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Abstract

Based on the empirical electron theory of solids and molecules, analysis of valence electron structures is made on Fe;Al
intermetallic compounds. The bonding complex model of the DO, cell is set up. Some preliminary attempts to discover the
relationship between alloy composition, structure and properties and the Fe;Al alloy phase valence electron structure are

presented.
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1. Introduction

When electrons are fully arranged in the atomic
internal crust, the properties of the atoms mainly depend
upon the outer valence electron structure (VES). When
a quantity of atoms gather together, changes in the
VES of the atom in a polymerized state will occur.
The properties of a material are closely related to the
VES of the atoms in the polymerized state, which is
a reflection of the relationship between the material’s
composition, structure and properties. However, cal-
culation of the VES of an atom in a condensed state
is not well solved by the quantum mechanics theory
of solids over a long period of time; therefore the
essential relationship between a material’s composition,
structure and properties and the VES is not yet known.
The empirical electron theory of solids and molecules
formulated by Yu includes a method for calculating
the populations of atomic VES, which makes it possible
to calculate the alloy phase VES [1].

According to the performance criteria required by
a material, the defined composition and alloying tech-
nology are given by theory, which is being developed
in materials science. Past research efforts mostly placed
emphasis on the effect of the atomic structural changes
of a material and alloy on their composition and prop-
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erties. Presently, more and more researchers are paying
attention to the electron theory in material composition
design.

It should be said that the electron theory is established
first on the research and study of metallic materials,
and is widely used in materials science and other fields,
particularly semiconductor materials, which has effec-
tively improved the development of many new materials
and fresh technologies. However, the electron theory
has made relatively slow progress in the study of metallic
materials. The study of metals and alloys is not beyond
the scope of atom arrangement and its change rule;
the effect and behaviour of alloy elements in alloy
materials has not yet eliminated the empirical range
of test measurements and summing up the regularity.
The costly fried-dish-type method is still a major method
in alloy composition design. One main reason for this
situation is that materials science has not yet gone into
the field of electron structures, and the essential re-
lationship between the VES of atoms in a condensed
state and alloy composition, structure and properties
has not yet been discovered. The relative sluggish
progress of electron theory in the study of metallic
materials has complex causes. Because metal alloys are
complex systems, they are more difficult to deal with
strictly in theory. A simple and effective way to probe



244 Y. Yin et al. | Materials Chemistry and Physics 39 (1995) 243-247

the electron theory of materials science is from the
viewpoint of experimental fact, using the method of
combining theory with practice.

Alloy theoretical composition design according to
valence electron theory is carried out mainly based on
the analysis of the atomic state hybridization and bond
distance difference. In light of the energy band theory
of quantum mechanics, atomic energy levels gradually
widen and become energy bands when atoms are in
contact with each other in solids. While the increasing
height of the atomic energy band largely exceeds the
energy level of some excited state, the overlap of atomic
states which is called an atomic hybridized state, is
built up [2]. The atomic hybridized state defines the
atomic covalent electron number, the lattice electron
number, the magnetic electron number and the dummy
paired electron number. It may be determined from
this that the bonding complex in a crystal is known.
These pieces of information on VES provide a quan-
titative basis for the study of many important subjects,
such as the properties of metallic materials, and phase
changes of the solid state.

Fe;Al intermetallic compounds are one of the main
materials being actively studied presently in the inter-
national materials field, but so far no theoretical reports
on alloy composition design have been presented con-
cerning the alloying effect on Fe,Al. This paper is
intended to set up the VES of binary Fe,Al alloy phase
and to report a preliminary study of the Fe;Al strong
toughening mechanism.

2. Fe,Al cell structures

The DO; cell structure of Fe;Al is shown in Fig. 1.
One DO; cell consists of four A2 (b.c.c.) and four B2
cells, and belongs to the f.c.c. lattice. Its lattice constant
a is twice a, (a, is the B2 lattice constant, equal to
2.90 A). In a DO, cell, the Fe atoms located at the
centers of the six surfaces, the Fe atoms located in
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Fig. 1. DO, cell of Fe,Al

the center of cell interior, the Al and Fe atoms at the
diagonal 1/4 and 3/4 of the cell interior, the Fe atoms
in the center of the cell edge and the Fe atoms at the
top of the cell are expressed separately as Fef, Fe', Al,
Fe, Fe; and Fe®. The bonding complex, the experimental
covalent bond distance D, , and the identity bond number
I, in the Fe,Al unit cell are shown in Table 1. When
the bond distance is set, the bond complex formula,
where the bond distance exceeds v3a,, is ignored in
the text. Because the bond distance is too long, its
bonding effect is rather weak. In the text, Fe atoms
with various symbols are regarded as similar atoms.
D,, is the covalent bond distance for an individual
atom, which can be determined by solid geometry. The
identity bond number I, can be calculated using the
formula in Ref. [3].

2.1. Calculation of theoretical covalent bond distance
D

na

2.1.1. Establishment of log r, equation
In general, the calculation formula of D, is [3,4]

D..=R,(I)+R.(I)~ B log n,

where u and v can be either like or unlike atoms; n,
is expressed as covalent electron pairs and a as different
bonds (a=A, B, C, ...). For a metal, 8 is a constant,
taken to be 0.6 [3]. R(J) is the single-bond semi-distance
of an atom. If this formula is used for the Fe,Al cell,
the expressions of each bond distance in Table 1 are
as follows:

Table 1
The experimental covalent bond distances and the identity bond
numbers of the binary Fe;Al unit cell

Bond D,, I,
A)

Fel-Fef=A Doa=aq In=12
Fe'-Fe=B D.s=V3a, Iz=16
Fe'-Fef=C Dyc=V2a, Ic=24
Fe'-Fe=D D,p=(V3R)ao Ip=
Fei-Al=E Doe=(V3/2)a, Is=
Fe*-Fef=F Dor=12a, Ir=24
Fe'-Fef=G Doc=aq Is=12
Fes-Fep=1J Doy=V2a, =24
Fef-Fef=K D.x=a, Ix=24
Fef-Fe=L Do =(V3/2)a, IL=24
Fes-Al=M Dow=(V312)ao Iy=24
Fe'-Fef=N D.n=V2a, Iy=24
Fe'-Fe=P D.p=(V3/2)a, Ip=24
Fe'-Al=Q D.o=(V3/2)ao Io=24
Fe-Fe=S§ Dos=(V3/2)ao Is=12
Fe-Fe=X Dox=(V3/2)ay Ix=
FeAl=Y Doy=(312)ao Iy=
Fe—-Al=T Dyr=a, I;=24
Al-Al=U Doy =1v2a, Iy=12
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DnA =RFei(I) + RFef(I) - B log Ra

DnB =RFei(I) +RFe°(I) - B log 4:

D,y =2RA(I)—B log ny 1)

Subtracting both sides of the first formula from both
sides of the other formulas in turn, the foillowing can
be obtained:

log ys= [D na —Dupl/B+ [Ree(l) — Re(D)/B
log Yc= [DnA - DnC]/B + [RFef(I) - Rl"e"(I)]/[3

log v = [D—nA _DnU]/ﬁ
+ [ZRAI(I) _Rrrei(l) ”'RFef(I)]/ B (2)

In this way, 18 equations are set up for the 19 covalent
bonds. The value of vy, reflects the relative values ng...ny
with respect to n, on each bond of D,g...D, .

2.1.2. The equation for n,

One Fe° atom, one Fe' atom, three Fef atoms, three
Fej atoms, four Fe atoms and four Al atoms are
contained in one DO; cell of Fe;Al. The number of
covalent electrons of atoms contained in the unit cell
is as follows:

Sn.=nE%+ 305 + 3nF 1 nfe + 4nFe + 4p2t 3

From the distribution of these covalent electrons build-
ing covalent electron pairs on each covalent bond, the
total number of covalent electrons in the cell can also
be expressed as

Sne=3Ln,=n {ls+1lgys+ ... +Iuyo}=n 21y @
Then
na=2n./2ly (5)

Using the relation n, =n, v,, the common electron pairs
n, on U covalent bonds can be obtained.

2.1.3. Calculation of the theoretical bond distance D,,

From the above expression D,,, of each bond distance,
the individual theoretical bond distance equations were
obtained and are listed below:

EnA = RFei(I) + Rpef(I) - B 10g Na

DnB = RFei(I) +RFeC(I) - B log ng

DnU =2R,(I)— B log ny

when

DnA_D nA

|ADna‘< DnB—DnB
D nU_D~nU

where AD,, is the bond distance difference.

This can be considered as the actual state of selected
hybrid step coincidence atoms in the DO; cell. In the
log v, equation set, experimental covalent bond distances
are given in Table 1.

The single bond semi-distance R(I) and each atomic
valence electron number n, can be found from the
binary hybridization list of Fe [3] and the binary hy-
bridization list of Al [5], so that the conditions for
using a computer to calculate the VES of Fe and Al
are derived. While performing calculations, the data
in the binary hybridization list of Fe [3] and the binary
hybridization list of Al can be scanned using a computer
so as to find all resolutions that satisfy the above
requirements of accuracy. A block diagram of the
calculation program is not shown. After analysis and
comparison with the calculated results, it can be de-
termined that Fe, Fe, Fe', Fe{, Fe and Al occur
separately in 8, 16, 5, 16, 9 and 6 steps; therefore the
VES of Fe and Al can be established. The value of
n, for each bond in the VES is listed in Table 2. It
can be rearranged in the order of the n, values.

3. Results and discussion

The analysis of the calculated results (Table 2) of
the VES of the Fe,Al cell unit can be summarized as
follows:

Table 2
The valence electronic structure of the binary Fe;Al unit cell

Bond I, D, Dpa n, AD,,

Fef-Al=a 24 (V3/2)ao 2473 0.6250 0.0478
Fef—Fe=b 24 (V3/2)a, 2473 05381 0.0478
Fe*-Al=c 8 (V3/2)ao 2473 0.4580 0.0478
Fel-Al=d 8 (V3)a, 2473 04705 0.0478
Fe“Al=e 24 (V3/2)a, 2473 04705 0.0478
FelFe=f 8 (V32)ao 2473 04015 0.0478
Fe-Fe=g 24 (V3/2)a, 2473 04015 0.0478
Fes-Al=j 8  (V32ao 2473 03944 0.0478
Fe-Al=k 24 a, 2863  0.1358 0.0478
Fe*-Fef =1 12 a, 2863  0.1211 0.0478
Fej-Fef=m 24  a, 2.863 0.9361x10~" 0.0478
Fe-Fef=n 12 a 2863  0.747x10°"  0.0478
Al-Al=p 12 V2a, 40676 0.1548x1072 0.0478
Fei-Fef=q 24 \2a, 40676  0.1220X107%  0.0478
Fe-Fe=s 12 V2a, 40676  0.1148x10~2  0.0478
Fe-Fef=x 24 2a, 2473 09185X107°  0.0478
Fe-Fef=y 24 +Za, 2473 0.8942x10°%  0.0478
Fe'—Fef=t 24 V2a, 2473 0.6914x107*  0.0478
Fe-Fe*=u 16 3a, 49922 02573x107* 0.0478

* For Fe*, Fe', Fe', Fef, Fe and Al, the hybridized state numbers
are 8, 16, 5, 16, 9 and 6, respectively.
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Table 3
The valence electronic structure of the FeAl unit cell

ag Fe: Ny RLig Recrg Ris(D) Al n. Rz neg Ry(D)
2.909 A 6 0 6 1.081 A 3 1.828 1.172 1.90 A

I, D, b.. AD na I, D, D,. AD
Dy(na) 16 (V3/2)ay 2.5239 0.0064 0.3789 Dyvizno) 6 2.9090 2.9136 0.0046
Dyu(ns) 6 a, 2.9136 0.0046 0.0559 7.=0.1290

(1) In the DO, cell, the Al atom is in the 6-step
hybridized state, and the individual Fe atoms (Fe®, Fef,
Fef, Fe' and Fe) are in the binary hybridized 8-, 16-,
5-, 16- and 9-step states, respectively.

(2) There are six kinds of stronger bonds, i.e., Fe—Al,
Fe'-Al, Fe-Al, Fe;—Fe, Fe'-Fe and Fe’-Fe. There are
24 strongest bonds of Fe{-Al on which the covalent
electron pairs are as high as 0.625.

(3) In the DO; cell interior, the bonding complex
Fe-Fe, Al-Al is very weak, and the n, value is negligible.

(4) In the case of identical bond distances, the Fe-Al
bond of covalent electron pairs is stronger than the
Fe-Fe bond, i.e., unlike-atom combined bonds are
stronger than like-atom combined bonds.

According to the Fe—Al system phase diagram, Fe;Al
whose composition is Fe-25at.%Al, is twice subject to
an ordering balance transition after condensation during
balance and cooling. At a temperature of 850 °C, Fe;Al
is in the disordered b.c.c. structure. As the temperature
is decreased below 850 °C, the disordered b.c.c. structure
is converted into the ordered B2 structure (the B2
structure was originally completely ordered, but it is
in a semiordered state because of the deviation of the
Fe;Al composition from the FeAl standard composition
of the B2 structure), which is the first ordering transition.
When the temperature is lowered to about 540 °C, the
semidisordered B2 structure is converted into a com-
pletely ordered DO, structure. The analyses on the
VES of a-Fe with b.c.c. structure and FeAl with B2
structure were made by Yu and Liu. The results of
the latter are listed in Table 3 [6].

It is not difficult to see, after analyzing the data
shown in Table 3 that in both «-Fe [3] with b.c.c.
structure or FeAl with B2 structure, the strong bonds
are Fe-Al in the crystalline (111) direction, whereas
the weak bonds are Fe-Fe and Al-Al in the crystalline
(100) direction. Therefore the body-centered-cubic
metal (100) crystalline direction is called the soft
direction [7]. The general body-centered-cubic cleavage
plane is the {100} surface. The analysis of the VES of
Fe;Al, which is twice subject to the b.c.c.—B2-DO,
transition, in this paper shows that in the binary Fe,Al
cell the strongest six kinds of bonds (Table 2) are also

in the (111) direction, whereas the bonds in the (100)
crystalline direction are obviously much weaker than
those in the (111} direction. It can be seen from this
that although the Fe;Al ordering transition makes the
crystalline structure change twice, the basic charac-
teristics of anisotropy still remain unchanged. Various
reports have shown that the fracture topography of
binary Fe;Al is a complete cleavage fracture. Sun et
al. [6], using X-rays and the Laue method, showed that
the crystallographic direction of the cleavage plane on
a fracture is (100); these results agree with those for
the VES in this paper.

McKamey et al. [8] first found that upon adding Cr
to Fe;Al, the room-temperature plasticity and tensile
strength of Fe,Al can be significantly improved, and
its fracture topography is changed from 100% cleavage
fracture to mixed-type fracture, approximately half
cleavage and half intergranular. Their corollary is that
addition of Cr improves the cleavage fracture strength
of Fe;Al so as to reach about the same level as the
intergranular fracture strength and raise the plasticity,
while building the above mixed-type fracture. If this
corollary is right, the addition of Cr will inevitably act
in the cell to strengthen covalent electron pairs in the
{100} direction. Work on this aspect is now under way.

4, Brief summary

The analysis and calculation made on the VES of
binary Fe,;Al in intermetallic compounds with the em-
pirical electron theory show that in the Fe,Al unit cell
with DO; structure, Fe atoms are in hybridized states
of 8, 16, 5, 16 and 9 steps, whereas the Al atoms are
in a 6-step hybridized state. Covalent bonds of the
unlike-atom pair (Fe-Al) are stronger than those of
same-atom pairs (Fe-Fe, Al-Al), and strong bonds are
mainly distributed in the crystalline (111} direction.
The (100} crystalline direction is a soft direction. For
polycrystalline Fe;Al material, the alloying direction
should be the covalent bonds in the {100) direction,
which will strengthen the crystal structure.
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