches appear due to the increase of the number of atoms per unit cell. A striking
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Figure 4. Phonon dispersion curves measured fofsPés at three temperaturess is the
reduced wave vector in bcc units except i) (DO3 units). The lines correspond to BvK fits
as described in the text.
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effect is the appearance of high-frequency optical modes in thge €@cture which are
clearly separated from the lower optical and acoustic branches. Branches that belong to
the same irreducible representation of the point group do not cross each other. But, in
the case of our system, the induced gaps remain very small and have not been observed
within the experimental resolution. This will be reflected in the calculated density of states
where below 8 THz no gaps are visible. In the related systesBiK®andlet al 1995) this
splitting is more pronounced and its collapse has been used as an indication of increasing
disorder. Phonon branches below 9 THz have also been measureghilFdut, due to
the incompleteness of the measurement, we do not show them here.

The dispersion curves of the f58l,5 alloy at room temperature can also be compared
to those measured by Van Dijk (1970) for the stoichiometrigdfeompound. We do not
see any big difference in the acoustic modes and in the first optical modes. The optical
modes around 10 THz are slightly higher in thes/&lecase of Van Dijk’s data by about
0.5 THz.

4.2. Born—-von lafman fits

The measured frequenciesq) have been fitted using the harmonic approximation and a
Born—von Karman model. In the harmonic approximation, the equation of motion of the
displacement:(IA) of atoma in the unit celll from its equilibrium position is
dPu(lr
m, e 3 @ I ul'y) )

2
dr T

where M, is the mass of atoma and ®(/x; I’A’) is the 3x 3 matrix of second derivatives
at the equilibrium state of the crystal potential energy with respect to the three components
of u(IA) andu(l'\).

We use the axially symmetrical force constant model first developed by Lebiran
(1962), i.e. we assume the matdx(/A; I')) to be of the form

2
ry Ixl'y  Ixly

100
U I'N) = (L) = Ly [ rary 75 1yr —Tn(M/)<0 1 0) (4)
2 001

Ixlz T'yly r;

where
r')) —r(r)
lr@'A) —rdn)|

r(l)) is the equilibrium position of atonl in the unit celll. The L,(A\") are called
longitudinal and theT,(AA") transversal force constants of thah nearest-neighbour
interaction between atoms and A’. Usually, the transversal force constants are about
one order of magnitude lower than the longitudinal ones.

This force constant model has been used to fit the measured points. It assumes that
the potential energy of the crystal is a sum of spherical two-body potentials taken over all
pairs (A, ’A") of lattice sites. The interaction between any two atoms at any distance from
each other is reduced to two force constants. This reduction to axially symmetrical forces
instead of using the more generalized force tensor model greatly simplifies the interpretation
of the force constants. The number of neighbouring shells that we took into account was
increased until the fit quality did not vary any more. Interactions up to the fifth neighbours
have been taken into account for fits in the bcc solid-phase solution, which corresponds to
10 parameters. In the B2 and @hases, respectively 16 and 14 parameters were needed.

(rXary7rZ) =
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Table 1. Interatomic force constants (in NTh) for FezsAlos and for FgoAl 2.

DO3 FersAl 25 FersAl 25 FegoAl2o  FesoAlzo  FegoAlzo  FersAlas
T (K) 300 B2 800 A2 300 800 1250 1250

Li(wy) 42.9(6) L(ep) 29.3(4) Ll 343(7) 347(7) 31.3(5) 26.5(5)
Tiley) 0.3(1) T(@p) —052) T 1.03) -0.6(3) -1.2(2) -0.6(2)
Li(@B) 535(6) Ilo(ee) 3.3(8) Lo 56(7) 7.4(7) 5805)  15(5)
Tief) —14(1) Tol@a) 22(2) T 143) 09(4) 023 0.7(2)
La(By) 11.7(6) L(Bp) 04(1) L 34(3) 3.6(3) 3.3(3) 2.7(2)
T.(By) —21(3) T(BB) 09(2) T -03(2) -09(2) -09(2) -0.3(2)
La@s) 3.1(5) ls(ew) 5.4(4) L 05(2) 06(2) 042)  1.0()
To(@s) 09(1) T(wa) —02(1) T -03(1) -01(1)  0.2(1) -0.2(1)
Ls(vy) 43(2) LB 212 L 254) 1.3(4) 1.5(3) 2.3(3)
Ts(yy) —0.2(1) T(B8) 0.000) T5 0.2(2) 0.2(1) 0.0(0) 0.1(1)
La(we) 45(3) L(ep) 0.7(1)
Ta(we) —0.6(1) Ta(@p) —0.2(1)
Ls(B) 0.3(1) Lls(ex) 3.5(2)
Ts(88) 0.1(1)  Ts(ee) 0.0(0)

Ls(88) 3.0(2)

Ts(88)  0.0(0)

Fits in the bcc solid solution were performed using the average mass of the alloy. For
the fits in the two ordered structures, we used the average mass per site, taking into account
the occupation numbers deduced from the order parameters given in section 2. The results
of such fits are the lines in figures 3 and 4. The resulting force constants are given in table
1. For those fits, we assumed that the relative error on all frequencies was 3%, which is a
good mean estimate.

4.3. Total and weighted densities of states

Using the atomic force constants obtained, we calculated the normalized phonon density
of states (DOS) at each temperature and concentration. It is obtained from the dispersion
relationsv;(g) by an integration over the first Brillouin zone:

\%4
Z(v) = > / (v —v;(g)) dq )
J

(27)3

whereV is the volume of the unit cell.

The calculated densities of states for the three temperatures and two compositions are
shown in figure 5. Nothing else can be added to the above discussion on the dispersion
relations: we clearly see here the general shift of the spectrum to the lower frequencies
when the Al concentration and temperature are increased.

Another interesting quantity is the so-called weighted phonon DOS for the &tom

V .
Z.0) = Gy Z / le](@)1?5(v — v;(q)) dg (6)

Wheree{(q) is the normalized eigenvector at the wave vegjoof the dynamical matrix

for the basis atom in the unit cell and for the phonon brangh The sum of the different
weighted DOS corresponding to the different sites in the unit cell gives the DOS. In the
DOjs structure, we have three non-equivalent lattice sites in the unit cell leading to three
non-equivalent weighted DOS.
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Figure 5. Normalized phonon densities of states (in THfor Fe;sAl s and FeoAlyg at the
temperatures studied.
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Figure 6. Total and weighted densities of states at 300 K fofsRé&s, as calculated from the
BvK force constants.

In figure 6 we give, with the total DOS, the three calculated weighted DOS for our
FessAl,s compound at 300 K. We can see from this figure that the contribution from the
B-sites, occupied by Al atoms, to the total frequency distribution arises mainly from the
high-energy optical modes while the contribution from thaites, occupied by Fe atoms
and surrounded only by Fe atoms as first neighbours, arises from modes of frequencies
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lower than 8 THz. The modes of the and é-sites, which have four Al and four Fe as
nearest neighbours, are distributed between low and high frequencies.

5. The migration enthalpies

Several thermodynamical quantities can be deduced from the phonon DOS obtained: they
are the migration enthalpyf,;, the vibrational entropy, the lattice specific heat, and the
mean square displacements and the related Debye temperature. In this paper, we focus our
interest on the determination of the migration enthalpies, the other quantities being discussed
by Kentzinger (1996).

As mentioned in the introduction, the model recently developed by Sclebla¢(1992)
to deduce the migration enthalpy from the phonon dispersion was first applied successfully
to pure cubic fcc and bcc metals and more recently to intermetalligSilead NgSb (Randl
1994, Randlet al 1995). For FeAl it provides us with the possibility of estimatingf,,;
no direct measurements &f,, exist.

In this model, the migration enthalpy is based on the following relation:

Hy = 47'[2a2aG61 (7)
where
Z(v)
Go=/ MV2 dv.

In (7), Hy separates into a structural terau€) common to all bcc and derived R@nd B2
structures, and a ternd;g) which is the static Green function that reflects the peculiarities of
the metal or alloy investigated: is the lattice parametety,.. = 0.013Q(7) is a geometrical
constant that has been determined by computer simulationg/aigdthe average mass of
the alloy. Being aware that this model has been developed for pure metals, we have used
it to estimate the average migration enthalpy. Let us recall that the specific part of the
displacement potential is introduced by the minus-second mome#(9f i.e. the static
Green functionGo. It is due to the weighting by 2 that low-energy phonons are the
essential quantities for probing the migration barrier.

The Schober model builds on the earlier ideas of Flynn (1968), who relajetb the
elastic constants, according to the following relation:

H), = CQ8? (8)
where
15 3 n 2 n 1
12C Cp1 (Ci1—C12)  Cas

C11, C12, Cy4 are the three independent elastic constants of the materiaf2 &nthe atomic
volume. § = ¢g/s is a dimensionless constant that reflects the ratio of a hypothetical cut-off
distancey of the harmonic potential towards the saddle-point distandike Schoberet al
(1992), we tooks? = 0.041 for bcc metals and derived ordered structures. This value has
been adjusted in order to reprodutlg, = 1.7 eV for W, a metal that is representative of
what is called normal self-diffusivity. Th€;; are related to the sound velocities; vz
andv; in the [110] direction, giving

/ 1 2
C = é(cll — C12) = pvg,
C44 = pl)72~2 (9)

1
CL = é(Cn — C124 2Caq) = pv2.
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Those velocities can be obtained either by ultrasonic measurements or from the slopes at
the origin € = 0) of the phonon dispersion curves. Leasmtyal (1967) have determined
C;; from ultrasonic measurements between 77 K and 300 K and for 12 Al concentrations

between 0 and 40 at.%.

Table 2. Migration enthalpies (in eV) calculated in the Schober model and in the Flynn model
for Fe_Al,, pure Fe (Schobest al 1992) and Fe_, Si, as given by Randét al (1995).

Alloy T (K) Hpy(Sch) Hy(Fly)

Fe 300 0.66(6) 0.57(4)
FegoAl 20 300 0.55(6) 0.45
800 0.50(6) 0.42(4)
1250 0.41(6) 0.30(4)
FersAlos 300 0.52(6) 0.37(4)
800 0.46(6) 0.35(4)
1250 0.39(6) 0.29(4)
Fer oAl 30 300 0.42(4)
FesoSizo 300 0.60(3)
FersSios 300 0.59(3)
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Figure 7. (@) Migration enthalpies (in eV) at 300 K for ke, Al, calculated in the Schober
model @) and in the Flynn model from elastic constants measured by Lesral(1967) ©)

and from the initial slopes of our phonon dispersion cur@®3. ( The star atx = 0 is the
experimental value given by Schultz (1991). For each model a typical error bar is shown in
the picture. §) Evolution of the migration enthalpies as a function of temperature fgs/Atey

(empty symbols) and for F€Al 5 (filled symbols) in the Schober model (diamonds) and in the
Flynn model (circles). Dotted lines are guides for the eyes. The uncertainties are the same as

in figure 7@).

The values ofH,, are calculated in the Schober model foe= 0.20 and 0.25 at three
temperatures (300, 800 and 1250 K) and in the Flynn model using either our measurements
for x = 0.20, 0.25 and 0.30 or the data of Leamy at 300 K. These values are gathered
together in table 2 and compared with similar data for pure Fe and for the Fe—Si system
(Randlet al 1995). Figures &) and 7¢) display the evolution oH,, with Al concentration
and temperature.
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5.1. The evolution off;, with the Al concentration

The concentration dependence at 300 Krf in the Schober modelH,,(Sch)) is shown
by the diamonds in figure &J. The value for pure iron (0.66 eV) is that determined by
Schoberet al (1992) for the same model. One observes a clear decrealdg afith x.

The values ofH, in the Flynn model &,,(Fly)) are the circles in figure 4f: empty
circles correspond to the elastic constants determined by Leamy, and filled circles correspond
to those deduced from our measurements. The experimental determinatifyp iof pure
iron (0.55 eV given by Schultz (1991); the star in figure)J(is in quite good agreement
with the limit value of Hy(Fly) at x = 0. Within each set of data we see an important
decrease of{y(Fly) of about a factor 2 from pure iron to gAl, followed by an increase
beyond the stoichiometry. We then obtain a minimunHgf(Fly) at the DQ stoichiometry.

Partial measurement of the dispersion curves below 9 THz fayAFg yields a value
of H,,(Sch) equal to 0.50 eV that can be compared to the equivalent determination (below
9 THz) in FesAlos which is 0.41 eV, thus confirming the existence of a minimunHgf
at the DQ stoichiometry.

The values ofH),(Sch) are clearly higher than those B, (Fly) at any concentration, a
trend that is opposite to that observed in bcc transition metals, in whiigtFly) is higher
than Hy(Sch) by about 0.15 eV, other than for Fe. Nevertheless, a clear result of our
investigation at 300 K is the low value @f), in these Fe—Al alloys and the presence of a
minimum at the D@ stoichiometry.

5.2. Evolution ofH,, with temperature

Figure 76) represents the temperature dependendé,pfn the two models for RgAl ;o and

FessAlos. Although FgoAl,g conserves the disordered A2 structure angsf&les changes

its state of order from D@to B2 and to A2, the temperature variationsHj; (Sch) follow

parallel slopes. This is less the case f@j,(Fly): at high temperature, the values of

Hy(Fly) tend to the same value, reflecting the fact that the slopes at the origin of the

phonon dispersion curves tend to the same values when the temperature is increased.
Surprisingly, the effect of the state of order éf); seems to be weak.

6. Discussion of results

The main result of the present investigation is the determination of the migration enthalpies
in Fe_.Al, alloys from the total phonon spectra using Schober's model. This approach
yields relatively low values ofi,, that decrease with temperature and present a minimum
at the FgAl composition.

As similar determinations of); have been recently performed by Ramrdlal (1995)
on Fe_,Si, alloys (x = 0.2 and 0.25) at 300 K, the first part of our discussion (section
6.1) will be devoted to a comparison of the results for the two systems. In the second part
(section 6.2), we will focus on a more general discussion of the activation enthl)yof
FesAl, as deduced from diffusion measurements in the A2 and B2 phases, and from ordering
kinetics in the D@ phase. Taking into consideration the effect of the long-range ordering
on the activation enthalpy, we will try to explain the general trend observed experimentally,
namely an increase dff, from the disordered A2 to the ordered B2 phase, followed by an
important decrease in the ordered Pghase.
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Figure 8. (a) Migration enthalpies in the Schober model at 300 K foi K&l (¢) and for
Fe_,Si, (®) (Randlet al 1995). Dotted lines are guides for the eyds) Nligration enthalpies

in the Schober model normalized with the melting temperature Bi¢Fe)/I'y (Alloy). (c)

The dependence of the migration enthalpy on the order—disorder transition temperature in the
B2 phase from Monte Carlo simulations using an Ising model (Yaldetwa 1995) with pair
interactions between first- and second-nearest neighbours and without saddle-point energies.

6.1. Comparison with Fe—Si data

In figure 8¢) and table 2 we compare our values Hj,;(Sch) with those calculated by
Randlet al (1995) for Fe_, Si, alloys forx = 0.2 and 0.25 at 300 K. For each composition
Hy, is higher in the Fe—Si system than in the Fe—Al system. This difference has for us a
real physical meaning. According to the phase diagrams of Kubaschewski (1982), essential
differences between the two systems in this concentration range are the melting temperatures
and the stability of the ordered structures. For a comparison, we can normaliég (Seh)
values with the melting temperatureg,(), taking as reference the melting temperature of
pure Fe. AsTy is higher for FgAl than for FgSi, the difference inH,, is now even
greater—about 0.2 eV, as is shown in figuré)8(The different melting temperatures then
do not explain the differences between tHg (Sch)-values of the two systems.

FesSi keeps its long-range-ordered B@tructure until its melting point7(, = 1500
K) is reached, indicating that the effective pair interactions that originate the long-range
order are much higher than those insRewhich has lower critical temperatures: the BO
B2 order—order transition temperature is 825 K and the B2-A2 order—disorder transition
temperaturefpp) is 1040 K. This important difference between the transition temperatures
of F&Si and FgAl can cause the difference in the migration enthalpies, as shown in
a previous Monte Carlo simulation of ordering kinetics in B2 intermetallic compounds:
Yaldramet al (1995) have investigated the effect of the relative pair interaction energies (or
of the value ofT, p) on the amplitude of the migration barrier. The results of this simulation
without saddle-point energies (figurec®(show that, wheTy p increases from 800 to 1500
K, the contribution to the migration barrier due to relative pair interaction energies increases
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by about 0.2 eV, a value which is in very good agreement with the difference bet#gen
in the two systems. Similar Monte Carlo simulations in progress for thg pf@ase show
the same trend.
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Figure 9. Arrhenius plots of the diffusivities in the Fe—Al system, as described in the text. The
dashed vertical lines correspond to A2-B2 and B2s@D@nsitions. P and F refer respectively

to the paramagnetic and ferromagnetic states. The arrows correspond to temperatures where the
phonon dispersion curves have been measured.

6.2. The activation enthalpy iRezAl: a comparison between diffusion and ordering
kinetics data

In figure 9 we represent on a single plot the recent data obtaine&’é self-diffusion
through the A2-B2 disorder—order transition ofsReby ToOkei et al (1996) and those
deduced from ordering kinetics for two Al compositions aroungAfFeby Vennégles
et al (1990) in the DQ phase. For these data, the relaxation timedetermined in the
ordering kinetics experiments have been changed into diffusiviliegsing the relation
D = d?/6t whered is the nearest-neighbour distancg’3/2. The phase stability limits of
the ordered structures for the4A¢ composition, together with the temperature range of the
measurements of the formation enthal@gl-j by Schaefeet al (1990) are also represented.
From figue 9 a curved Arrhenius plot is discernible, i.e. a progressive increase of the
activation enthalpy from .4 £+ 0.2 eV in the low-temperature range (ordering data,3DO
structure) to an apparent increase in the B2 phase, followed by a decredgg(®f12 eV)
in the disordered phase. The same general trend had already been observed byetasaka
(1993) in diffusion experiments on boron in Fe—26 at.% Al over-aange covering the
A2, B2 and DQ structures.

The downward curvature of the Arrhenius plot in the B2 phase was assignediey T
et al to the contribution of the long-range ordering, according to a mean-field model
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developed by Girifalco (1964). This model yields for the activation enthalpy in an ordered
B2 compound the following dependence:

HY = HY(1+ “nX(T) (10)

where HY and H? are respectively the activation enthalpies in the ordered and the
disordered phase; is the long-range-order parameter and the constant is related to pair
interaction energies. This formalism is currently used by experimentalists to describe
the effect of magnetic or chemical order on the activation enthalpy of the diffusion in
ferromagnetic or long-range-ordered B2 phases. See for example recent data on Fe and Co
self-diffusion in the equiatomic FeCo alloys given by lijima and Lee (1995). However, the
formulation of the activation enthalpy in ordered phases according to relation (10) has to be
cautiously considered. Further developments of the theory by Schoijet and Girifalco (1968)
show that higher orders in and terms taking into account the short-range order appear
in the formulation of Hr and Hy, when approximations of order higher than that of the
Bragg—Williams theory are considered. In general, the activation enthalpies in the ordered
phase {7{) are deduced from experimental fits of the Arrhenius plot through the relations

D = Doexp(—HP)(1+ c'“n?)/kgT = Doexp(—HPC /kpT) (11)

in a temperature range close to the order—disorder transition wi(@re decreases very
rapidly with temperature. For these reasons, the valued f obtained for B2 FgAl by

Tokei et al (1996) and for B2 FeCo by lijima and Lee (1995) through this very crude model
are not very reliable, being not directly measured. This remark is all the more valid for
FesAl as this compound does not conserve the B2 structure down to O K, but undergoes a
B2-DGQ; transition at 825 K. For the above-evoked reasons we will not comment on the
various measurements é&fr, Hy, and H, for the B2 range of FAl. We will restrict our
discussion to the D®region and to the disordered solid solution.

For DO; Fe&sAl, there are no diffusion measurements available over the stability range
of the DG; phase, as the diffusivity is too low. We have data on the ordering kinetics
for Fe;Al that yield a low activation enthalpyH?X) of 1.4 &+ 0.2 eV (Venreges et al
1990). This value has to be considered as an average value of the mobility of the two kinds
of atom. Combining our present results on the migration enthalpy in the fih@se with
the determination of the vacancy formation enthal@-) over the 773—-903 Kr'-range
(Schaeferet al 1990), we are able to compare the sy = Hr + Hy to the separately
determinedH 2X -value. One gets at 300 K

H4 = (0.52+0.06) 4+ (1.18+0.04) = 1.70+ 0.10 eV. (12)

Let us note that{r and H), are also average quantities. This valuerhf falls within the
error bar of the value off ¥ deduced from ordering kinetics. For tt#&,(Fly) values, the
agreement is still better. Thus, as long as all of the experimental quarfifiés H,, and
Hp represent average quantities and they have been determined for the same structure over
equivalentT -ranges, the relationshify = Hr + H), is verified, thus giving good support
to our determination o, through the above-described phonon method.
Coming back to the data on the disordered phase, our valég,0f0.39 eV) compared
to the value ofHf* (2.12 eV from Tokei et al 1996) would give a formation enthalpy for
the disordered phase of 1.73 eV. This value is close to the value measured for pure iron (1.8
eV from Schultz 1991). It is also the value obtained by using the relationship betiieen
and the melting temperatut®, (Hr/Ty = 1 x 103 eV K1) which is generally fulfilled
for bcc metals, yielding for Al (T, = 1775 K) Hr = 1.8 eV. Such an increase of
the formation enthalpy of the vacancies from the ordered structures to the disordered ones
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would be also responsible for the downward curvature of the Arrhenius plot, together with
the contribution of the atomic ordering effect.

7. Conclusion

The phonon dispersion curves have been measured for thyepMFrecompounds and alloys

at three temperatures. From a Born—voarian fit of the measured points we have been
able to calculate the phonon densities of states necessary to calculate the migration enthalpy
using a model proposed by Schober.

A good estimation of the migration enthalpy in iron-rich FeAl as a function of
concentration and temperature and for various states of order is thus obtained. One observes
a clear minimum ofH,, at the DQ stoichiometry. Somewhat surprisingly the change of
the LRO with increasing temperature has a minor effectihp. Rather, Hy, decreases
with increasing temperature as a pure consequence of increasing anharmonicity. Shifts with
temperature of the acoustic phonon brangheF0] or Eél) are indicative of that. Such a
temperature-dependefty, has also been observed for pure bcc metals (Schetadr1992,

Guthoff et al 1994).

A comparison with theH,,-values for DQ Fe—Si compounds obtained through the
same approach shows values Mf; clearly higher in Fe-Si than in Fe—Al for a given
concentration. This difference is assigned to the contribution of the effective pair interaction
energies taH), that are higher in Fe—Si than in Fe—Al, in very good agreement with previous
and current Monte Carlo calculations.

At low temperature, for the DQstructure, the three separate determinationgigf
Hr and H,, which are average quantities, are consistent, i.e. they obey the relation:
Hs = Hp + Hy within the error bars of their determinations. At high temperature in
the solid-solution phase, whefé: has not been measured, the differett,e— H,, yields
a value ofHy consistent with the usual relationshify-/ T, = 1x 103 eV K1, but clearly
higher than in the ordered phase. Such an increase would find a reasonable explanation in
the disappearance of the structural vacancies when passing from the ordered state to the
disordered one.
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