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Appearance of icosahedral atomic clusters in the formation of the MgCu2-type structure
from the bcc structure in Ti-Cr alloys
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The Cu2Mg-type structure, called the C15 structure, is one of the covalency-involved structures in alloys and
is characterized by a three-dimensional network of the covalent tetrahedra of small majority atoms. In order to
understand the formation of covalent bonds in alloys, the crystallographic features of the C15 structure in the
(bcc→hcp1C15) reaction of the Ti-~30- and 40-at. %! Cr alloys have been examined by transmission electron
microscopy. It was found that the C15 structure was formed from the metallic bcc structure via the formation
of icosahedral atomic clusters. Based on the shape of the icosahedral cluster, the cluster should be produced as
a result of the local formation of covalent bonds along one of the^110&B directions. It can thus be said that, in
relation to the formation of the covalency-involved C15 structure from the metallic bcc structures, the local
covalent bonds between two Cr atoms are first formed in the bcc matrix, and then that the local bonds are
developed into the three-dimensional network of the covalent tetrahedra consisting of four Cr atoms.

DOI: 10.1103/PhysRevB.67.144107 PACS number~s!: 61.66.Dk, 68.37.Lp
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I. INTRODUCTION

It is known that the crystal structures of the Laves pha
are characterized by an arrangement of complex coordina
polyhedra.1,2 The Cu2Mg-type structure called the C15 stru
ture is one of such structures and consists of the 12-
16-coordination polyhedra. Recently the tetrahedron of f
small majority atoms in the 12-coordination polyhedron w
found to involve a covalent nature of atomic bonds.3,4 It is
thus understood that the C15 structure is one of covalen
involved structures in alloys. This gives us a motivation
investigating how a covalent bond is formed from a meta
structure in alloys. Among the Laves structures in alloys
this work, we focus on the formation of the C15 structu
from the bcc structure in the Ti-Cr alloys.

In the Ti-Cr alloy system, there exists the (bcc→hcp
1C15) reaction in the composition range between 2-at. %
and 63-at. % Cr.5 We have already examined the crystall
graphic features of the reaction by transmission electron
croscopy, using Ti-30-at. % Cr alloys.6,7 It was found that the
reaction took place in the five steps; bcc→bcc1zone→bcc
1 CSS→ bcc1 CSS1 hcp→ bcc1 hcp1 C15→ hcp1C15,
where zone means a zone structure consisting of one
layer, and CSS denotes a chemical stripe structure chara
ized by three Ti layers and one Cr layer. The striking feat
of the reaction to be noted here is that the precipitates de
oped into the C15-structure regions by the annealing w
initially nucleated as a nm-size region. Electron diffracti
patterns from the nm-size regions were, however, found
reveal only weak reflections. It is hard to explain these
flections as being due to the C15 structure. It can thus be
that both the structural model of the nm-size region and
formation path of the C15 structure from the bcc struct
are still open to question. In this work, we have thus re
0163-1829/2003/67~14!/144107~9!/$20.00 67 1441
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amined the crystallographic features of the covalen
involved C15 structure from the metallic bcc one by usi
Ti-30 and 40-at. % Cr alloys. Concretely, the Ti-30-at. %
alloy was mainly used to check the chronological evoluti
of the formation of the C15 structure. The crystallograph
relationship between the bcc and C15 structures was, on
other hand, determined by using the Ti-40-at. % Cr all
This is because the annealing led to a larger size of the C
structure region in the latter alloy, compared with the form
Based on the experimentally obtained data, further, we p
pose the formation model of the covalency-involved C
structure from the metallic bcc structure in the Ti-Cr alloy

II. EXPERIMENTAL PROCEDURE

Alloy samples of the Ti-30 and 40-at. % Cr alloys used
the present work were prepared according to the proced
described in our previous paper.6 In order to examine the
formation path of the C15 structure from the bcc one,
alloy samples of a metastable bcc phase were anneale
873 K for 3.5, 4, 5, and 100 h in the Ti-30-at. % Cr alloy, a
for 1 and 5 h in the Ti-40-at. % Cr alloy, followed by quench
ing into ice water. Observation of the quenched samples
made at room temperature by using a JEM-3010 transm
sion electron microscope with an accelerating voltage of 3
kV. The crystallographic features of the formation of the C
structure were examined by taking electron diffraction p
terns, and bright and dark field images of each sam
Specimens for observation were prepared by an Ar-ion th
ning technique.

Before presenting the experimental data obtained in
study, we briefly describe the characteristic features of b
the C15 structure and a corresponding electron diffract
pattern in order to help the understanding of our experim
tal data. Figures 1~a! and 1~b! show the@11̄0# projection of
©2003 The American Physical Society07-1
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the C15 structure and the@11̄0#C calculated diffraction pat-
tern, respectively. Note that the subscript C denotes the
structure. The 12-coordination polyhedron in the C15 str
ture is also shown in the right side of~a!. In the diagrams, the
Cr and Ti atoms are represented by the small open and cl
circles, and the large open circles, respectively. The strik
feature is that the C15 structure can be regarded as a
layer structure along the@11̄0#C direction. The four layers
are specified asL50, 1

4,
1
2, and 3

4. When the atoms connecte
by thin dashed lines in the projection are assumed to b
theL50 layer, those by solid lines sit on theL5 1

2 layer. The
12-coordination polyhedron and the covalent tetrahedron
volved in it are also shown by the gray regions of the d
torted hexagonal and triangle shapes in the projection,
spectively. In the three-dimensional diagram in the right si
further two tetrahedra connected each other are clearly
in the 12-coordination polyhedron. It is thus understood t
the C15 structure is characterized not only by the perio
arrangement of the 12-coordination polyhedra but also by
three-dimensional array of the tetrahedra with a covalent
ture. That is, the C15 structure consists of the thr
dimensional network of the covalent bond between t
neighboring Cr atoms. The length of the covalent bond w
estimated to be about 0.245 nm on the basis of the lat
constant already reported.8 It should be remarked that th
12-coordination polyhedron can be regarded as a disto
icosahedral atomic cluster.

The corresponding calculated diffraction pattern with t

@11̄0# incidence for the C15 structure is shown in Fig. 1~b!.
The pattern was actually calculated by assuming sam
thickness of 10 nm. As is seen in the pattern, six diffract

FIG. 1. ~a! @11̄0# projection of the C15 structure and~b! a
corresponding calculated diffraction pattern. The 12-coordina
polyhedron in the C15 structure is shown in the right side of~a!.
14410
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spots in smaller scattering angles are arranged in a disto
hexagonal shape around the origin 000, as indicated by
thick lines. It is here worth noticing that theh00-type reflec-
tions with h54n22 are forbidden for the C15 structure
That is, the appearance of these reflections in the patte
due to dynamical effect. In the case of sample thickness
more than 2 nm, anyhow, the@11̄0# diffraction pattern of the
C15 structure is characterized by these six reflections in
smaller-scattering-angle region, which are arranged with
distorted hexagonal shape. In keeping these features in m
we have analyzed the orientation relationship between
bcc and C15 structures. In the pattern, the@111#C direction
of the C15 structure is also represented by the arrow.

III. EXPERIMENTAL RESULTS

In the (bcc→hcp1C15) reaction of the Ti-30-at. % C
alloy, the precipitates developing into the C15 regions by
annealing were nucleated as a nm-size region around the
regions. The notable thing in the reaction is that the crys
structure of the nm-size region can not be identified as
C15 structure uniquely. That is, there is a possibility that
formation of the C15 structure is not simple but should
volve a certain structural change. In this situation, we h
start with the confirmation of these features and then
scribe the new experimental data obtained in this work.

A bright field image, a corresponding electron diffractio
pattern, and a dark field image of the Ti-30-at. % Cr all
annealed at 873 K for 3.5 h are, respectively, shown in F
2~a!, 2~b!, and 2~c!. The electron incidence of the images a
the pattern is parallel to the@110#B direction, where the sub
script B denotes the bcc structure. In the diffraction patte
there are three types of the reflections indicated by the
rows A, B, and C, in relation to the presence of the bc
matrix, the hcp precipitates, and the nm-size regions in
sample. The strong reflectionsA are due to the bcc matrix
while the hcp precipitates give rise to the reflectionsB ob-
served as a very sharp spot. Based on the locations of t
reflections in the pattern, the orientation relationship betw
the bcc and hcp structures was confirmed to be the Burg
relation of (110)Bi(00•1)H and @112#Bi@10•0#H . Note that
the subscriptH means the hcp structure. In addition to the
reflections, the weak reflectionsC are present in the pattern
The notable feature of the weak reflections is that ten diffr
tion spots with relatively wide intensity distribution are a
ranged with a pseudodecagonal shape, as indicated by
thick and short arrows. As was mentioned earlier, the w
reflections can not, however, be explained as being due to
C15 structure. Then we took dark field images by using th
reflections. As a result, two kinds of regions in the brig
field image, which are, for instance, marked byA and B,
were confirmed to have the bcc and hcp structures, res
tively. Many nm-size regions were, on the other hand, o
served in images for the weak reflection. Figure 2~c! is one
of dark field images showing the nm-size regions, wh
were taken by the weak reflection indicated by the arrow
We can clearly see the regions with an average size of a
2 nm in the image. Note that these regions were develo
into the C15 regions in the subsequent annealing. It is furt

n
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worth noting that diffraction patterns with the other^110&B
incidences basically exhibit the same features as the pa
in Fig. 2~b!.

A change in the diffraction pattern in the annealing af
the appearance of the nm-size region is shown in Fig

FIG. 2. ~a! Bright field image,~b! a corresponding electron dif
fraction pattern, and~c! a dark field image obtained from the Ti-30
at. % Cr alloy sample annealed at 873 K for 3.5 h.
14410
rn

r
3.

Figures 3~a!, 3~b!, and 3~c! are, respectively,@110#B diffrac-
tion patterns of the Ti-30-at. % Cr alloy samples annealed
3.5, 4, and 5 h. The pattern in Fig. 3~a! is the same as that in
Fig. 2~b!, and the inset of Fig. 3~c! is an enlarged pattern o
Fig. 3~c! in the smaller-scattering-angle region. When t
sample was kept at 873 K, the intensities of the weak refl
tions increase first, but the hcp reflections become rather
fuse, as is indicated by the arrowA. The spread of the inten
sity distribution for the hcp reflection implies that the hc
regions are reduced in size. In addition, the appearance o
weak reflections in the smaller-scattering-angle region can
detected, as shown by the arrowB in Fig. 3~b!, in spite of
their very diffuse intensity distribution. On further annealin
the hcp and weak reflections become sharp, as is show
Fig. 3~c!. The important feature is that the distorted hexag
nal arrangement of six weak reflections, indicating the pr
ence of the C15 structure, is clearly seen in the smal
scattering-angle region, as shown in the inset of Fig. 3~c!. In
fact, the weak reflections in this region indicate that there
some variants of the C15 structure. On the other hand,
bcc reflections are still present in the 5-h annealing, as
indicated by the arrowC. It is thus understood that ther
coexist bcc-, hcp-, and C15-structure regions in the 5-h
nealing sample.

A bright field image of the 30-at. % Cr alloy sample a
nealed for 100 h is shown in Fig. 4~a!, together with a cor-
responding electron diffraction pattern in Fig. 4~b!. Note that
the 100-h annealing sample already reached the equilibr
(hcp1C15) state. In the pattern, there are relatively sh
reflections due to both the hcp and C15 structures. But
bcc reflection cannot be detected in the pattern, as is sh
by the arrow. It is then understood that the characteri
features of the diffraction pattern in Fig. 4~a! are basically
the same as those in Fig. 3~c!, except for the missing of the
bcc reflection. That is, the pattern should correspond to
@110#B pattern with no bcc reflection. In addition, selecte
area patterns taken by using a smallest-size aperture reve
that the regions marked byA andB in the image correspond
to those of the hcp and C15 structures, respectively. An
erage size of the hcp and C15 regions was determined t
about 100 nm.

As was mentioned above, the distorted hexagonal
rangement of the six reflections in the smaller-scatteri
angle region was detected in the@110#B diffraction patterns
of the bcc structure. This implies that the C15 region has
specific orientation relationship to the bcc matrix; that

@110#Bi@11̄0#C . This relation is here referred to as the fir
condition. Because the C15 regions in the Ti-40-at. %
alloy can grow faster and larger than those in the Ti-30-at
Cr, it is easy to determine the second condition between
bcc and C15 structures by using the 40-at. % Cr alloy. It w
as a result, found that in the case of@110#Bi@11̄0#C there are
seven relations as the second condition with respect to
angle u between the@11̄0#B direction in the bcc structure
and the@111#C direction in the C15 structure. Seven electr
diffraction patterns indicating these seven relations betw
the bcc and C15 structures are shown in Fig. 5, together w
a schematic diagram showing the angles for the relatio
7-3
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FIG. 3. A series of electron diffraction patterns taken from t
Ti-30-at. % Cr alloy samples annealed for~a! 3.5 h,~b! 4 h, and~c!
5 h. An enlarged pattern of~c! is shown in the inset.
14410
These patterns were taken from the Ti-40-at. % Cr alloy
nealed for 1 h and the electron incidence of all patterns

parallel to the@110#B direction; that is, the@11̄0#C direction.
In each pattern, the@111#C direction in the C15 structure is
represented by the arrow, just like Fig. 1~b!. We can clearly
see the distorted-hexagonal arrangement of the six C15
flections in the smaller-scattering-angle region of each p
tern, as indicated by the white lines, in addition to the b
reflections. The angles of the seven relations for the sec
condition were found to beu50°, 30°, 38°, 72°, 80°, 108°
and 144°. It is obvious that these angles should be a
factor to understand the formation of the C15 structure fr
the bcc one. Based on these angles, we actually tried to
struct a model for the formation of the C15 structure. It
further understood that, when the other^110&B directions are
taken into account for the first condition, 84 (57312) vari-
ants of the C15 structure are possible in the formation of
C15 structure in the Ti-Cr alloys.

FIG. 4. ~a! Electron diffraction pattern and~b! a bright field
image taken from the 30-at. % Cr alloy sample annealed for 10
7-4
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FIG. 5. Electron diffraction patterns showin
the presence of seven C15 variants, obtain
from the Ti-40-at. % Cr alloy sample annealed f

1 h at 873 K. The angleu between the@11̄0#B

direction in the bcc structure and the@111#C di-
rection in the C15 structure for the seven varian
is schematically shown in~h!.
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IV. DISCUSSION

The present experimental data revealed that, although
crystal structure of the nm-size region developing into
C15 region could not be identified uniquely, the C15 reg
had the specific relationship to the bcc matrix. The m
striking feature is that, in the case of the relation

@110#Bi@11̄0#C for the first condition, there are the seve
relations between the@11̄0#B direction in the bcc structure
and the@111#C direction in the C15 structure for the secon
condition. This suggests that some structural change sh
be involved in the formation of the covalent-involved C1
structure from the metallic bcc one in the Ti-Cr alloys. He
we first show the structural correspondence between the
and C15 structures on the basis of the seven angles fo
second condition. An appropriate model for the formation
14410
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the C15 structure from the bcc one is also proposed in r
tion to the formation of the covalent bond in alloys.

The structural correspondence between the bcc and
structures based on the orientational relationship obtaine

the work is shown here. In the case of@110#Bi@11̄0#C for the
first condition, there exist the seven relations between

@11̄0#B and @111#C directions for the second condition
These seven relations can be specified by using the angu

between the@11̄0#B and @111#C directions. As is shown in
Fig. 5, the value ofu was found to beu50°, 30°, 38°, 72°,
80°, 108°, and 144°. The@110#B structural projections of the
C15 variants for these sevenu values with respect to the
original bcc orientation are depicted in Fig. 6. The gray t
angles in each projection represent the covalent tetrah
consisting of four small majority atoms. As is understood
7-5
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these diagrams, the array of the tetrahedra is rotated, c
sponding to the value ofu. This gives us the simple questio
why the array of the tetrahedra is rotated. In order to ans
this question, we propose a model for the formation of
C15 structure from the bcc structure in the Ti-Cr alloys.

As was shown in Fig. 6, there exist the seven relatio
between the bcc and C15 structures for the second condi
This fact seems to imply that the formation of the covalen
involved C15 structure from the metallic bcc structure is n
simple but involves some structural change. In the pres
work, in fact, the crystal structure of the nm-size region d
veloped into the C15 region by the annealing could not
determined uniquely. In addition, the other crucial features
be noted are that the pseudo decagonal arrangement o
weak reflections was observed in the diffraction pattern
the 3.5-h annealing sample, and that all^110&B diffraction
patterns basically exhibit the same features as for the w
reflections. Based on these features, we here propose the
mation model of the C15 structure from the bcc one, as
shown in Fig. 7. The striking feature of the model is that t
C15 structure is assumed to be formed from the bcc struc
via the formation of the icosahedral atomic cluster. The f
mation of the icosahedral atomic cluster from the bcc str

FIG. 6. @110#B structural projections of seven C15 variants d
rived from the obtained orientation relationship.
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ture is depicted in Fig. 7~a!, together with the structura
change from the cluster to the seven C15 variants in F
7~b!. As is understood in Fig. 7~a!, the icosahedral atomic
cluster can be obtained from the bcc structure by sim
atomic shifts. When the@110#B direction in the bcc structure
is assumed to be theL axis, the atoms in the bcc structur
originally sit only on theL50 and 1

2 layers, but two atoms
around the center of the projection move to the positions
the gray atoms in theL5 1

4 or 3
4 layer of the cluster. That is

the shifts of the gray atoms in the formation of the clus
involve the component along the@110#B direction. The sec-
ond step shown in Fig. 7~b! obviously takes place in order t
form the C15 structure having the covalent tetrahedra fr
the icosahedral atomic cluster. It is concretely assumed
the decagonal column is first formed by connecting so
icosahedral atomic clusters along the@110#B direction, and
that the decagonal columns are then connected to one
other. In the connection, the flat boundary between t
neighboring columns, indicated by the thick lines in F
7~b!, is formed by simple atomic shifts. Based on this sc
nario, we tried to find possible variants of the C15 structu
Under the assumption that each icosahedral cluster in
decagonal column should be formed from the bcc struct
in the way shown in Fig. 7~a!, it was found that, in the cas
of the connection of four decagonal columns, there are se
possible variants in Fig. 7~b!. The anglesu for these seven
variants were determined to beu50°, 30°, 38°, 72°, 80°,
108°, and 144°. That is, the values of the angles are exa
the same as those obtained experimentally. We believe
this agreement guarantees the validly of our model. As
understood in Fig. 7~b!, a further characteristic feature o
these C15 variants is that the formation of the covalent
rahedra shown by the gray triangles in Fig. 7~b! is directly
associated with the formation of the flat boundary betwe
two neighboring columns. It is eventually understood that
selection of a variant among the seven possible C15 vari
depends on how the decagonal columns are connected
another.

As was mentioned just above, the C15 structure is form
from the bcc structure via the icosahedral atomic cluste
our model. In order to get direct evidence of the presence
the icosahedral atomic cluster, we took electron diffract
patterns of the nm-size regions in the 3.5-h annealing sam
of the Ti-30-at. % Cr alloy. Figure 8 shows a series of s
diffraction patterns of the 3.5-h annealing sample, toget
with the stereographic projection of icosahedral symme
These patterns were taken by rotating the sample abou

@11̄0#B direction from the@110#B incidence. The electron
incidence of each pattern is specified not only in the b
notation but also by using the anglea between the incidence
and the@110#B direction. Although there are the bcc and h
reflections and some weak reflections due to the icosahe
clusters overlap the bcc reflections, the pseudo-fivefo
-threefold, and -twofold patterns for the weak reflections,
indicated by the arrows in these patterns, are actually
tained near the incidences expected from the stereogra
projection. The slight difference between the expected
experimental angles should be due to both the experime
error concerning the measurement of the rotation angle

-
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FIG. 7. ~a! Schematic diagram
showing the formation of the
icosahedral atomic cluster from
the bcc structure, together with~b!
seven C15 variants predicted i
our model. The three-dimensiona
diagram of the icosahedral atomi
cluster is shown in the right side
of ~a!.
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the spatial spread of the weak reflections in reciprocal sp
It is obvious that the spatial spread is ascribed to a small
of the nm-size region. We thus believe that based on th
diffraction patterns the icosahedral atomic clusters really
pear in the formation of the C15 structure from the bcc str
ture in the Ti-Cr alloys.

We here check the shape of the icosahedral atomic clu
appearing in the formation of the C15 structure from the b
structure. In order to do this, we pay attention to the diffra
14410
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tion pattern witha5165° in Fig. 8. This is because in thi
pattern the arrangement of the ten diffraction spots cha
terizing the presence of the cluster reflects its sizes along
@110#B direction as well as along the direction perpendicu
to it. Figure 9 is a@113#B nanobeam electron diffraction
pattern witha5165° of the 30-at % Cr alloy sample an
nealed for 3.5 h, which was taken from an area consisting
nm-size regions. A size of the area was estimated to be a
20 nm. In the pattern, ten diffraction spots are clearly se
7-7
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FIG. 8. A series of six diffraction patterns of the 3.5-h annealing sample of the Ti-30-at. % Cr alloy, together with the stereo
projection of icosahedron symmetry.
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although two of them overlap the 110̄B and 1̄10B reflections
due to the bcc structure. The interesting feature is that
arrangement of these ten spots is slightly distorted from
ideal decagonal shape. In the pattern, concretely, the lengA
is slightly shorter than the lengthB. This implies that the
icosahedral cluster should be compressed along the@110#B
direction. In other words, the shortest bonds are formed
the icosahedral cluster along the@110#B direction, as indi-
cated by the thick lines in the lower side of Fig. 9. Becau
the length of the shortest bond is estimated to be about 0
nm, it is suggested that the formation of the icosahedral c
ter is ascribed to that of the local covalent bonds along
@110#B direction. Note that the covalent tetrahedron of t
C15 structure in the Ti-Cr alloys was reported to have
bond length of 0.245 nm, as mentioned earlier.

The nm-size regions are understood to consist of
icosahedral atomic cluster. This indicates that there coexi
the nm-size, icosahedral-cluster region, the hcp precipita
and the bcc matrix in the Ti-30-at. % Cr alloy annealed
3.5 h, as is shown in Fig. 2. As a matter of fact, t
icosahedral-cluster regions were formed in Cr-rich areas
the bcc matrix, which were produced by the appearance
the hcp precipitates as the equilibrium phase in the Ti-r
side. In this state, the hcp precipitates and the bcc ma
satisfy the Burger’s relation as the crystallographic orien
tion relationship, and the icosahedral cluster has the spe
relation to the bcc matrix, as is shown in Fig. 7~a!. As a
result, a unique relation exists between the icosahedral c
ter and the hcp precipitate, too. In the case of the hcp var
with the relation of@110#Bi@00•1#H , for instance, the clus
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ter axis of the icosahedral cluster should be parallel to
@00•1#H direction of the hcp variant.

When the Ti-30-at. % Cr alloy was further annealed fro
the state mentioned just above, the icosahedral-cluster
gions became the C15 variants, together with the increas
the size of the regions. The thing to be noted here is that
is shown in Fig. 7~b!, the C15 variants basically have th
specific orientation relationship with the bcc matrix. A
though the size of the hcp precipitates was first reduced,
growth of them also occurred, keeping the orientation re
tionship with the bcc matrix. These are based on the fact
the C15 and hcp reflections are basically observed as
rather spotty shape in Fig. 3~c!, although the non-radial
weak intensity distribution can be detected around so
spotty reflections. In the diffraction pattern of the 100-h a
nealing sample in Fig. 4, on the other hand, we clearly
the non-radial intensity distribution indicating the slight la
tice rotation. The simple analysis of the pattern showed t
the lattice rotation occurred mainly for the C15 variants, e
cept for the C15 variants with the relation o

@110#Bi@11̄0#C . In addition, the degree of the lattice rota
tion in the Ti-30-at. % Cr alloy was found to be more co
spicuous than that in the Ti-40-at. % Cr alloy. It seems to
that the lattice rotation results from the annihilation of t
bcc matrix, and that the difference in the degree is due to
volume fraction of the hcp precipitates to the C15 varian

It is time to discuss the physics of the formation of t
C15 structure from the bcc structure in relation to the form
tion of the covalent bonds in alloys. As was mentioned e
lier, the tetrahedron of the small majority Cr atoms in t
7-8
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APPEARANCE OF ICOSAHEDRAL ATOMIC CLUSTERS . . . PHYSICAL REVIEW B 67, 144107 ~2003!
12-coodination polyhedron has a covalent nature. This
also confirmed by our cluster calculation for a 1
coordination polyhedron, using theDV-Xa technique. The
C15 structure is thus characterized by the three-dimensi
network of the covalent bonds between two neighboring
atoms. In other words, the formation of the C15 struct
from the bcc structure reflects the development of the th
dimensional network of the covalent bonds. In this ba
ground, the present study revealed that the C15 structure

*Present address: The Institute of Scientific and Industrial
search, Osaka University, Ibaraki, Osaka 567-0047, Japan.
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FIG. 9. Nano beam electron diffraction pattern with the@113#B

incidence ofa5165° from nm-size regions in the 30-at. % C
alloy sample annealed for 3.5 h. The schematic diagram of
icosahedral cluster is also depicted to show the direction of
@113#B electron incidence against the icosahedral cluster.
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formed from the bcc structure via the formation of the icos
hedral atomic cluster. The notable feature of the icosahe
cluster is that the cluster has the covalent bonds along
cluster axis parallel to the@110#B direction in the case of Fig
7~a!. Because the covalent bond is formed between t
neighboring Cr atoms, the appearance of the icosahed
cluster results from the local formation of the covalent
bonds along the cluster axis. In the annealing of the sam
the local covalent bond in the icosahedral cluster must
extended along the cluster axis. The extension of the co
lent bonds results in the formation of the decagonal colum
That is, the one-dimensional covalent chain must be form
along the centerline of the decagonal column. When
sample is further annealed, the decagonal columns appe
neighbors and contact one another. As a result of the con
the flat boundary between two neighboring columns
formed by simple atomic shifts, as shown in Fig. 7~b!. The
important features are that the shifts occur only in the s
rounding atoms around the centerline of the column, and
the shifts result in the formation of the covalent tetrahedr
that is, the unit of the three-dimensional network of the c
valent bonds. The three-dimensional network of the cova
bonds in the C15 structure is then developed by both
further extension of the covalent chain along the center
of the column and the further contact of the columns w
other columns. It is eventually understood that the chan
from the icosahedral cluster to the decagonal column
then to the C15 structure present the formation path of
three-dimensional network of the covalent bonds in the Ti
alloys.

V. CONCLUSION

Based on the present experimental data, the formatio
the C15 structure in the (bcc→hcp1C15) reaction by the
annealing was understood to occur in two steps. The
step is the formation of the icosahedral atomic cluster fr
the bcc structure. The second step is associated with the
mation of the C15 variants from the icosahedral cluster. B
cause the Cr tetrahedron in the 12-coordination polyhed
of the C15 structure has a covalent nature, the formation
the C15 variants reflects the development of the thr
dimensional covalent network. Concretely the local coval
bonds characterizing the icosahedral cluster are first form
along one of thê 110&B directions. The three-dimensiona
network of the covalent bonds then results from both
extension of the local covalent bonds into the covalent ch
characterizing the decagonal column and the formation
the covalent tetrahedra by the simple atomic shifts of
surrounding atoms in the decagonal column.
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