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Long-range ordering of vacancies in b c c 
 -AIFeSi 
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Long-range ordering of iron vacancies in the bcc e-AIFeSi intermetallic compound has been 
investigated by a combination of selected-area electron diffraction, convergent beam electron 
diffraction, energy dispersive X-ray spectroscopy and high resolution lattice imaging. The 
superstructure was found to be rhombohedral with a space group R:3 and lattice parameters 
aso p = 3.076 nm, csu p = 3.263 nm. A model for the superstructure is presented and it is shown 
that the model is in agreement with experimental observations. 

1. In troduc t ion  
Intermetallic phases containing aluminium, iron and 
silicon are very common in aluminium alloys because 
iron and silicon are usually present as substantial 
impurity elements. The intermetallic b cc  e-A1FeSi 
phase, Ira3 a = 1.256 nm, [1] often precipitates during 
solidification or heat treatment of  aluminium alloys 
[2]. This phase is probably not an equilibrium phase 
but it is thought to be stabilized by the presence 
of transition metal elements such as manganese or 
chromium which can dissolve in its structure [3]. 

While the basic structure of e-A1FeSi is b c c, extra 
reflections have been found in selected-area electron 
diffraction (SAED) patterns in some investigations 
[4-6]. These observations have led to suggestions that 
the phase can exhibit long-range ordering under cer- 
tain conditions. Explanations for the extra reflections 
have been previously given in terms of either a hex- 
agonal superstructure [5] or a new phase (~T-AIFeSi) 
with a monoclinic crystal structure [6]. However, 
neither of these proposed structures agree with sys- 
tematically tilted SAED patterns or with the diffuse 
electron scattering which can be observed in certain 
beam directions [7]. 

In the present work the superstructure for ordered 
e-A1FeSi has been determined using many of the func- 
tions available in a modern analytical microscope, i.e. 
SAED, convergent beam electron diffraction (CBED), 
energy dispersive X-ray spectroscopy (EDX), and 
high resolution imaging. 

2. Experimental details 
Precipitates of b cc  e-A1FeSi, which exhibited extra 
reflections in SAED were found in the directionally 
chill cast dilute AI-Fe Si alloys (A, B and C) whose 
compositions are given in Table I. Details concerning 
the preparation, solidification and heat treatment of  
these alloys have been given elsewhere [4]. Additional 
precipitates of c~-AIFeSi, which did not exhibit extra 
reflections in SAED, were also investigated. These 
precipitates were found in a die-cast AI-9Si-3Cu 
(wt %) alloy. 

Thin foils for transmission electron microscopy 

TAB L E I Compositions (wt %) of the A~Fe Si alloys investi- 
gated 

Alloy Fe Si Impurities AI 

A 0.51 0.13 0.04 bal. 
B 0.28 0.13 0.04 bal. 
C 0.27 0.13 0.004 bal. 

were prepared by jet electropolishing 3 mm discs in an 
electrolyte consisting of  25% H N O  3 in methanol at 
30V a n d - 3 0 ° C .  The die-cast A1-Si-Cu alloy was 
electropolished in an electrolyte of 20% HNO 3 and 
2% NH4OH in methanol at 30V and room tempera- 
ture. The thin foils were examined in a Jeol-2000FX 
scanning transmission electron microscope (TEM/ 
STEM) equipped with a Link Systems-860 EDX spec- 
trometer. Analyses by EDX were quantified using the 
Link Systems RTS 2/FLS computer program, which 
applies the thin foil approximation with experimental 
Kxs i values, uses stored standard spectra of pure 
elements and corrects for absorption [8]. Specimen 
thickness measurements used in the absorption correc- 
tion were obtained by the convergent beam technique 
[9]. Photographic densities (blackening) of SAED 
patterns were measured using a Kontron IBAS inter- 
active image analysis system. 

3. Results 
Two different morphologies of b c c ,-A1FeSi which 
were found in alloys A, B and C are shown in Fig. 1. 
Both of these morphologies gave extra reflections in 
SAED patterns while precipitates of this phase found 
in the A1-Si-Cu alloy did not give extra reflections. 
SAED patterns with [1 1 0]bcc zone axes are shown for 
both situations in Fig. 2. Extra reflections at 1/3 
(T 1 2)bcc and 1/3 (2 2 2)bcc can be seen in Fig. 2a while 
these reflections are absent in Fig 2b. 

A CBED pattern corresponding to the SAED 
pattern in Fig. 2a (i.e. [1 1 0]b~o zone axis) is shown in 
Fig. 3. This pattern contains a ring from a higher 
order Laue zone (HOLZ). The spacing of reciprocal 
planes parallel to the electron beam can be calcu- 
lated by use of the geometric relationship between 
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Figure 1 Two common morphologies of b c c  c~-A1FeSi observed in alloys A, B and C (TEM). 

the radius of HOLZ rings and crystallographic par- 
ameters [10-12] 

* - ( 1 )  d~v w = G 22 
2 

where d*vw is the spacing of reciprocal lattice planes in 
the direction [uv W]bcc, G is the radius of the HOLZ 
ring and 2 is the wavelength of electrons. The camera 
length was calibrated using known reflections in the 
zero order Laue zone (HOLZ) and measurements of 
the radius of the HOLZ ring gave, using Equation 1 

d*v,, = 1/1.7763nm ~ (2) 

This is the same as d*~ 0 for b c c e-A1FeSi, i.e. 

d*~o = 1/q~o = 1/1.7763nm ~ (3) 

where rj,0 is the length of the crystal lattice direction 
vector [1 10] for b c c  e-A1FeSi. Use of this infor- 
mation to solve the SAED pattern in Fig. 2a shows 
that the extra reflections may be due to a superlattice 
having an orthorhombic structure with the following 
lattice parameters 

a* = 1/3(T 1 2)b~c b* = 1/3(222)bcc C* = (1 1 0)b~c 

%0 = 1.538 nm b~up = 1.088 nm C~up = 0.888 nm 

However, careful examination of the symmetry of the 

CBED pattern in Fig. 3 shows that the whole pattern 
symmetry is 1. Therefore, the superlattice cannot be 
orthorhombic [13] and this solution is incorrect. 

A (1 1 1)bcc zone axis CBED pattern from the same 
crystal as in Figs 2a and 3 is shown in Fig. 4a together 
with an SAED pattern with the same zone axis. Strong 
reflections in the SAED pattern come from the b c c 
primary lattice while the weaker reflections at 1/3 
{1 1 2}bcc are due to the superlattice. For comparison, 
CBED and SAED patterns from the same (1 1 1)bcc 

zone axis for disordered c~-A1FeSi are shown in 
Fig. 4b. It can readily be seen that the CBED pattern 
for the ordered structure has two more HOLZ rings 
than that for the disordered ~-A1FeSi. Measurements 
of the radii of these extra HOLZ rings and use of 
Equation 1 show that the ordered structure has an 
interplanar spacing in reciprocal space which is one- 
third of that for the disordered structure in the 
(1  1 1)bcc.  

The CBED pattern for the ordered structure in 
Fig. 4a has a whole pattern symmetry of 3. On this 
basis the pattern could arise from either [13] 

(i) the (1 1 1) zone axis of a cubic structure with a 
larger unit cell than that for b c c c~-A1FeSi; 

(ii) the (0 0 1) zone axis of a hexagonal crystal; or 
(iii) the (0 0 1 ) zone axis of a rhombohedral crystal. 

Which of these possible structures is the correct one can 
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Figure 2 SAED patterns of  b c c  :~-A1FeSi 
with a ( 1 1 0 )  zone axis. (a) Alloys A, 
B and C. Extra reflections due to a super- 
lattice are visible at 1/3 (112) and 1/3 
(2 '5 2). (b) Die-cast A1SiCu alloy. No extra 
reflections are visible. 



Figure 3 CBED pattern of long-range ordered c~-AiFeSi with a ( 1 

be determined by the spacing of the reciprocal plane in 
the direction of the pattern zone axis. As stated pre- 
viously, d*l i = 3d*yz where x y z  are the indices of the 
innermost HOLZ ring. Thus the extra HOLZ rings 
arise from a super|attice which is three times larger in 
this direction than the primary b c c e-A1FeSi lattice. 

For possible cubic superlattices, it was found that 
the lattice parameters obtained by indexing of reflec- 
tions in CBED patterns differed to that given by the 
measurement of the radii of the HOLZ rings. Similarly 
the lattice parameters obtained from SAED patterns, 
when assuming a hexagonal superlattice, did not agree 
with that given by the radii of the HOLZ rings. Thus 
the superlattice can be neither cubic nor hexagonal. If 
a rhombohedral superlattice is assumed then it is 
found that indexed SAED patterns give consistent 
results when compared to the radii of the HOLZ 
rings. The lattice parameters so obtained are: 
asu p = 3.076nm and %p = 3.263nm. The CBED 
pattern in Fig. 4a corresponds to (00 1),up for the 
rhombohedral superlattice. Similarly, the SAED pattern 
in Fig. 2a and the CBED pattern in Fig. 3 correspond 
to (2 1 0>~up. 

Comparison of the +_ G symmetry of HOLZ reflec- 
tions in CBED patterns shows that the symmetry is 2R 
[13]. This implies that the superstructure maintains an 
inversion centre for the primary b c c c~-A1FeSi struc- 
ture and hence the superstructure is centrosymmetric. 
The point group of the superlattice is therefore 3 [13]. 

4. Structure model considerations 
Ordered structures of vacancies in A1-Ni, A1 Ni-Fe 
and A1-Cu-Ni intermetallic compounds have been 

1 0)  zone axis. (a) Whole pattern. (b) The zero order Laue zone. 

studied extensively [14-18]. In the present case it can 
be noted that the (1 1 0)b~ c SAED pattern in Fig. 2a 
is similar to the (1 1 0) pattern from the z3 ordered 
structure of A16NiCu 3. The ~3 structure is a rhombo- 
hedral ordering of nickel atom vacancies [16]. Thus, 
while the primary structure of b c c c~-A1FeSi is more 
complex than that for A16NiCu3, it seems possible that 
the transition metal elements, iron and nickel, behave 
in a similar way as in the electron phases [18]. Because 
iron and nickel have similar electron structures, it is 
hypothesized that the superlattice in b c c c~-A1FeSi is 
due to an ordering of iron atom vacancies in a similar 
way to that of nickel atom vacancies in AI6NiCu3 or 
A1Ni~-x phases [14] and that a structural model can be 
constructed in a similar way. 

Ordering is usually accompanied by a decrease in 
symmetry in such a way that the point group of the 
ordered structure is a subgroup of the point group of 
the disordered structure. As the same is true for lattice 
translation symmetry [17], the space group of the 
ordered structure should then be R3. 

Transformations of coordinates from the disor- 
dered to the ordered structure can be obtained from 
Fig. 4a because 

1 2 0 [-a*~p-] 

1 1 0 / bs~up / 

o 0 3 kc;pJ 

El l a 1 1/3 2 1 b* 

2 2 c* 

(4) 

where a*, b*, c*, and * * * asup, bsup, Csu p are basis vectors 
in reciprocal space for disordered and ordered 

Figure 4 CBED patterns of  c~-A1FeSi with a (1 1 1) zone axis. Both patterns have the same camera length. (a) Long-range ordered ~-A1FeSi 
with extra H O L Z  rings due to the presence of  a superlattice. (b) Disordered c~-A1CuSi. The HOLZ ring is due to the b c c lattice. 
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Figure 5 Structural model of the superlattice in c~-A1FeSi based 
upon the long-range ordering of iron vacancies. 

structures, respectively. Then 

FasuPl Fi' !l E! b~,p = 1/2 2 

L Csup j 3 

and 3 
= 1/9 0 

i l asup 
bsup 

Csup 

(s) 

(6) 

where a, b, c and asup, bsup, Csu p are basis vectors in 
crystal space for disordered and ordered structures, 
respectively [19]. 

Here, the three-fold roto-inversion axis, 3, is along 
the [1 11] direction of the disordered structure. 
The coordinates of each of 24 Fe atoms from the 
disordered structure can now be transformed to the 
ordered structure. If an Fe vacancy is inserted into the 
disordered structure then there must be 6 Fe vacancies 
which are related by the three-fold roto-inversion axis 
along [001] of the ordered structure. In order to 
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T A B L E  II Compositions (at %) of  b c c  c~-A1FeSi 

Fe A1 + Si 

Predicted composition for the 17.4 82.6 
disordered stoichiometric 
condition 

Predicted composition from the 14.9 85,1 
model for the iron vacancy 
superlattice 

Experimental composition of  
long-range ordered precipitates* 

13.9 _+ 0.8 86,1 4- 1.0 

* Indicated errors are standard deviations from a large number of  
measurements. 

calculate the composition of  the ordered structure the 
volume of the superlattice unit cell needs to be known. 

Only the point group was considered when it was 
argued that 6 Fe vacancies are related by the three- 
fold roto-inversion axis along [001] of the ordered 
structure and no translation symmetry was involved. 
Therefore the cubic cell has to be considered as a 
primitive one and there should be 9 x 6 = 54 Fe 
vacancies in the primitive unit cell of the superstruc- 
ture. For  the unit cell of  the primary b c c lattice the 
number of Fe vacancies should be: 

V 
54 - 54 x 1/9 x 2/3 = 4 (7) 

V~,p 

where the factors 2 and 3 are the multiplicities for the 
b c c lattice and R-lattice, respectively. A lattice model 
for the ordered iron vacancy superstructure is shown 
in Fig. 5. In this model the composition of the b c c 
unit cell should be 114 (A1 + Si) atoms and 20 Fe 
atoms. When stoichiometric, this unit cell should 
contain 24 Fe atoms [1]. 

The point group of the primary b c c structure is m3 
of order 24 and the point group of the ordered super- 
structure is 3 of order 6. Group theory states that the 
variants of the ordered iron vacancy superlattice will 
then be of the order of its related factor group [20], i.e. 

24/6 = 4 (8) 

Thus the ordered structures in all four (1 1 1)bcc direc- 
tions are crystallographically equivalent and are 
related by the variant generating set (in this case the 
group) V.G., i.e. 

V.G. = (1, m, 2) (9) 

where 1, m and 2 are the identity, mirror and two-fold 
rotation axis, respectively. 

Figure 6 Photographic density measurements made on the 
negative of an SAED pattern. The indices of  the primary 
reflections are indicated. 
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Figure 7 A typical 
ordered ~-A1FeSi. 

EDX spectrum obtained from long-range 

5. Comparison of the model wi th  
experimental  data 

5.1. Positions of superlattice reflections 
From the model for the superlattice shown in Fig. 5 it 
can be seen that the lattice points containing ordered 
vacancies introduce a three times larger periodicity in 
both ( l l l }bc~  and ( l l2}bcc  directions and this 
periodicity overlaps with the primary b c c lattice. This 
gives rise to reciprocal lattice vectors of 1/3 {1 1 1}bcc 

and 1/3 {1 1 2}bcc. Thus the positions of extra reflec- 
tions in Fig. 2a and other SAEDs can be explained by 
the model. 

5.2. Relative intensities of superlattice and 
primary reflections 

Predicted relative intensities of superlattice reflections 
compared to that of primary reflections can be calcu- 
lated from the model. For this calculation an approxi- 
mation was made and only structure factors were 
considered. The predicted relative intensities are: 

[,~.v/lprim = 10% (10) 

where I~up and Ipr,m are the intensities of superlattice 
and primary b cc reflections, respectively. Measure- 
ments of photographic intensities on negatives of 
SAED patterns (Fig. 6) gave 

~u~,/I~,,~,~ ~ 11% (11) 

which must be considered as very good agreement. 

Figure 8 SAED pattern (~1 1 0} zone axis) with extra reflections 
from four variants of the ordered structure. This pattern should be 
compared to that in Fig. 2a. 

5.3. C o m p o s i t i o n  of ordered  ~-AIFeSi 
A typical EDX spectrum from ordered ~-A1FeSi is 
shown in Fig. 7. Quantification of several spectra of 
this type gave the chemical analyses shown in Table II. 
Here it can be seen that the measured composition is 
very close to that predicted by the model and sub- 
stantially different to that expected for stoichiometric 
b c c c~-A1FeSi. 

5.4. Variants of the ordered s t ruc ture  
The SAED pattern in Fig. 8 shows the four variants of 
the ordered structure as predicted by the model, i.e. if 
the operation of 1, m, 2 (i.e. group 2/m) is made on the 
SAED pattern in Fig. 2a, then a pattern of the type 
shown in Fig. 8 is obtained. 

5.5. High-resolution imaging of the ordered 
lattice 

It may be thought that the extra reflections in electron 
diffraction can arise from the presence of micro- 
twinning. However, the high-resolution lattice image 
of the ordered structure shown in Fig. 9 shows clearly 

Figure 9 High-resolution lattice image 
of the long-range ordered e-A1FeSi struc- 
ture. Dark fringes correspond to the lat- 
tice. Note that every third (1 1 2) fringe is 
darker. 
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Figure 10 Diffuse electron scattering in a ( I  10) zone axis SAED 
pattern of  ~-AIFeSi indicating the presence of  short-range order. 
This pattern was obtained after irradiating a previously long-range 
ordered precipitate with an incident beam of  200 kV electrons for 

10rain. Compare with Fig. 2a. 

that micro-twinning does not occur in this structure. 
In this image there is a clear periodicity in strong 
contrast (dark) from every third (1 1 2)bcc lattice plane. 
This periodicity is expected from the model shown in 
Fig. 5. 

6. Short-range ordering 
Irradiation of ordered ~-A1FeSi with a condensed 
beam of electrons at 200 kV in the electron microscope 
for 10 rain, results in loss of the extra reflections from 
SAED patterns and retention of weak patterns of 
diffuse scattered electrons as shown in Fig. 10. This 
is interpreted as being due to a loss of long-range 
ordering with a retention of some short-range order- 
ing. The long-range ordering effect is highly sensitive 
to the exact positions of iron atom vacancies and, as 
soon as these vacancies move an interatomic distance, 
long-range order is lost. 

7. Conclusions 
1. Extra reflections in electron diffraction patterns 

obtained from bcc  c~-A1FeSi are due to long-range 
ordering of iron vacancies in the structure. 

2. The superstructure is rhombohedral with space 
group R3 and lattice parameter as.p = 3.076nm, 
%v = 3.263nm. 

3. A model for this superstructure has been pre- 
sented and it has been shown that this model agrees 
with: 

(i) the positions of superlattice reflections; 
(ii) the relative intensities of superlattice and pri- 
mary reflections; 

(iii) the composition of the ordered phase; 

(iv) the number of variants of the ordered structure; 
(v) high resolution images of the crystal lattice. 

4. Irradiation of the long-range ordered structure 
with electrons results in eventual loss of long-range 
ordering but retention of some short-range order. 
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