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ABSTRACT

From literature data presently available, the decomposition temperature and the nature of the
decomposition reaction of the ternary compound o-AlFeSi (also designated as oy or 7s) are not clearly
identified. Moreover, some uncertainties remain concerning its crystal structure. The crystallographic
structure and thermochemical behaviour of the ternary compound «-AlFeSi were meticulously studied.
The crystal structure of a-AlFeSi was examined at room temperature from X-ray single crystal intensity
data. It presents hexagonal symmetry, space group P6s/mmc with unit cell parameters (293 K)
a=12.345(2) A and c=26.210(3) A (V=3459 A3). The average chemical formula obtained from refine-
ment is Al;;Fe,Si. From isothermal reaction-diffusion experiments and Differential Thermal Analysis,
the title compound decomposes peritectically upon heating into 6-Fe4Al;5(Si), y-AlsFeSi and a ternary
Al-rich liquid. Under atmospheric pressure, the temperature of this reversible transformation has been
determined to be 772 + 12 °C.

Thermal analysis

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Production of sheets and castings based on aluminium alloys
as well as development of aluminium/steel assemblies require a
thorough knowledge of the phase diagrams of the relevant
systems. Chemical instabilities and mechanical embrittlement
owing to the interface reactions between aluminium alloys and
iron are critical parameters that have to be carefully examined
[1-4]. Considering that the major constituent of many aluminides
is silicon, the Fe-Al-Si system has been the subject of many
experimental investigations [5-8]. The results of those experi-
mental studies were summarised in several publications [9-12].
Thermodynamic assessments of the whole system based on the
CALPHAD method have also been proposed first by Liu and Chang
[13] and more recently by Du et al. [14]. Malakhov et al. [15]
developed predictive calculations based on the Scheil’s formalism
and the concept of driving forces to explain the formation of
metastable compounds during supercooling. The main feature of
this system is the occurrence of numerous ternary phases. Up to
now, ten different phases labelled from 7, to 717 (t1=79) have
been isolated and crystallised directly either from the liquid or
through invariant or monovariant reactions [6-7,10,13]. All the
phases exhibit homogeneity ranges more or less extended with an
iron concentration practically constant [13,16]. It is worth noting
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that the silicon limit of the homogeneity range can vary with
temperature [13]. Several studies have involved the reaction
scheme in the aluminium rich corner of the system that is the
more critical regarding the potential applications i.e. metal joining
between iron and aluminium-silicon alloys [7,15,17]. Among
those Al-rich phases, several structural and/or thermochemical
data are not available or incomplete.

Our attention in the present work was focused on the com-
pound «-AlFeSi (also designated as oy or 75) with average
chemical formula Al {Fe,Si. From literature, this phase is known
to form very easily by crystallisation from ternary Al-rich melts,
as shown in Fig. 1 [5,6,17,18]. This ternary compound is char-
acterised by a hexagonal symmetry, space group P6s/mmc
with unit cell a=12.404(1) A and c=26.234(2) A but the crystal-
lographic structure is neither precisely depicted nor fully under-
stood [18,19]. It also exhibits a homogeneity range that varies
with temperature [16,17,20]. Literature reports enthalpies of
formation AH° at 25°C of —34.3+2kJmol~" for the atomic
composition Alg71Feg19Sio1 (Al;4FesSi) and —-24.44+1.4
k] mol~! for the atomic composition Alg;>Feg1sSio: [21,22].
Thermal decomposition of the ternary compound o« has often
been observed but uncertainties remain concerning the exact
nature of the decomposition reaction and the temperature at
which that reaction effectively proceeds: previously proposed
ranges for the decomposition temperature in literature reviews
are 710-715 °C [9,13] and 855 °C [10,11]. The purpose of the
present work was to obtain complete data about the crystal
structure and the formation mechanism of «-AlFeSi. That is
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Fig. 1. Crystals of a-AlFeSi grown by precipitation from a Fe-saturated Al-Fe-Si
liquid near 627 °C.

why, crystal structure examination, thermal analysis and reac-
tion-diffusion experiments have been undertaken.

2. Experimental

Samples were prepared from pure elements: aluminium
(A5LR) rod (purity > 99.8%, Strem Chemicals), iron powder (pur-
ity > 99.8%, Strem Chemicals) and monocrystalline silicon pieces
(>99.99%, Strem Chemicals). We managed to get single crystals.
A sample of 6g with initial composition Al:Fe:Si=78:
10:12 mass% was prepared in three stages. In a first stage, a bar
of 1.8 g with composition Fe:Al=33.3:66.7 mass% containing all
the iron powder (i.e. 0.600 g) and 1.200 g of aluminium was cold
pressed under 240 MPa. In a second stage, the silicon pieces
(0.702 g) and the remaining aluminium (3.498 g) were molten
together at 1073 K in an alumina crucible by direct RF coupling.
In a third stage, the Al-Fe bar was dissolved into the molten
Al-Si alloy. The addition to a metallic melt of alloying elements in
the form of solid blocks of master alloy insures precise composi-
tion of the final alloy. This kind of procedure is commonly used by
foundrymen. The liquid sample was then thermally treated as
follow: 745 °C for 6 h, continuous cooling at a rate of 7° per hour
up to 690 °C followed by a plateau for 40 h and quenching by
dropping in cold water. This thermal treatment was applied to
avoid the formation of the high temperature phase y=s,. Single
crystals were extracted from the aluminium bare matrix that was
slowly dissolved in diluted sodium hydroxide. Single-crystal
intensity data were collected on an Oxford Xcalibur X-ray area-
detector using Mo-Ko. radiation (1=0.71073 A). The programme
package CrysAlisPro [23] was used to establish the angular
scan conditions (¢ and w scans) for the data collections. The
structure was solved by direct methods with SIR97 [24] and
refined with SHELXL-97 [25]. A numerical absorption correction
was made on the basis of an optimised description of the crystal
faces [26]. Relevant crystal structure and refinement data are
given in Table 1. The drawings were done using the programme
DIAMOND [27].

For the thermal stability study, samples of different types all
containing the compound o-AlFeSi as major constituent were
prepared by reacting cold-pressed powder mixtures of the pure
elements and equilibrating themat 727 °C for 200 h at 727 °C
200 h. For samples of type 1 (Al:Fe:Si=60:30.4:9.6 mass%) only

Table 1
Crystal data, intensity collection and refinement for Al; ;Fe;Si.

Collection temperature 293 K
Average chemical formula Al 1Fe,Si
Formula weight (g mol 1) 3243

Crystal system
Space group
Crystal size (mm?)

Hexagonal
P65/mmc (no. 194)
0.444 x 0.322 x 0.285

a (A) 12.346(2)
c(A) 26.210(3)
V(A% 3459(1)
Z 24
Calculated density (g cm—3) 3.736
Linear absorption coefficient (mm~1) 6.105

Absorption correction (analytical)

Trmine Tmax 0.217-0.330
0 range for data collection (deg.) 36<0<294
h —-17<h<16
k —-16<k<16
1 —-35<1<35
Number of collected reflections 30,455
Number of unique reflections, Rint 1776, 0.065
Reflections in refinement [I > 2a(1)] 1555
Variable parameters 125

Final R indices

Ry, WRy [I1> 26(I)] 0.029, 0.074
Ry, WR; (all data) 0.037, 0.079

Goodness-of-fit on F? 1.03
(Ap) min/max (e/A%) —0.89/0.78

— Mass % Fe

Fig. 2. Al-rich corner of the 727 °C Al-Fe-Si section, as previously established
in [7].

two phases were present (¢-liquid equilibrium). For samples of
type 2 (Al:Fe:Si=61.7:304:79 mass%) and type 3 (Al:Fe:-
Si=58.3:30.4:11.3 mass¥%), little amounts of 0-Al;sFe4 (¢-0-L equili-
brium) and of y-AlsFeSi (a—y-L equilibrium) were also present,
respectively. Samples of type 4 (Al:Fe:Si=58:32.5:9.5 mass%) were
made of pure a-AlFeSi. Circles show the composition of these samples
in the Al-Fe-Si section represented in Fig. 2 [16]. The samples thus
prepared were either characterised by Differential Thermal Analysis
(DTA) at heating/cooling rates of 5 and 2 °C min~' (92-12 TGA/DTA
Setaram and TGA/SDTA 851 Mettler-Toledo) or submitted to further
isothermal annealing treatments. X-ray diffraction (CuKo radiation),
optical microscopy, scanning electron microscopy (SEM) and electron
probe micro-analysis (EPMA) were used to characterize the morphol-
ogy, crystal nature and composition of the phases produced (SEM and
EPMA were performed at the “Centre Technologique des Micro-
structures—CTu”, Université Lyon 1).
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3. Results and discussion
3.1. Crystal structure

3.1.1. Data collection and refinement

The ternary compound o-AlFeSi has been previously reported
in literature to exhibit a hexagonal structure [18,28]. A crystal
structure was proposed for the first time by Corby and Black [18]
from anomalous-dispersion methods. Nevertheless, it was not
possible for the authors to identify the silicon positions, moreover
it remains some imprecisions concerning the occupation percen-
tages and two Al isotropic factors exhibit not convenient values. As
a consequence, it remains some uncertainties about this phase.
That is why we undertook its structural determination. The
observed reflections from the single crystal studied at room
temperature could be indexed in a hexagonal unit cell, with lattice
parameters a=12.348(2) A, c=26.210(3) A (V=3459(1) A®). The
Laue symmetry P6s/mmc (19 4) and systematic extinction condi-
tions 000! (I=2n), and hh-2hl (I=2n) led to the centrosymmetric
space group P6s/mmc, which was found to be correct during the
structure determination. The structure has been solved by direct
methods and least-squares refinement by using 1555 independant
reflections. The five positions of iron atoms were easily identified.
The other sites being occupied by silicon and aluminium atoms,
the distinction of silicon atoms within these sites was more
complex because of very close scattering factors. Nevertheless,
we succeed in identifying the silicon atoms positions by a careful
examination of both interatomic distances and coordination poly-
hedra. Indeed, from previous structure determinations in the
system Fe-Al-Si it appears that the lowest interatomic distances
between iron atoms and silicon atoms in the ternary compounds
FesAl,Si3, FesAl,Siy; and Fe,AlsSi; are comprised between
2.265(1) and 2.304(3) A [29,30]. Moreover, in the structure exam-
inations of the ternary compounds Fe3Al,Si3; and Fe3Al,Siy by
Yanson et al. [29], the silicon-iron interatomic distances are equal
to 2.304(3) and 2.309(3)A. From the relevant study of the
compound Fe,AlsSis by Gueneau and Servant [30], it appears that
the Fe-Si distances are comprised between 2.265(1) and
2.549(1) A, while the Fe-Al distances are comprised between
2.417(1) and 2.875(1)A. It is also important to note that the
shortest Fe-Al distances in the binary compounds Fe4Al;3 and
Fe,Als are equal to 2.374(3) and 2.34(2) A [31,32]. As a consequence,
it appears clearly that the Fe-Si bonds can be shorter than the Fe-Al
bonds and that the shortest Fe—Al distances can be of about 2.32 A: all
the values below this limit should be attributed to Fe-Si bonds. In
those ternary compounds, we can also notice that the Al-Si distances
are comprised between 2.468(3) and 3.024(2) A with an average
value of 2.67 A. Concerning the Al-Al bonds, the shortest distance
reported is equal to 2.533(8) A [31]. Starting from these observations
the identification of silicon atoms positions was made possible. The
successive steps of refinement led us to place the aluminium and
silicon atoms in thirteen Al positions and in four Si positions. The
distance between Si9 and Fe3 atoms is equal to 2.284(2) A, what is
unambiguously lower than the shortest Fe-Al distance (2.34(2)A)
and comprised within the Fe-Si shortest distances range (2.265(1)-
2.304(3) A). A particular situation is observed with Si19 because this
atom is surrounded only by eight aluminium atoms forming a
welcoming site for silicon atoms with suitable Al-Si distances
comprises between 2.582(1) and 2.743(2) A. Examination of the
electronic density residuals revealed the existence of two very close
positions at 0.55(3) A from each other. According to the interatomic
distances with the adjacent Fe5 atoms (2.421(2) and 2.627(16) A) the
closer position was attributed to a Si atom called Si22. Then the other
site was attributed to an aluminium atom, Al21. The corresponding
interatomic distances Si22-Al and AI21-Al are in good agreement
with the values given earlier. In order to obtain an overall occupancy

factor equal to 1 when adding the Si22 and Al21 occupancy factors,
we added an occupancy constraint on these two sites. After refine-
ment, the Si22 site occupancy factor is of about 7 ~ 0.85(2), conse-
quently the one of the Al21 site is of about T ~ 0.15(2). Introducing
isotropic displacement parameters, one silicon position, Si23, was
found to be partially occupied (7 ~0.14(2)). In the case of the Si23
atom, it appears that the distances between this atom and its Al
neighbours are comprised between 2.56(3) and 2.810(2) A, what is in
good agreement with the Al-Si bonds distances previously measured
in literature. Converting displacement parameters from isotropic to
anisotropic, no abnormal value was observed. The displacement
parameter of Si23 position was finally refined isotropically owing to
the low value of its occupancy factor. Final atomic coordinates,
occupancy factors and thermal displacement parameters are given
in Tables 2 and 3. The main interatomic distances (A) of a-Al; 1Fe,Si
and their esd’s are given in Table 4.

3.1.2. Structure description

The whole representation of the crystal structure is shown in
Fig. 3(a). In the partial representation of the structure presented in the
Fig. 3(b), it appears that the silicon atoms are located in two different
kinds of layers along the c-axis. The Si9 atoms are located in layers
with z values very close to %2 and 0. The Si19, Si22 and Si23 atoms are
located in the layers with z=14 and 3/,. We can then distinguish three
kinds of alternated layers: two layers containing the silicon atoms
with the Fe3 or Fe5 atoms, the third one, located between the two
others, is free of silicon. Examination of the coordination polyhedral
for the Fe atoms reveals that the coordination numbers (CN) of these
atoms are comprised between 9 and 12 (Fig. 4). The Fe4 and Fe5 have
a CN equal to 9, while Fe2 and Fe3 atoms have a CN equal to 10.
Those values are generally observed for Fe-Al compounds. Fel has a
CN equal to 12 with three distant Al14 atoms at 2.914(2) A (Table 4).
In the case of Fe4Al 5 and Fe,Al5Sis compounds, the CN of the five Fe
atoms within the compounds are equal to 9, 10 and 11 [30,31]. The
coordination polyhedra of Fe atoms derive of trigonal prism or
antiprism with additional vertices leading to the formation of capped
pentagonal faces (Fig. 4). The structure contains also four silicon
atoms. Their coordination polyhedra are presented in Fig. 5. Except

Table 2
Atomic positional and isotropic displacement parameters for Al; 1Fe,Si.

Atom Wyckoff  Occ. X y z U (A?)
site

Fel 12k 1 0.91923(5) 0.45961(2) 0.34064(2) 0.0088(2)*
Fe2 12k 1 0.13030(2) 0.26060(5) 0.34963(1) 0.0076(2)?
Fe3 12k 1 0.78364(3) 0.21636(3) 0.46941(2) 0.0074(2)*
Fe4 6h 1 0.20768(3) 0.41536(7) 1/4 0.0062(2)*
Fe5 4f 1 1/3 2/3 0.40024(4) 0.0071(2)*
Al6 241 1 0.94400(8) 0.29207(7) 0.39723(3) 0.0083(2)*
Al7 241 1 0.01168(8) 0.34367(7) 0.30190(3) 0.0074(2)*
Al  12i 1 0 0.37215(9) 1/2 0.0088(2)*
Si9 12k 1 0.88928(5) 0.11072(5) 0.48238(4) 0.0094(2)?
Al10 12k 1 0.59596(5) 0.19193(10) 0.51695(4) 0.0066(2)*
Alll 12k 1 0.09346(10) 0.54673(5) 0.39447(4) 0.0064(2)*
Al12 12k 1 0.91595(5) 0.08405(5) 0.33197(4) 0.0080(2)?
Al13 12k 1 0.80437(11) 0.40219(5) 0.41804(4) 0.0071(2)*
All4 12k 1 0.79742(5) 0.20258(5) 0.56847(4) 0.0075(2)*
All5 12k 1 0.93060(5) 0.06940(5) 0.57656(4) 0.0059(2)?
All6 12k 1 0.74851(5) 0.25149(5) 0.32564(4) 0.0085(2)*
Al17 12k 1 0.25228(5) 0.50456(11) 0.33439(4) 0.0096(2)*
Al18 6h 1 0.57051(8) 0.14103(16) 1/4 0.0109(3)*
Si19 6h 1 0.83713(7) 0.16287(7) 1/4 0.0071(3)*
Al20 6h 1 0.09091(7) 0.18182(15) 1/4 0.0088(3)*
Al21 6h 0.15(2) 0.094(3) 0.5468(16) 1/4 0.0172(9)*
Si22  6h 0.85(2) 0.1452(6)  0.5726(3) 1/4

Si23  2c 0.14(2) 1/3 2/3 1/4 0.012(7)°

? Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.
P Uiso, displacement parameter of Si4 was refined isotropically.
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Table 3
Anisotropic displacement parameters for Al; ;Fe;Si.

Atom Uiy Uz Uss U3 Uis Uiz

Fel 0.0114(3) 0.0084(2) 0.0075(3 —0.0015(1) —0.0029(2) 0.0057(2)
Fe2 0.0074(2) 0.0077(3) 0.0077(3 —0.0015(2) —0.0007(1) 0.0038(2)
Fe3 0.0078(2) 0.0078(2) 0.0043(3 —0.0003(1) —0.0003(1) 0.0022(2)
Fe4 0.0076(3) 0.0086(4) 0.0028(4 -0 -0 0.0043(2)
Fe5 0.0081(3) 0.0081(3) 0.0049(4 -0 -0 0.0041(2)
Al6 0.0098(4) 0.0096(4) 0.0052(4 —0.0008(3) —0.0002(3) 0.0046(3)
Al7 0.0078(4) 0.0105(4) 0.0047(4 —0.0006(3) —0.0002(3) 0.0050(3)
Al8 0.0087(5) 0.0093(4) 0.0082(6 —0.0007(2) —0.0013(4) 0.0044(3)
Si9 0.0097(4) 0.0097(4) 0.0083(5 —0.0008(2) —0.0008(2) 0.0045(4)
Al10 0.0071(4) 0.0078(5) 0.0051(5 —0.0005(4) —0.0002(2) 0.0039(3)
All1 0.0064(5) 0.0075(4) 0.0047(5 —0.0005(2) —0.0010(4) 0.0032(2)
Al12 0.0085(4) 0.0085(4) 0.0059(5 —0.0003(2) —0.0003(2) 0.0035(4)
Al13 0.0133(5) 0.0078(4) 0.0020(5 —0.0004(2) —0.0009(4) 0.0066(3)
Al14 0.0087(4) 0.0087(4) 0.0056(5 —0.0002(2) —0.0002(2) 0.0047(4)
Al15 0.0070(4) 0.0070(4) 0.0035(5 —0.0005(2) —0.0005(2) 0.0034(4)
Al16 0.0088(4) 0.0088(4) 0.0078(5 —0.0001(2) —0.0001(2) 0.0042(4)
All7 0.0129(4) 0.0088(5) 0.0056(5 —0.0007(4) —0.0003(2) 0.0044(3)
Al18 0.0139(6) 0.0153(8) 0.0039(7 -0 -0 0.0076(4)
Si19 0.0081(5) 0.0081(5) 0.0039(6 -0 -0 0.0032(6)
AlI20 0.0110(6) 0.0086(7) 0.0060(7 -0 -0 0.0043(4)
Al21 0.027(3) 0.0162(9) 0.0119(9 -0 -0 0.0135(13)
Si22 0.027(3) 0.0162(9) 0.0119(9 -0 -0 0.0135(13)

Si9, all the Si atoms are inserted into irregular trigonal prisms with
additional vertices leading to CN comprised between 8 and 12, what
are common environments for this element. Indeed, the similar
coordination environments for silicon atoms have been reported for
FesAl,Sis, FesAl,Si4 and Fe,AlsSiz with CN comprised between 8 and
11 [29,30]. An environment with 12 members has been isolated with
yttrium-rhodium-silicon compounds, for example [33,34]. Si9 atom
is inserted into a pentagonal-based pyramid with one Fe3 atom at the
top leading to an interatomic distance of 2.284(1) A. In the environ-
ment of Si9, there are also 2 distant Al8 atoms at 2.843(2) A. The
corresponding CN for Si9 is equal to 8 (Fig. 5). The Si19 atom is
bonded to eight Al atoms. The remarkable fact concerning this
position is the absence of Si19-iron bond. The situation relative to
the Al21, Si22 and Si23 is more complex. Indeed, all these positions
are partially occupied. Moreover, the interatomic distances between
Si22 and Si23 and between Si22 and Al21 are too short: Si22-
Si23=2.012(7) A, Si22-A121=0.55(3) A. When comparing the occu-
pancy factors of Si23 and Al21, the values are found quite similar i.e.
7(S5i23)=0.14(2), T(AlI21)=0.15(2). It is then clear that two situations
can occur. In the first one, the Si22 site is fully occupied and the sites
of Al21 and Si23 must be empty, the interatomic distances being
inappropriate. In the second situation, the Si22 site is empty and the
Al21 and Si23 sites are fully occupied: the occupancy factors and the
interatomic bonds are in good agreement with this hypothesis (Al21-
Si23=2.56(3)A). As a consequence, the first arrangement with
presence of Si22 atoms is obtained in 85% of the cases and the
second one with the couple Al21-Si23 in 15% of the cases. The
examination of the anisotropic displacement parameters of the Al17
and Al18 atoms that surround the Al21-Si22 mixed position reveals
stronger variations than for the others aluminium positions (Table 3).
The Fig. 6(a) and (b) shows that the Al17 and Al18 atoms have
elongated displacement spheres. This is induced by the presence in
their coordination polyhedra of the Al21, Si22 and Si23 atoms. Indeed,
in the case of the Al17 atoms, the Al21, Si22 and Si23 positions are
located on the same side of the coordination polyhedron, what
induces a deformation of the anisotropic displacement along this
direction. Nevertheless, this deformation is particularly oriented in
the direction of Al21-Si22 (Fig. 6(a)), this can be easily understood
because the distance between Al17 and Si22 is equal to 2.908(3) A
whereas the distance between Al17 and Al21 is of 3.16(3) A. This
highest value allowed Al17 atoms to move in the direction of Al21

atoms when they are presented. The same kind of situation is
observed with Al18. Only one Si22-Al21 position is located in the
environment of this atom (Fig. 6(b)). The distance between Al18 and
Al21 is equal to 2.51(3) A and the distance Al18-Si22 is of 3.060(7) A.
As a consequence, when the Al21 atom is absent, the Al18 atom can
easily move in the direction of the Si22 atom, what explains the shape
of the anisotropic displacement of this atom. We can also ask the
question about the presence of silicon on the Al17 and Al18 sites. On
this perspective, it appears very unlikely that silicon can be present in
substitution. Considering that the distances silicon—iron are shorter
than the distances iron-aluminium, the displacement ellipsoids of the
atoms Al17 and Al18 should be extended toward the iron atoms,
which is not the case. So, if there is a partial occupation of these sites
by silicium, it could be very low. Then, the formula of this ternary
phase, as deduced from structure refinement, is close to Al;ggFe4sSins,
that is ca. Al; Fe,Si, giving a corresponding atomic ratio Al:Fe:Si of
70.9:19.3:9.8. The EPMA analysis of this phase resulting from 20
consecutive analyses on a sample synthesised at 760 °C led to the
atomic ratio Al:Fe:Si=69.8:19.0:11.2 (Table 5). Assuming that the
standard deviation is comprised between 1 or 2 at%, the micro-
analyses are in good agreement with the composition obtained from
the structural study. Nevertheless, a slightly higher content than
expected is measured for silicon atoms. This deviation could be
justified by the fact that the a-AlFeSi phase boundaries may change
with temperature, as shown experimentally in references [16,17,20]
and taken into account in the assessment of the Al-Fe-Si system by
Liu and Chang [13]. It is worth noting that the content of silicon
atoms decreases with temperature without modifying significantly
the content of iron and that the homogeneity range is relatively
narrow: from 31 to 33.3 mass% Fe (18-19.5 at% Fe) and from 8.6 to
10.9 mass¥% Si (10-12.5 at% Si) [16,17,20]. Then, we can deduce from
these data that the crystal studied herein corresponds to the low
silicon-content limit of the homogeneity range. The same kind of
situation is encountered for many ternary phases in the system Fe-
Al-Si [13]. This phenomenon is correlated to unit cell parameters
variations [17]. In the case of a-AlFeSi, the composition variation is
partially justified by the possibility to modify the occupancy factors of
the AI21, Si22 and Si23 atoms. Nevertheless, this is not sufficient to
explain the silicon-rich limit equal to 12.5 at% Si. The occurrence of ot
her substitution sites between Si and Al atoms is likely and this is the
only manner to justify the existence of such a homogeneity range.
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Table 4
Main interatomic distances (A) for Al; 1Fe,Si and estimated standard deviations.

Fel 3AI17  2446(2) Al7  1Al12 2916(2) All5 1Fe2  2.332(2)
3AI11  2.569(2) 1AI18  2.920(2) 2519 2.585(2)
3A110  2.645(2) 1A116  2.922(2) 1S9 2.622(2)
3A114  2.914(2) 24115 2.570(2)

Al8  2Fe3  2.518(1) 1AI14  2.855(2)

Fe2 1Al15  2.332(2) 2519 2.843(2) 24112 2.918(2)
2A112  2.490(1) 2A110 2.627(2)

217 2.502(1) 2A16  2.833(1) All6 1Fed  2.405(1)
1AI17  2.639(2) 2A114  2.936(1) 1Si19  2.743(2)
1A114  2.645(2) 2A118  2.761(2)
1AI20  2.744(1) Si9  1Fe3  2.284(2) 2416 2.896(2)
2416 2.809(1) 2519 2.541(2) 24113 2.919(2)

3AI15  2.585(2) 2417 2.922(2)

Fe3 1Si9  2.284(2) 2AI8  2.843(2)
2A110  2.513(1) All7 1Fe5  2.409(1)
2AI8  2518(1) A0 1Fe3  2.513(1) 1Fel  2.446(1)
2016 2.554(1) 1Fel  2.645(2) 1Fe2  2.639(1)
2A113  2.560(1) 1AI11  2.549(2) 24017 2.756(2)
1AI14  2.613(2) 1A113  2.593(2) 1A114  2.759(2)

2A110 2.618(2) 1Si23  2.810(2)

Fed 1AI11  2.337(2) 2418 2.627(2) 2822 2.908(3)
1AI13  2.371(2) 24114 2.775(2) 24111 2.760(2)
2A116  2.405(1)
2A17  2453(1) All11 1Fe4 2337(2) All8 2Fed  2.462(1)
1AI18  2.463(1) 1AI10  2.549(2) 1A21  2.51(3)
2016 2.684(1) 2416 2.737(2) 4A116  2.761(2)

2A117  2.760(2) 4A17  2.920(2)

Fe5 2Si22  2.421(2) 2A114  2.858(1)

1523 2.687(1) Si19  4Al7  2.582(1)

2A117  2.409(2) A2 2Fe2  2.490(1) 28112 2.731(2)

1A20  2.497(2) 1Si19  2.731(2) 24116 2.743(2)

4A17  2.519(1) 2A120 2.851(2)

2A121 2.627(16) 2A17  2916(2) AI20 1Fe2  2.744(1)
2A115 2.918(2) 4A112  2.851(2)

Al6 1Fe2  2.809(1) 1AI6  2.958(2) 3AI7  2.959(2)
1AI7  2.611(2)
1AI11  2.737(1) A3 1Fe3  2.560(1) Al21 2Fe5  2.627(16)
1AI8  2.833(1) 24113 2.550(2) 1823 2.56(3)
1AI14  2.914(2) 1AI10  2.593(2) 1A118  2.51(3)
1AI6 2.914(2) 2416 2.731(2) 4A17  2.574(12)
1AI12  2.958(2) 1AI16  2.919(2)

Si22 2Fe5  2.421(2)

Al7 1Fed  2453(1) All4 1Fe2  2.645(2) 4A17  2.810(3)
1Si19  2.582(1) 1Fel  2.914(5) 4A117  2.908(3)
1522 2.810(3) 1AI17  2.759(2)
1AI21  2.574(11) 1AI10 2.775(2) Si23 3Fe5  2.687(1)
1AI6 2.611(2) 2A111  2.858(1) 3AI21  2.56(3)
1AI7  2.721(2) 2416 2.914(5) 6AI17  2.810(2)
1AI17  2.756(2) 1AI8  2.936(1)

3.2. Thermal stability

3.2.1. Thermal analysis by DTA and SDTA

Fig. 7 shows the high temperature part of DTA curves recorded
for sample of types 1 to 3 with a heating rate of 5°C min—'.
Whatever the phase equilibrium established at 727 °C («-L, a-0-L
or a-y-L), an endothermic peak was observed above this tem-
perature. Upon first heating, the maximum of this peak appeared
at 800-815 °C. On re-heating, it appeared at 780-790 °C. Upon
cooling at 5°Cmin~!, an exothermic peak with a maximum at
700-710 °C was detected. The position of these peaks was slightly
shifted when the heating/cooling rate changed from 5 to
2 °Cmin~!. Fig. 8 shows the SDTA curves recorded on a sample
of type 2 (y-L equilibrium at 727 °C) at a heating/cooling rate of
5°Cmin~'. Two endothermic peaks with maxima at 615 and
800 °C were observed upon second heating; the onsets values
were of 602 and 779 °C, respectively. As in DTA, the second
endothermic peak was shifted towards lower temperature upon
second heating (15 °C shift). Upon cooling, two exothermic peaks
appeared with maxima at 710 and 580 °C; the onset values being
of 724 and 593 °C, respectively. At 2 °Cmin~!, the peaks were

slightly shifted and became nearly symmetrical. The onset values
were of 604 and 782 °C upon second heating and of 736 and
596 °C upon cooling. From these results, it was concluded that a
reversible transformation involving the compound o-AlFeSi
occurred in the temperature range 736-782 °C. Shifts in peak
position with the heating/cooling rate generally characterize
reactions proceeding at a slow rate. Further experiments were
then conducted by isothermal diffusion in order to determine the
nature and to refine the temperature of the reversible transfor-
mation. As to the 15 °C shift in peak position observed between
first and subsequent re-heating by DTA or SDTA, it may be a
consequence of changes in solid/solid and solid/liquid contact
areas. Indeed, optical microscopy examination of a sample of type
2 after SDTA analysis revealed a larger volume fraction of liquid
and a finer dispersion of crystals in the solid state.

3.2.2. Isothermal diffusion experiments

A sample of type 4 (pure o) was re-heated for 2 h at 850 °C and
cooled very rapidly by oil-quenching. X-ray diffraction (XRD)
characterisation revealed that « had completely disappeared
and was replaced by a mixture of three solid phases 0, y and
solid Al (Fig. 8). Observation of the sample by optical microscopy
confirmed the formation of a liquid phase. It thus appeared that
the compound o decomposed on heating in the transformation
and that three other phases 6, y and a liquid L were involved in
this transformation. Samples of type 4 were then heated for 2 h at
temperatures of 770, 779, 787 and 795 °C and rapidly cooled to
room temperature by oil-quenching. XRD characterisation
showed that the samples heated at 770 and 779 °C only consisted
of the intermetallic compound o whereas this compound was
entirely converted into 0, y (and L) in samples heated at 787 °C
and above (Fig. 9). To refine further the decomposition tempera-
ture, a pure o sample was heated at 783 °C for 65 h instead of 2 h.
In that experiment, partial conversion of o into ), 6 and L was
identified by XRD. This gave for the compound « a decomposition
temperature on heating of 781 + 2 °C, value in excellent agree-
ment with SDTA results at 2 °C min~' (peak onset at 782 °C). The
reverse reaction was finally studied. For that purpose, powder
mixtures with the composition of « (type 4 samples) were reacted
for 2 h at 810 °C in order to decompose « into 0, y and L. The
sample was slowly cooled down to a temperature lower than
787 °C and annealed at that temperature for 60 h. Only 6 and y
were found by XRD with Al and Si in samples annealed at 778,
768 or 764 °C. Conversely, « was characterised as the major
constituent in the sample annealed at 760 °C. It follows that « is
effectively formed on cooling by reaction from a 0+7y+L mixture
at temperatures equal to or lower than 762 + 2 °C. In Table 5 are
reported the analytical results obtained from EPMA (preci-
sion+ 1 wt%) on the one hand for 0, y and L produced by
decomposition of o at 787 °C and, on the other hand, for «
produced by reacting a 0+7+L mixture at 760 °C. It can be seen
that the composition of « lies within the 6-y-L triangle. Conse-
quently, we can conclude that the solid compound « decomposes
on heating in a ternary peritectic reaction, a four phase transfor-
mation which is invariant under constant pressure according to
the phase rule and which can be written (on heating)

oe—0+y+L

3.2.3. Temperature of the peritectic transformation

To our knowledge, only two experimental determinations of
the temperature of the above peritectic transformation were
carried out in early works by Takeda and Mutuzaki in 1940 [35]
and Armand in 1952 [36]. The values reported, 855 and 715 °C,
respectively, were very different and a re-determination was
necessary. This is why we undertook experiments specially
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CAl

@Fe
®Si

Fig. 3. Representation of the crystal structure of the o-Al; ;Fe,Si compound: (a) general representation of a unit cell and (b) detailed view showing the layered disposition
of polyhedra containing iron atoms in their centre.

Fig. 4. Coordination polyhedra of the iron atoms.

devoted to the determination of that temperature by two com- Decomposition of o has been observed at 783 °C and above. The
plementary approaches: isothermal diffusion followed by oil reverse reaction has been observed at 760 °C and below. The
quenching and thermal analysis at different heating/cooling rates. transformation is then reversible and its temperature under

Both static and dynamic approaches gave self-consistent results. atmospheric pressure is of 772 + 12 °C. Krendelsberger et al. [7]
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Fig. 5. Coordination polyhedra of the silicon and Al21 atoms.

CAIT1T

Fig. 6. Coordination polyhedra and thermal ellipsoid: (a) Al17 and (b) Al18 atoms.
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Table 5
Composition of the four phases involved in the invariant transformation studied.

Phases Al wt¥% (at%) Fe wt% (at%) Si wt% (at%)

0(787°C) 58.6+1(73.1+1.5) 38.0+1(229+0.7) 34+1(4.0+1.0)
7 (787°C) 52.7+1(646+1.3) 346+1(205+1.7) 12.7+1(149+1.2)
L(787°C) 759+1(81.6+1.1) 126+1(65+05) 11.5+1(11.9+1.0)
% (760°C) 57.8+1(69.8+12) 32.6+1(19.0+06) 9.6+1(11.2+09)

EXO

A,

T(C) |

700 750 800

Fig. 7. DTA curves (high temperature part) recorded at a heating rate of
5°Cmin~"! for sample of types 1-3 (a-L, a—0-L and a—y-L at 727 °C).

602°C
779°C

724°C
593°C
B

IR IR NI NNV SR NI N —
520 560 600 640 680 720 760 800

T(°C)

Fig. 8. SDTA curves recorded on a sample of type 2 (y-L equilibrium at 727 °C) at a
heating/cooling rate of 5 °C min~ 1.

who were the first to know this result (through private commu-
nication) corroborated it.

4. Conclusion

The structural and thermochemical properties of the ternary
compound «-AlFeSi were carefully investigated. The crystal
chemistry of this phase was precisely examined on single crystal
leading to the average chemical formula Al Fe,Si. For the first

4000
= (L as prepared
= (1, heated 2 h at 850°C
3000 « Y *
E + 0
z
£ 2000
=
< 4
1000 A ¥
i
W
0
10 20 30 40 50

20 (°C)

Fig. 9. XRD spectra for: (a) pure o as synthesised at 727 °C; (b) Al, 6 and
y decomposition products after 2 h re-heating at 850 °C.

time, it was possible to identify the crystallographic positions of
silicon atoms. o-AlFeSi exhibits a hexagonal symmetry with unit
cell parameters equal to a=12.345(2) A and c=26.210(3) A. The
main part of the structure is fully ordered. Nevertheless, among
the four silicon positions, two positions are close and partially
occupied with a reciprocal dependency of the occupancy factors.
For one of them, a neighbouring aluminium position is added
when the silicon atom is absent. The homogeneity range pre-
viously identified for this phase can be partially explained by this
substitution mechanism. Nevertheless, it is not sufficient to
justify the Si-rich limit of the «-AlFeSi homogeneity range that
reaches up to 12.5at% at 727 °C and the existence of others
substitution sites between aluminium and silicon atoms should
be considered.

Combining the results from both Differential Thermal Analysis
and isothermal reaction-diffusion experiments has led to the
conclusion that the ternary compound «-AlFeSi decomposes on
heating according to the ternary peritectic transformation:

e 0+y+L

Under atmospheric pressure (101 350 Pa), the temperature of
this reversible transformation is of 772 + 12 °C.

Supporting information available

Further details on the crystal structure investigations may be
obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: (49) 7247 808 666;
e-mail: crysdata@fiz.karlsruhe.de), on quoting the depository
number CSD-422224.
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