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The order-disorder transformations in iron based alloys containing 21.5 and 25 at. %
Al have been studied. Consideration of results obtained using dilatometry allowed us to
assert that the ordering reaction in Fe—Al alloys after quenching from disordered state is
a rather rapid process and ageing at moderate temperatures results in increased extent of

the DO5 type ordering.

Wsyueno mpespalienne mOPALOK-0ECIIOPALOK B CIIaBaX Ha OCHOBE jKeJje3a, COIMepKarux
21.5 u 25 ar. % Al. AHanus pe3yabTaTOB, MOJYUEHHBIX IYTEM IUJIATOMETPUH, ITO3BOJISIET
YTBEpPKIaTh, YTO pPeaknus ymopsagodenuss B Fe—Al cmmaBax mocie 3akaiaku u3 o0JacTu
HEYIOPAZOUEHHOI'0 COCTOAHUS SBJSETCA MOBOJBHO OBICTPHIM IIPOIIECCOM U CTAPEHWE IpPHU
YMepeHHBIX TeMIepaTypax HPHBOJUT K IOBBLIIIIEHHIO CTeIleHH AanbHero mopagxa tuma DOj.

The intermetallic compounds of iron alu-
minides are an interesting structural mate -
rial for high-temperature applications due
to their favorable properties, in particular,
high strength and good corrosion resistance
[1-3]. The structural changes associated
with ordering in the Fe-Al system were first
elucidated in 1932 by the classical X-ray
work of Bradley and Jay [4], who showed
how the two different kinds of atoms can
occupy the different positions in the lattice
as the composition is varied. Although
slight correstions have been made, their re-
sults have been largely confirmed in [5]. In
alloys containing from 0 up to 23 at. % Al,
the two kinds of atoms are arranged ran-
domly within the common lattice whether
they are quenched from a high temperature
(600 or 700°C) or slowly cooled, although
slowly cooled alloys have been shown to ex-
hibit short-range order. For slowly cooled
alloys in the range 23 to 25 at. % Al, alu-
minum atoms begin to segregate to the b-
type sites, until at 25 at. % Al (FesAl), the
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ordering becomes almost perfect, with alu-
minum atoms occupying almost all the b
positions and the aluminum population of
the a, ¢ and d positions being nearly zero,
so that the centers of alternate small cubes
are mainly occupied by aluminum atoms
(Fig. 1). At 28 at. % Al, the occupation of
the b positions with aluminum is complete,
but then aluminum atoms start also to re-
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Fig. 1. FejAl structure with Al atoms occupy-
ing the b sites [7].
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enter the d positions which at the composi-
tion FesAl were occupied almost entirely by
iron atoms. In slowly cooled alloys, this
process continues, the aluminum occupancy
of the b sites decreasing slowly as alumi-
num atoms continue to re-enter d sites until
at 40 at. % Al the two positions are equally
occupied.

The resulting structure has been referred
to as the "pseudo-FeAl" type of ordering,
and is in fact the CsCl type of superlattice
in which the ordering is imperfect because
of lack of stoichiometry, since the b and d
positions, in addition to containing all the
aluminum atoms, must also accommodate
the iron atoms remaining when the a and ¢
positions are fully occupied. For alloys
quenched from higher temperatures, it has
been found that alloys with compositions
exceeding ~25 at. % Al retain the "pseudo-
FeAl” ordered structure up to temperatures
near the melting point. Interesting lattice-
parameter changes associated with the or-
dering onset in this system are observed.
Up to ~ 18 at. % Al, there is an approxi-
mately linear lattice parameter vs. composi -
tion relationship, the iron lattice being ex -
panded due to addition of aluminum. From
about 18 up to 30 at. % Al, the lattice pa-
rameter of slowly cooled alloys (or of alloys
that have been quenched after a low-tem-
perature annealing treatment) shows very
little change with composition, then de-
creases to a minimum at about 34 at. % Al
before increasing again in a normal way
with addition of aluminum. It is very likely
that the almost constant parameter values
between 18 and ~ 30 at. % Al correspond to
a two-phase field on either side of the al-
most stoichiometric phase FejzAl region.

This interpretation is supported by [6]
where thin-film electron microscopy was
used providing a clear evidence for the ex-
istence of two phases in alloys containing
just less than 25 at. % Al. For such alloys,
equilibrium between an o solid solution and
the almost stoichiometric ordered FejAl
phase at temperatures below ~ 550°C has
been proved. The very slight minimum that
may be present in the parameter values at
the FezAl composition may correspond to
perfect ordering in the single-phase alloy at
this composition. The more pronounced
minima at ~ 34 at. % Al and at ~ 40 at. %
Al are associated with the formation of the
pseudo-FeAl type of ordering: at composi-
tions > 30 at. %, this type of ordering ex-
ists at low and high temperatures, but it is
believed that between 23 and 30 at. % Al,
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there is a random solid solution at 1000 °C
and the ordering reaction can only be par-
tially suppressed by quenching [7]. The aim
of this work is to follow the structural evo-
lutions engendered by the ordering process,
using dilatometric analysis which is sensi-
tive to the volume changes.

Fe-21.5 and 25 at. % Al alloys were used
in this work. The samples were cut out of
an ingot prepared in a Balcers vacuum-in-
duction furnace, using refined iron and
pure aluminum (99.99 %). The samples
were annealed for 2 h at 1100°C, quenched
in water and aged at 300°C during various
times (1 h, 10 h, 20 h, and 200 h). For di-
latometric measurements, a DI24 Adamel
Lhomargy dilatometer connected to a com-
puter has been used. The samples were in a
cylindrical shape (25%5 mm2). A suitable
software (Logidil) allowed the data process -
ing and the determination of critical points
on the recorded curves at heating-cooling
cycles under controlled atmosphere. The
thermal cycle applied in the dilatometer
consists of heating from 25 to 1100°C, fol-
lowed by holding for 5 min at this tempera-
ture and cooling to 25°C at the same rate
(5°C/min). It is necessary to recall that the
"ordering” process (appearance of ordered
phases DO3 and B2) is accompanied by a
remarkable decrease of the lattice parame -
ter value, consequently, ordering and disor -
dering reactions must show contraction or
expansion effects in the dilatometric
curves. As a rule, the dilatometric curve of
the complete cycle gives a general idea on
the behaviour of the material during the
whole thermal cycle, while the derivative
curves for different segments (heating,
holding, cooling) puts in evidence any dila-
tometric anomaly or effect.

Study of the Fe-21.5 at. % Al
alloy

As-quenched state. The derivative curve
of the heating branch for a sample homoge -
nized for 2 h at 1100°C and quenched in
water presents (Fig. 2a) an important anom -
aly in the temperature interval [200—-500°C]
including:

— an important contraction between 200
and 340°C with a peak situated about 280°C
certainly relating to the formation of or-
dered DOj; particles and to increase of the
ordering extent starting from a completely
disordered state in accordance with [8-11];

— an important expansion within the
temperature interval 340-500°C peaked at
410°C, associated with the decrease in the
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of DOj particle ordering extent followed by
their dissolution in the disordered matrix
[5-8] by approaching the o+ DOj3 - a
transformation line.

Ageing state. The dilatometric curves of
the samples homogenized, quenched and
aged at 300°C present effects almost identi-
cal to those of the as-quenched state. The
derivative curve of the heating branch for
the sample aged for 10 h (Fig. 2b) has a
shape similar to that of the as-quenched
state: one observes an important contrac-
tion between 200°C and 320°C with a maxi-
mum at 280°C. However, it is lower as com-
pared to as-quenched state. This contraction
is followed immediately by an important ex -
pansion in the temperature interval 320-—
500°C with a peak near 423°C. The observed
contraction amplitude decrease in compari-
son with the as-quenched state is always
associated with an improvement of the DOj
particle ordering extent during this aging.

After 20 h of aging, the derivative curve
of the heating branch (Fig. 2c¢) presents a
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Fig. 2. Complete dilatometric curves with de-
rivative curves of the heating branches
thereof for the Fe-21.5 at.% Al alloy homoge-
nized, quenched (a), and aged at 300°C for
10 h (b), 20 h (c), 100 h (d) and 200 h (e):
solid lines, heating; dashed lines, cooling:

dotted lines, derivative heating curves.

shape almost similar to that of the sample
aged for 10 h. However, a decrease of the
contraction amplitude is observed certainly
related to the increase of the DOj phase
ordering extent. The aging time increase up
to 100 h (Fig. 2d) results in a considerable
decrease in the contraction amplitude, due
to the increase of the DOy particle ordering
extent [12]. However, the dilatometric
curve of the sample aged for 200 h presents
(Fig. 2e) a somewhat different anomaly in
comparison with the previous states: only
an expansion appears in the temperature in -
terval 327-500°C with a maximum near
400°C, related to the decrease of the DOj
particle ordering extent followed by their
dissolution in the disordered phase; the dis-
appearance of the contraction is certainly
due to the state of perfect order of DOj
particles achieved after this long aging.
Thus, the progressive decrease of the
contraction amplitude with aging time is
observed. This relation is well intelligible
because the ordering reaction can be sum-
marized as follows: first, the transforma-
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Complete dilatometric curves with derivative curves of the heating branches thereof for the
at.% Al alloy homogenized, quenched (a), and aged at 300°C for 20 h (b), 100 h (c), and

200 h (d): solid lines, heating; dashed lines, cooling: dotted lines, derivative heating curves.

tion of all the disordered material into DOy
phase occurs, which is a very rapid process
finished in one minute [8] because it re-
quires only short-range redistribution,
then, as the the aging time increases, the
ordered DOj regions split off into several
particles by segregation of Fe atoms at an-
tiphase boundaries (APB) by forming disor -
dered O-phase and increasing, as a conse-
quence, the ordering degree of these parti-
cles. This process requires long-range
diffusion through the APB [12].

Study of Fe-25 at. % Al alloy

As-quenched state. The dilatometric
curve of the homogenized and quenched Fe-
25 at. % Al alloy (Fig. 3a) exhibits during
the heating an important anomaly between
190°C and 800°C totally different from
those of the previous samples, including an
important contraction in the temperature
interval 190-325°C with a peak at 245°C,
attributed to the ordered DO; phase forma-
tion from a completely disordered state; it
is probable that the critical nuclei of the
transformation are those of the B2 phase
because the transformation o - B2 is diffi-
cult to avoid at a rapid quenching. The B2
phase appears in the shape of scattered
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points in the disordered matrix because, in
bce materials, vacancies are strongly bound
to the interface between ordered and disor -
dered phases in such a way that these
points grow by vacancy-migration until they
reach a state in which they become unsta-
ble. They will undergo a B2 — DOj trans-
formation.

The general transformation sequence is:

— o - B2 - DO3 [9];
an important expansion between
438°C and 562°C with a peak at 520°C cer-
tainly related to a decrease in the DOj
phase ordering extent followed by forma-
tion of B2 domains;

— a second contraction in the tempera-
ture interval 562-632°C with a peak at
578°C, due to an increase in the B2 phase
ordering extent [9-11];

— a second expansion in the temperature
interval 632—-800°C with a peak difficult to
identify, related to the B2 - o transforma-
tion [9-11].

Ageing state. The derivative curve of the
sample homogenized, quenched and aged
20 h (Fig. 2b) has a shape practically iden -
tical to that of the as-quenched sample. In-
deed, it exhibits an important anomaly in
the temperature interval 200-800°C, in-
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cluding a contraction between 200°C and
460°C with a peak difficult to determine,
related to an increase in the ordering extent
of the DO phase formed during the aging
[9-11]. This contraction is followed by an
important expansion in the temperature in-
terval 460-550°C with a well pronounced
peak at 530°C, attributed to the processes
of the DO; phase disordering and the B2
phase formation [9-11]. It is immediately
followed by a second fairly important con-
traction situated in the temperature inter -
val 550-620°C with a peak near 600°C,
linked to the increase of the degree of or-
dering of the B2 phase [9-11]. This second
contraction is followed by a second expan-
sion between 620°C and 800°C with a peak
difficult to determine, attributed to the
process of disordering of the B2 phase and
the formation of the disordered phase.
After 100 h of aging, the derivative of the
heating branch (Fig. 3c) keeps almost the
same shape as that of the sample aged for
20 h. However, a remarkable amplitude de-
crease of the first contraction is observed
due certainly to an increase in the DOj
phase ordering extent [12]. Ageing for
200 h (Fig. 3d) results in the disappearance
of the first contraction. However, all the
other effects are present. The disappearance
of the contraction is due certainly to the
perfect order of the DOj; phase reached
after this long ageing.

The results obtained allowed us to draw
the following conclusions. In the studied al -
loys, a rapid quenching in water from high
temperatures (1100°C) provides conserva-
tion of the disordered phase. A prolonged
ageing at 300°C results in an increased DOj
phase ordering extent because of a chemical
composition modification in the ordered do -

mains due to Fe atoms segregation at an-
tiphase boundaries, resulting in the disor-
dered phase. During the aging at 300°C, the
ordering starts with the conversion of all
the sample to the DOj phase; then the con-
tinued ageing results in precipitation of the
disordered phase by separating the sample
into small DO3 domains with an almost per-
fect ordering. Finally, dilatometry consti-
tutes a very important experimental method
for study of ordered solid solutions. How-
ever, to refine the obtained results, trans-
mission electronic microscopy study would
be necessary.
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AuaaToMeTPpUUYHI JOCHIAKEeHHA BHOPATKOBAHUX
ctpykryp B Fe—Al cnmaasax

M.Bygenzyp, A.Xaviton, M.1.Poxmanoe, M.Bywap, /[.Xamana

JocninkeHO IepeTBOPEHHS IOPANOK-HEeBIOPANOKOBAaHICTH y cIIaBaxX Ha OCHOBi 3aiisa,
mo micruam 21.5 ra 25 at. % Al. Ananis pesynbrariB, ofepKaHUX METOAOM [IUJIATOMETDii,
JI03BOJISIE CTBEPAIKYBATH, IO peakllid BHopAaKkyBaHHA B Fe—Al cunaBax micsia sarapryBanHsa
3 00J1aCTi HEBIOPAAKOBAHOTO CTAaHY € HOCHUTH IIIBUJKUM IIPOIIECOM, & CTAPiHHA IPU MOMipHUX
TeMIIepaTypax CIPUYMHAE NiJBUIEHHA CTYyIeHd JaJbHLOro Iopaaky tumy DOs.
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