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Two-dimensional character of an amorphous state in a eutectoid reaction
of a Ti–40 at. % Al alloy
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Morphological and crystallographic features of an amorphous state appearing in an initial stage of a eutec-
toid reaction in a Ti–40 at. % Al alloy have been investigated by transmission electron microscopy. Dark field
images with different electron incidences, which were taken by using a part of a halo ring, indicate that the
shape of the amorphous-state region is basically a plate, the normal of which is parallel to the@00•1# direction
of theD019 structure. In addition, lattice fringes corresponding to the (00•2) plane are often observed in the
amorphous region. On the basis of these data, it is concluded that a lattice destruction in the amorphous region
mainly occurs in the (00•1) plane of theD019 matrix. @S0163-1829~97!07121-X#
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According to a phase diagram of a Ti-Al alloy system,1 a
Ti–40 at. % Al alloy undergoes a eutectoid reaction from
a phase to thea2 andg phases at 1398 K. Crystal structur
of the a, a2 , and g phases are, respectively, the hc
D019, and L10 structures, indicating that the reaction i
volves both two types of atomic ordering and a phase se
ration. Recently, we found an amorphous state in an in
stage of the eutectoid reaction in the Ti–40 at. % Al alloy2,3

Because the amorphous state is formed in the eutectoid
action, an understanding of the state in the Ti-Al alloy
very important not only for the elucidation of the kinetics
the reaction in this alloy but also for a general understand
of the formation of an amorphous state in various materi
It should be noted that features of the crystalline to am
phous transition have so far been investigated in multil
ered structures from the viewpoint of the solid state reac
and in intermetallic compounds irradiated by ion beams.4–11

The amorphous state in the Ti-Al alloy is formed in a
intermediate stage during the structural change from
D019 structure to theL10 one in the eutectoid reaction.2,3

Thus the state is associated with a reordering process ac
panying a long range diffusion of solute atoms. Another i
portant feature is that the amorphous region is nucleate
the boundary between theD019 matrix and theB19 precipi-
tate. Note that theB19 precipitate is an intermediate on
which subsequently disappears in the equilibrium sta
These features are assumed to be crucial factors for eluc
ing the origin of the formation of the amorphous state in
Ti–40 at. % Al alloy. In order to obtain a better understan
ing of the amorphous-state formation, further character
tion of the state in Ti-Al alloys is definitely needed. We ha
investigated both the morphological and crystallograp
features of the amorphous state in the Ti–40 at. % Al al
by transmission electron microscopy. On the basis of
experimental data, we discuss the role of crystallograp
factors in the formation of the amorphous state.

An ingot of the Ti–40 at. % Al alloy was made by a
Ar-arc melting technique and annealed at 1523 K for 24 h
550163-1829/97/55~21!/14063~4!/$10.00
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homogenization. Samples with a size of 335310 mm3 were
cut from the ingot, aged at 1273 K for 15 min and quench
in ice water. Features of the amorphous state in the quenc
sample were observed at room temperature using both
H-800 and an H-9000UHR transmission electron mic
scopes. Electron diffraction patterns, bright and dark fi
images, and high-resolution images were obtained in
present work. Specimens for observation were prepared
Ar-ion thinning after cutting the quenched samples into dis
30 mm in thickness and with a 1.5 mm radius. The Ar-io
thinning was carried out by using a Gatan 600-DuoM
equipped with both a rotating stage and a liquid nitrog
reservoir.

As explained in our previous papers,2,3 the amorphous
state was found to form only in the initial stage of the eute
toid reaction in the Ti–40 at. % Al alloy. In this work, w
examined both the morphological and crystallographic f
tures of the amorphous state. Figure 1 shows a serie
electron diffraction patterns and corresponding dark field
ages, which were obtained by rotating a sample from
@00•1#a2 direction to the@11•0#a2 one. The suffixa2 de-
notes thea2 phase with theD019 structure. The electron
incidences in Figs. 1~a! and 1~b! and in Figs. 1~c! and 1~d!
are parallel to the@00•1#a2 and the@11•0#a2 directions,
respectively. There is a halo ring as well as fundamental
superlattice spots in the diffraction pattern in Fig. 1~a!. The
fundamental and superlattice spots come from regions w
theD019 structure, while amorphous regions give rise to t
halo ring.2,3 As for the dark field image in Fig. 1~b!, which
was taken by using a part of the halo ring in Fig. 1~a!, there
exist bandlike regions indicated byA around a stripe denote
by B in the matrix labeled asC. The most important feature
is that the bandlike regions exhibit a featureless bright c
trast like a liquid state. In other words, the amorphous stat
formed in the bandlike region. In addition, the crystal stru
tures of the matrix and the stripe region were analyzed to
the D019 and theB19 structures, respectively. The featur
shown in Fig. 1~b! are entirely consistent with those reporte
in our previous papers.
14 063 © 1997 The American Physical Society
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FIG. 1. Electron diffraction patterns and co
responding dark field images obtained from
sample aged at 1273 K for 15 min. Electron inc
dences of Figs. 1~a! and 1~b!, and of Figs. 1~c!
and 1~d! are parallel to the @00•1#a2 and
@11•0#a2 directions, respectively. In the pattern
diffraction spots are indexed in terms of th
D019 structure. Each image was taken by using
part of the first halo ring.
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In order to examine the change in both the halo ring in
electron diffraction pattern and the corresponding dark fi
image with respect to the crystal orientation, the sample
rotated from the@00•1#a2 direction to the@11•0#a2 one
about the@11̄•0#a2 axis in reciprocal space. Figures 1~c! and
1~d! show the diffraction pattern and the halo dark field im
age in the@11•0#a2 incidence, respectively. The rotatio
angle is 90° from the@00•1#a2 direction. Although the halo
ring is found in the pattern, its intensity is very weak, co
pared with Fig. 1~a!. In Fig. 1~d!, the contrast due to the
amorphous state is obviously weaker than that shown in
1~b!. From Figs. 1~b! and 1~d!, the amorphous-state region
understood to be basically formed in the shape of a t
plate.

In order to quantitatively evaluate the intensity of the ha
ring at each rotation angle, the intensity was measured
using imaging plates. Figure 2 shows the change in the
tensity of the ring as a function of the rotation angle ab
the @11̄•0#a2 axis. Note that the angles of 0° and 90° in F
2 correspond to the@00•1#a2 and the@11•0#a2 electron in-
cidences, respectively. The intensity of the ring at each an
was normalized with respect to the 11•̄0 superlattice spo
due to theD019 structure. It is seen that the halo ring wi
the strongest intensity was obtained in the case of
@00•1#a2 incidence. As the rotation angle was increased,
intensity decreased gradually and reached the weakest
in the @11•0#a2 incidence.

We then examined the change in the intensity by rotat
the specimen from the@11•0#a2 direction to the@10•0#a2
one about the@00•1#a2 axis. Although the experimental dat
are not shown here, the measured intensities were basi
weak and did not exhibit any remarkable change like tha
Fig. 2. These data clearly indicate that the intensity of
halo ring shows a strong anisotropy in reciprocal space.
cause the halo ring originates from the bandlike region in
dark field image, the anisotropy definitely reflects both
morphological and crystallographic features of the Ti-Al
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loy. One other point should also be noted. The normal of
disk-shaped specimen is almost parallel to the@11•2̄#a2 di-
rection. If the formation of the amorphous state was due
Ar ion bombardment during the sample preparation, the
gree of amorphization should be conspicuous in
@11•2̄#a2 direction in Fig. 2. However, the change in th
intensity is smooth and never exhibits any anomaly in
@11•2̄#a2 direction. This is a clear indication that the amo
phous state was not induced by the ion bombardment bu
an essential feature in the initial stage of the eutectoid re
tion in the Ti-Al alloy. In our previous work, this was als
confirmed for a sample prepared by electropolishing.2

The anisotropy suggests a difference in crystallograp
features of the amorphous state with respect to the crysta
graphic orientation. High-resolution transmission electr
images were taken in order to examine those features. Fi
3~a! shows a high-resolution image in the@00•1#a2 inci-
dence. In the image, the lettersA and B indicate thea2
matrix and the amorphous-state region, respectively. Frin
corresponding to the$10•0%a2 planes are seen in thea2
matrix, while a unique contrast due to the amorphous str
ture is observed in almost every part of the region. An i
portant feature of the image is that lattice fringes are pres
locally in the amorphous-state region, as indicated by
arrows. The size of the areas showing the lattice fringe
about 232 nm2 and the spacing of the fringes corresponds
the $110%g interplanar ones of theL10 structure. It is clear
from this observation that the locally crystallized ar
present in the amorphous-state region. That is, the am
phous state in the Ti-Al alloy includes some medium-ran
ordered regions, as was pointed out by Anazawaet al. for an
amorphous state in a Pd82Si18 alloy.

12,13

Although medium-range-ordered regions are detected,
bandlike contrast in the@00•1#a2 incidence is basically due
to the amorphous state. On the other hand, a dramatic ch
is seen in the high-resolution image in Fig. 3~b! with the
electron incidence in the@11•0#a2 direction. Lattice fringes
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FIG. 2. Change in the intensity of the firs
halo ring as a function of the rotation angle of th
sample. The rotation axis is parallel to th
@11̄•0#a2 direction. The intensity at each angl
was normalized with respect to the@11̄•0# super-
lattice spot due to theD019 structure.
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corresponding to the (00•2)a2 interplanar spacing are ob
served over a wide area of the bandlike region, although t
are not conspicuous. In other words, the lattice fringes
partially missing. According to Blackburn’s relation regar
ing the a21g lamellar structure,14 the (00•1)a2 plane is
parallel to the (111)g one. In addition, the (00•2)a2 inter-
planar spacing of 0.231 nm is almost the same as that o
(111)g one of 0.232 nm. This clearly implies that the peri
related to the spacing of the (00•2)a2 plane is basically

FIG. 3. High-resolution images taken from the sample aged
15 min. Electron incidences of~a! and ~b! are parallel to the
@00•1#a2 and @11•0#a2 directions, respectively.
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maintained in the structural change from theD019 structure
to theL10 one. These features are obviously consistent w
the fact that the lowest intensities of the halo ring were o
tained in the@11•0#a2 incidence, as shown in Fig.2.

The schematic diagram of the amorphous state in Fig
was drawn on the basis of the above-mentioned data.
crystallographic directions of theD019matrix are also shown
in the diagram. The width and the thickness of the am
phous region with the plate shape were estimated to be a
0.5mm from Fig. 1~b! and about 0.1mm from Fig. 1~d!. An
interesting feature of the plate is that its tip becomes poin
as indicated by the arrows. As for the crystallographic fe
tures, there are large areas with the (111)g crystal period of
theL10 structure, together with some medium-range-orde
regions inside the (111)g layer. As is clear from the diagram
the amorphous state basically has a two-dimensional cha
ter with respect to both the morphological and crystal
graphic features.

In our previous work, the eutectoid reaction of the Ti–
at. % Al alloy was shown to be characterized by the appe
ance of an amorphous region as an intermediate state.
present data indicate that the amorphous state basically

r FIG. 4. Schematic diagram of an amorphous-state region
pearing in the initial stage of the eutectoid reaction in the Ti–
at. % Al alloy.
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the two-dimensional character. Here we will discuss a p
sible reason why the amorphous state in the Ti-Al alloy h
such unique features. In the eutectoid reaction, the struc
change related to the appearance of the amorphous sta
from theD019 structure to theL10 one. We then check the
features of the atomic bonds involved in theD019 structure.
As is understood from the atomic arrangement of theD019
structure, there are only the Ti-Ti and Ti-Al bonds in st
ichiometric 25 at. % Al. On the other hand, the formation
the amorphous state has been found in the Ti–40 at. %
alloy, which has more Al atoms than those in the stoich
metricD019 structure. The deviation from the stoichiometr
composition would result in an increase in the numbers
the Ti-Al, Al-Al, Ti- V, and Al-V bonds, together with a
decrease in that of the Ti-Ti bond, whereV denotes a va-
cancy site. Note that experimental evidence for the gen
tion of the vacancy states has been found in the Ti
alloy.15,16 Among these bonds, Morinagaet al.17 theoreti-
cally indicated that the presence of the directional Alp-Tid
covalent bond causes degradation of the mechanical pro
ties of the Ti-Al alloy. The Tid-Alp covalent bond has high
bond energy. In other words, the directional Tid-Alp cova-
lent bond can be assumed to be one of the key factors fo
formation of the amorphous state in the Ti-Al alloy.

As is understood from the phase diagram,1 thea2 single
phase with theD019 structure cannot exist in a compositio
range around 40 at. % Al as an equilibrium state. This f
clearly indicates that the quenched state with theD019 struc-
ture is definitely unstable and should transform to an eq
librium state. In the transition to the equilibrium state, t
intermediate precipitate with theB19 structure appears in th
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D019 matrix. Because theB19 precipitate has a stoichio
metric composition of 50 at. % Al, a deficiency of Al atom
would occur in theD019 matrix near theB19 precipitate.
Then, there would be more Ti-V and Al-V bonds in the
boundary region. The presence of these bonds would lea
displacements of the Ti and Al atoms around the vaca
from their equilibrium position. It is worth noting that th
displacement is equivalent to a fluctuation of the coordi
tion numbers for the Ti and Al atoms and presumably res
in the cutting-off of the directional Tid-Alp covalent bond.
In addition, becausec/a51.604,1.633 in theD019 struc-
ture, the cutting off of longer Ti-Al bonds in the (00•1)a2
plane mainly occurs and leads to the two-dimensional lat
destruction. The process explained here is believed to b
appropriate origin for the two-dimensional character of t
amorphous state in the Ti–40 at. % Al alloy.

Desre and Yavari showed18,19that during solid state amor
phization of binaryAB type multilayers sharp concentratio
gradients develop in amorphous interlayers and raise the
energy of crystalline compounds to levels near or above
of amorphous interlayers. These gradients increase the s
lization of amorphous phases against the nucleation of c
pounds. It seems on the basis of the present data that
gradients develop in the amorphous state of the Ti–40 a
Al alloy. Therefore verification of the gradients is an impo
tant task for future research.

The authors would like to thank Professor M. Kikuchi an
Professor M. Takeyama, Tokyo Institute of Technology,
their useful discussions concerning the subject matter of
paper.
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