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Abstract: Analyses on the stress in the carbon nanotube/Fe3Al composites were performed. The biphase interface valence electron 
structure was established on the basis of Pauling’s nature of the chemical bond. The stress occurs by the huge interface electron 
density difference, which will block the Fe3Al grain agglomeration and growth. With the X-ray diffractions, the calculated magnitude 
of compressive stress existing in the CNT/Fe3Al interface is 0.38 GPa. The experimental result verifies that the stress has a positive 
effect on the enhancement of mechanical properties of composite. 
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1 Introduction 
 

Iron aluminide (Fe3Al) is a very important structural 
material, and has been applied in varied fields such as 
power plant, tribological and electrical components[1−3]. 
Recently, a few studies have been carried out to utilize 
carbides or borides as reinforcements in iron aluminides 
via a powder metallurgy process[4−5]. Ceramic particles 
can be utilized as reinforcement to improve the 
high-temperature strength of intermetallic alloys[6−7]. 

Carbon nanotubes(CNTs) are new allotropic carbon 
materials with excellent mechanical, electrical, thermal 
properties, and chemical stability. It is widely perceived 
that CNTs will allow the construction of composites with 
extraordinary mechanical properties. Incorporation of 
these one-dimensional nanostructured materials into 
ceramics[8−9], metal[10−11], polymer[12−13] has 
attracted interest of researchers in recent years. However, 
less study concerned the fabrication and properties of 
CNT-reinforced intermetallic matrix composites until our 
group recently suggested an spark plasma sintering 
method for the synthesis of CNT/Fe3Al nanocomposites 
with improved mechanical properties[14]. Herein, we 
introduce the effect of adding CNT into Fe3Al on the 
microstructure and stress of composites as well as their 
mechanical properties. Biphase interface valence 

electron structure was used to analyze the stress essence. 
 
2 Experimental 
 
2.1 Interface electron structure calculation 

In order to understand the stress distribution on the 
CNT/Fe3Al interface, we carried out the interface 
electron structure calculation based on the Pauling’s 
nature of chemical bond. The interface electron structure 
method has been described elsewhere[15−16]. 
 
2.2 Composite synthesis 

The multi-walled carbon nanotubes(MWNTs) used 
here have diameters ranging from 10 to 30 nm, and 
length ranging from 500 nm to 500 μm. Fe3Al powder 
was fabricated by mechanical alloying[17]. The 
CNT/Fe3Al intermetallics matrix composite was sintered 
using spark plasma sintering(SPS) apparatus (Dr. Sinter 
2080, Sumitomo Coal Mining Co., Tokyo, Japan). The 
composite powders with 5% (volume fraction) CNTs 
were prepared to fabricate intermetallics matrix 
composites. In addition, the specimen without nanotubes 
was also fabricated for comparison. The synthesis 
process of CNT/Fe3Al powders has been reported in our 
previous work[18]. The fracture toughness was tested by 
three-point method with a chevron notch on SANS 
universal testing machine. 
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3 Results and discussion 
 
3.1 Relative electron density difference across 

interface 
The carbon nanotubes can be visualized as a sheet 

of graphite that has been rolled into a tube and 
multi-walled nanotubes are simply composed of 
concentric single-walled nanotubes. Whether 
single-walled carbon nanotubes or multi-walled carbon 
nanotubes, hexagonal ring is the basic unit, so hexagonal 
ring is regarded as structural unit of CNT, as shown in 
Fig.1. The experimental covalent bonding distance 

)( αnD  and the identity bond number Iα in hexagonal 
carbon ring are listed in Table 1. )( αnD  is the 
experimental covalent bond distance for an individual 
atom, which can be determined by solid geometry. The 
identity bond number Iα can be calculated using the 
formula in Ref.[19]. 
 

 
Fig.1 Hexagonal rings of carbon nanotube 
 
Table 1 Valence electron structure parameters of carbon 
nanotube 

Bond Iα /nm)( αnD /nm)( αnD  nα /nm)( αnDΔ

C—C=A 3 0.144 0.146 1.239 4 0.002 

C—C=B 6 0.249 0.250 0.041 1 0.002 

C—C=C 3 0.288 0.288 0.011 6 0.002 

 
Based on the Pauling’s nature of the chemical bond 

[20] for a crystal composed of different elements, 
theoretical bond length Du−v(nα) between atom u and v is 
represented as 
 
Du−v(nα)=Ru(1)+Rv(1)−βlog(nα)                  (1) 
 
where  Ru(1) and Rv(1) are single bond radii of atom u 
and v, respectively; nα is pair number of bond covalent 
electron; β=0.071 nm, is the empirical constant for carbon. 
So, the theoretical bond length can be represented as 

DC—C(nA)=RC(1)+RC(1)−βlg(nA)                 (2a) 
 
DC—C(nB)=RC(1)+RC(1)−βlg(nB)                 (2b) 
 
DC—C(nC)=RC(1)+RC(1)−βlg(nC)                 (2c) 
 

Eq.(1) substracts Eqs.(2a)−(2c), respectively, and 
we can get 
 
lg γA=[DC—C(nA)−DC—C(nA)]/β                   (3a) 
 
lg γB=[DC—C(nA)−DC—C(nB)]/β                  (3b) 

 
lg γC=[DC—C(nA)−DC—C(nC)]/β                   (3c) 
 
where γα=nα/nA (α=B, C) is the ratio of pair number of 
covalent electron distributed on α bond to that distributed 
on A bond. 

For a carbon ring, the total covalent electron 
number is 

∑ = C
cc 2nn                                  (4) 

where C
cn  is covalent electron number contributed by 

carbon atom. On the other hand, these covalent electrons 
are distributed on the every covalent bond, so that 
 

∑∑ ∑ =++== γγγ InIIInnIn ACCBBAAααc )(   (5) 
 

∑ ++= CCBBA γγγ IIII                       (6) 
 

∑
∑=

γI
n

n c
A                                  (7) 

 
Inserting the value of nα, which is calculated by 

inserting the covalent electron number nc, experimental 
bond lengths D(nα) and equivalent bond number Iα (α=A, 
B, C) into Eqs.(3a)−(3c), into Eqs.(4)−(7), we can get the 
values of empirical theoretical bond lengths, )( αnD , 
and the bond length differences(BLD), ∆D(nα), between 
experimental bond lengths D(nα) and theoretical bond 
lengths )( αnD . The calculated minimal bond length 
differences are also listed in Table 1. 

The DO3 cell structure of Fe3Al is shown in Fig.2, 
5
hO (m3m) type of space group. One DO3 cell consists of 

four A2 (bcc) cells and four B2 cells, belonging to face 
 

 

Fig.2 Unit cell of DO3 structure of Fe3Al 
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centered cubic structure. Its lattice constant a is 0.578 nm. 
The Fe atoms located in the center of cell interior, in the 
center of cell edge and the top of the cell are expressed 
as FeⅠ; the Fe and Al atoms at the diagonal 1/4 and 3/4 
of the cell interior are expressed as FeⅡ and Al, 
respetively. Therefore, the structure formula of Fe3Al can 
be written as .AlFeFe Ⅱ

2
Ⅰ  

While performing calculation for Fe3Al, β=0.060 
nm is substituted for that of carbon, and we can get the 
values of empirical theoretical bond lengths )( αnD  and 
the bond length differences(BLD) ∆D(nα) between 
experimental bond lengths D(nα) and experimental 
theoretical bond lengths )( αnD  by taking a similar 
calculation as above. The calculated minimal BLD 
results are listed in Table 2[21]. 

If the orientation of a covalent bond in a structure 
unit is determined by the line of two bonding atoms, the 
covalent electron number on a crystal plane should be 
that of all bonds on the plane. So, average covalent 
electron density on the (hkl) plane is defined as 

)(
)(

c /)( hkl
hkl Snhkl =ρ                           (8) 

where S(hkl) is the area of the reference unit of the 
considered (hkl) plane, and )(

c
hkln is covalent electron 

number on the area of the reference unit. 

 

∑=
α

α
)(

ε
)(

c nIn hklhkl (α=A, B, …)                 (9) 

 
where )(

α
hklI  is the equivalent bond numbers of α bond 

distributed on (hkl) plane, and can be calculated by 
 

)(
α

hklI =IMISIK                               (10) 
 
where IM is the reference atom number in the reference 
area unit; IS is the number of congenetic atoms with the 
reference atom at the same distance to it on (hkl) plane; 
IK is a parameter, whose value is one when the atoms to 
form the bond are of the same kind, or two when they are 
of different kinds. According to crystal symmetry and 
using Eq.(10), we have made a calculation of the 
equivalent bond numbers )(

α
hklI  of α bond distributed 

on various (hkl) planes. 
Based on the expression of valent electron density 

on various plane as listed in Table 3, we can get 
ρCNT=68.019 3−74.240 3 nm−2, =

(100)3AlFeρ 0.783 8− 
1.814 8 nm−2, =

(100)3AlFeρ 6.475 8−8.969 8 nm−2. 
The relative electron density difference (REDD) 

across the CNT/Fe3Al composite interfaces is defined as 

[ ]
CNTAl3Fe

CNTAl3Fe

)()(

)()(

2
1

hkluvw

hkluvw

ρρ

ρρ
ρ

+

−
=Δ                    (11) 

Table 2 Valence electron structure parameters of Fe3Al 

Bond Iα /nm)( αnD  /nm)( αnD  nα /pm)( αnDΔ  

AlFe
nA

Ⅱ−D  16 0.250 28 0.252 23 0.456 38 0.195 
ⅠⅡ FeFe

nB
−D  16 0.250 28 0.252 23 0.368 55 0.195 

ⅡⅡ FeFe
nC

−D  12 0.289 00 0.290 95 0.081 38 0.195 

AlFe
nD

Ⅱ−D  12 0.289 00 0.290 95 0.105 48 0.195 

AlAl
nE

−D  12 0.408 71 0.410 65 0.001 32 0.195 
ⅠⅠ FeFe

nF
−D  12 0.408 71 0.410 65 0.000 86 0.195 

ⅡⅡ FeFe
nG

−D  12 0.408 71 0.410 65 0.000 82 0.195 
ⅡⅡ FeFe

nH
−D  16 0.500 56 0.502 51 0.000 02 0.195 

 
Table 3 Electron density of low-index crystal planes for Fe3Al and CNT 

Equivalent bond number 
Crystal plane Area 

A B C D 
Expression of valent electron density on 

(hkl) plane 

AlFe3
)100(  a2   4  4nC/a2 

AlFe3
)220(  22a  4 4 2 2 2

DCBA

2
2244

a
nnnn +++  

(Surface)CNT 2

4
36 a×  3 6 3  2

CBA

4
36

363

a

nnn

×

++  
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From the minimization of the electron density 
differences across interface that is continuity principle of 
electric charge in quantum mechanics, the interface 
electron density is defined as continuity in first-class 
approximately, namely, ∆ρ ＜ 10% is regarded as 
continuity. These definitions are significant in material 
fields[22]. 

From the results of CNT/Fe3Al, it can be found that 
the REDD deviates from continuity under the condition 
of the first order approximation. The larger the ∆ρ is, the 
greater the change of the atom size on interfaces is, and 
the larger the stress is, the higher the interface energy 
will be. The great driving force of increasing the 
interface area will be needed, so the growth of the second 
phase particle will be more difficult. Meanwhile, the 
larger ∆ρ also indicates that the changes of atom state on 
interface are stronger than those within phase. When the 
interface moves, the atom state on interface will need 
more adjustment, which will make the increase of the 
interface area more difficult. So, the large ∆ρ will block 
the grain agglomeration and growth, then Fe3Al will 
become fine and dispersive at high temperature, as 
illustrated in Fig.3. 
 

 
Fig.3 TEM image of CNT interlocking grains of Fe3Al 
 
3.2 Stress calculation and effect on mechanical 

property 
ZHOU et al[23] studied the compressibility of 

multi-walled carbon nanotubes(MWNT) through an in 
situ high-pressure X-ray diffraction technique, and 
obtained a radial compressibility (δlna/δP, a is C—C 
bond length) of 3.1×10−2 GPa−1 in pressure range from 
0.1 to 1 GPa. This pressure-induced deformation can also 
be reflected by the change of interlayer spacing d(002) 
according to the following equation: 

 

a
a

d
d Δ

=
Δ

)002(

)002(                                (12) 

 
In the XRD spectrum of composite with 5% 

(volume fraction) CNTS (Fig.4), we have observed the 
shift of d(002) peak from 25.96˚ to 26.28˚. Thus, the 
calculated compressive pressure on the CNTs can be 
determined to be 0.38 GPa. 

 

 
Fig.4 XRD patterns of pure Fe3Al (a), CNTs/Fe3Al composites 
(b) and pure CNTs (c) 
 

The high compressive stress at CNT/Fe3Al interface 
is expected to block the crack propagation, ultimately 
enhancing the toughness. Our measurement positively 
observed this enhancement in Fig.5. A toughness value 
of 38 MPa⋅m1/2 is obtained, which increases by 52% 
compared with the toughness of 25 MPa·m1/2 for the 
carbon-free Fe3Al intermetallics. This toughness 
enhancement shows the important effect of high interface 
strength on the mechanical properties of a composite, 
and shed light on the other toughened carbon 
nanotubes/ceramic composite by using multi-walled 
carbon nanotubes instead of single-walled carbon 
nanotubes, which is expected to scale up in industry 
owing to its reasonable price and facile synthesis of 
MWNTs. Additionally, the crack bridging effect of 
carbon nanotubes also has a positive role to improve 
material toughness. The carbon nanotubes, bridging the 
two crack surfaces as shown in Fig.6, strongly supports 
the crack bridging effect during the crack propagation. 
Some wrapped CNT aligns perpendicular to the crack 
direction and bridges a matrix crack, meaning that they 
carry tensile load. 
 

 

Fig.5 Fracture toughness of Fe3Al and CNT/Fe3Al composites 
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Fig.6 SEM micrograph of Fe3Al/CNT composites (Surface 
crack bridged by nanotubes) 
 
4 Conclusions 
 

In this communication, we report on stress analysis 
in the Fe3Al/CNT composites. High compressive stress 
in the Fe3Al/CNT interface is predicted with the interface 
electron density. The stress is estimated and calculated 
through XRD spectra. Moreover, this high stress 
positively enhanced the toughness of composites. 
 
Appendix 
 

β value can be selected as 
 
β= 0.71 Å when m

αn ＜0.250 Ǻ or m
αn ＞0.750 Ǻ 

 
β=0.600 Å when 0.300 Ǻ≤ m

αn ≤0.700 Å 
 
β=0.710−2.2 Å when m

αn =0.25+ε or 
m
αn =0.750−ε (0＜ε＜0.05)  

 
where m

αn  indicates the largest nα among nA, nB, …, nN. 
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