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Abstract: The local atomic structure near an Nb atom in a Ti–20 at.%Nb alloy
single crystal, which consists of the 𝛽, 𝛼 and 𝜔 Ti phases, was investigated by
means of X-ray fluorescence holography (XFH). The atomic images were recon-
structed in the vicinity of an Nb atom, which is one of the typical 𝛽 stabilizing
elements in 𝛽 Ti alloys. Most atoms in the 𝛽 Ti primary phase were reconstructed
clearly. The atoms in the 𝛼 Timartensite phase could not be reconstructed, be-
cause the 𝛼 Ti martensite has the crystal structure with low symmetry. Some
atoms in the 𝜔 Ti fine precipitates were reconstructed successfully, although the
amount of the𝜔Ti phase wasmuch smaller than that of the𝛽 phase. AnNb atom
and its first nearest neighbors tend to keep the BCC structure even upon the 𝜔 Ti
phase formation.
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1 Introduction
The 𝛽 Ti alloys with a body centered cubic (BCC) structure have been one of
promising materials for glass frames, surgical tools and artificial bones for re-
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placement, because they possess light weight, high strength, low Young’s modu-
lus and biocompatibility. The crystal structure of the 𝛼 Ti martensite, which is
formedwithout diffusion upon rapidly cooling from the𝛽Ti phase, is orthorhom-
bic with Cmcm space group [1]. This 𝛼 Ti martensite is also formed by apply-
ing stress. Some 𝛽 Ti alloys exhibit superelastic behavior, accompanying stress-
induced martensitic phase transformation from the 𝛽 Ti BCC austenite phase to
the 𝛼 Timartensite phase [2–12].

The pureTi has the hexagonal closed-packed (HCP) structure (𝛼Ti phase) up
to 1155 K, and the 𝛽 BCC Ti phase is stable from 1155 K to 1943 K. To stabilize 𝛽
Ti alloys at room temperature, a certain amountMo,Nb,Ta,W and etc., so called
𝛽 stabilizing elements or 𝛽 stabilizers, should be added to pure Ti. It is believed
that 𝛽 stabilizing elements randomly dissolve in the 𝛽 Ti phase [13].

By addition of 𝛽 stabilizing elements, 𝛽–𝛼 transformation temperature de-
creases. However, it is not enough to stabilize the𝛽Ti phase at room temperature.
To do so, high density of the fine𝜔Ti phase is required to be precipitated by aging
heat treatment. It is considered that high density of the fine 𝜔 phase suppresses
the martensitic phase transformation from the 𝛽 austenite to the 𝛼 martensite.

Formation of the 𝜔 Ti phase, having the AlB
2
-type structure with P6/mmm

space group, also does not accompany diffusion, similar to martensitic phase
transformation [13–15]. Figure 1(a) shows the crystal structure of the 𝛽 Ti BCC
phase, whose lattice parameter is about 0.3 nm. Figure 1(b) schematically shows
the crystal structure of the 𝛽 Ti BCC phase along ⟨11̄0⟩ orientation of the 𝛽 Ti
phase. In Figure 1, the {111} plane of the 𝛽 Ti phase is horizontal. Hereafter,
⟨𝑢𝑣𝑤⟩ orientation and {ℎ𝑘𝑙} plane of the𝛽Ti phase are referred to as ⟨𝑢𝑣𝑤⟩

𝛽
and

{ℎ𝑘𝑙}
𝛽
, respectively. The BCC structure consists of the stacking sequence of three

types of the {111}
𝛽
planes, the planes A, B and C. Upon 𝜔 phase formation, the

planes B and C displaced for 1
12
⟨111⟩

𝛽
, as shown in Figure 1(c). Thus, the ⟨111⟩

𝛽

and ⟨112̄⟩
𝛽
are parallel to ⟨0001⟩

𝜔
and ⟨12̄10⟩

𝜔
, respectively. And the relation-

ships between the lattice parameters of the 𝛽 and𝜔Ti phases are 𝑎
𝜔
= √2𝑎

𝛽
and

𝑐
𝜔
=
√3

2
𝑎
𝛽
, where 𝑎

𝛽
is the lattice constant of the 𝛽 Ti phase.

The 𝛽 Ti phase is actually stabilized at room temperature by the formation of
the𝜔Ti phase. However, the precipitation of the𝜔Ti phase degradesmechanical
properties of the𝛽Ti alloys. Therefore, it is important to control the amount of the
𝜔 phase in the 𝛽 Ti alloys to maintain the high strength and superelastic proper-
ties. Since the amount of the 𝛽 Ti phase depends on the content of 𝛽 stabilizing
elements, the role of 𝛽 stabilizing elements must be one of the keys to produce
practical and economical 𝛽 Ti alloys. In this study, we demonstrated results of
X-ray fluorescence holography (XFH) [16–18] for a Ti–Nb binary alloy to clarify
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Figure 1: (a) The crystal structure of the 𝛽 Ti BCC phase. The solid lines indicate the unit cell.
(b) The 𝛽 Ti BCC phase and (c) the 𝜔 Ti phase viewed along ⟨11̄0⟩𝛽. White arrows indicate the
displacements of the {111}𝛽 upon the formation of the 𝜔 Ti phase. In this study, it is supposed
that the atom surrounded by the dotted circle is anNb atom emittingNb–K𝛼 fluorescent X-rays.

the local atomic arrangement near anNb atom, because the Ti–20 at.%Nb alloy
is one of the prototype 𝛽 Ti alloys exhibiting superelastic behavior.

2 Experimental procedures
Ti–20 at.%Nb binary alloy ingots were prepared by using arc-melting in an Ar
atmosphere. At the beginning of arc-melting of Ti andNb pieces, onlyNb pieces
were melted first and followed by melting Ti, because the melting point of Nb
is much higher than that of Ti. The alloyed ingots of Ti and Nb were arc-melted
repeatedly to make the ingots homogeneous. Finally, the Ti–Nb binary alloy in-
gots were melted into two rods. By using the two rods, a Ti–Nb single crystal
was grown by means of a floating zone melting technique. The grown crystal was
sliced into disks whose dimension was about 2mm in thickness and 8mm in
diameter. Some disk specimens were subjected to heat treatment at 1123 K for
2 h for homogenization in an Ar atmosphere, and followed by water-quenching.
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Then, the sliced specimens were subjected to heat treatment at 573 K for 0.5 h to
form the 𝜔 Ti phase by aging, also followed by water-quenching.

The microstructures of one of the heat-treated sliced specimens of the single
crystal were examined by using a transmission electron microscope (TEM) oper-
ated at an acceleration voltage of 200 kV. The foil specimens for TEM observation
were prepared byAr ion-milling at room temperature.

Nine X-ray fluorescence holograms were recorded by collecting Nb–K𝛼
X-rays, which was excited by incident X-rays at 19.5 to 23.5 keV at the beamline
BL39XU in SPring-8. The holograms were symmetrized according to the structure
of the 𝛽 Ti BCC phase.

3 Results and discussion
Figure 2 shows the TEM microstructures of the heat-treated sliced single crystal
specimen. The primary phase in the single crystal was the 𝛽 Ti BCC austenite,
as shown in Figure 2(a). The 𝛽 Ti BCC austenite phase contains a high density of
the fine 𝜔 Ti precipitates, which are bright fine domains in the dark-field image
in Figure 2(b). The dimension of the 𝜔 Ti precipitates was about 5–15 nm. How-
ever, the orthorhombic martensite was often found with high density of the fine
𝜔 Ti precipitates (Figure 2(c)). In the martensite phase, martensite twins formed
by self-accommodationwere observed. Thus, the Ti–Nb single crystal consists of
the 𝛽 Ti BCC austenite with a high density of the fine𝜔Ti precipitates and the 𝛼

orthorhombic martensite.
Figure 3 shows one of the normalized X-ray fluorescence holograms recorded

for the Ti–Nb single crystal and used in this study. The hologram is viewed along
⟨111⟩

𝛽
. The hologram was summed according to the four-fold rotational symme-

try around the ⟨100⟩
𝛽
axis and the mirror symmetry to the {100}

𝛽
plane. Because

the primary phase is the 𝛽 Ti BCC austenite, the hologram exhibits six-fold rota-
tional symmetry around the ⟨111⟩

𝛽
axis.

Figure 4 shows the reconstructed atomic images near an Nb atom emitting
Nb–K𝛼 fluorescent X-rays in the {111}

𝛽
plane as a function of 𝑧, which is the dis-

tance from the plane including theNb emitter. The planes A, B, C and 𝜔 indicate
the {111}

𝛽
atomic planes depicted in Figure 1. TheNb atom is located at the center

of the plane A at 𝑧 = 0.00 Å. The plane A belongs to both the 𝛽 and 𝜔 phases, the
planes B and C belong to the 𝛽 Ti BCC austenite, and the plane𝜔 belongs to the𝜔
Ti phase. The circles drawn by dotted lines indicate the ideal atomic positions for
the 𝛽 and 𝜔 Ti phases. The ideal atomic positions in the planes A, B and C of the
𝛽 Ti phase are marked by the green, red and blue circles, respectively. The ideal
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Figure 2: (a) Bright and (b) dark field TEM images of
the 𝛽 Ti BCC austenite with high density of the 𝜔 Ti
phase. (c) The 𝛼 Timartensite phase was also
often observed. The dark matrix and the bright fine
precipitates in (b) are the 𝛽 and 𝜔 phases,
respectively.

atomic positions in the plane 𝜔 are also marked by the red and blue circles, since
the plane 𝜔 is composed of the displaced planes B and C.

Because the primary phase is the 𝛽 Ti BCC phase, most of the atomic images
of the𝛽Ti phase are reconstructed at the ideal atomic positions in the planes A, B
and C. As shown in Figure 1, the planes A do not move upon formation of the 𝜔Ti
phase. Therefore, it is expected that the atoms in the planes A are reconstructed
more clearly than the planes B, C and𝜔. However, the intensity of the three atoms,
one of them is marked by 𝑞, in the plane B at 𝑧 = 1.06 Å is the highest, because
these atoms are the first nearest neighboring atoms to the Nb atom emitting the
Nb–K fluorescent X-rays. The three central atoms, one of them is marked by 𝑟, in
the plane C at 𝑧 = 1.94 Å are hardly observed, even though the distance between
the Nb atom and those three atoms are shorter than the atoms marked by 𝑟 in
the plane C. Figure 5 shows the maximum intensity of the reconstructed atomic
images in the 0.1 nm square at the position q in the plane B and the position 𝑟
in the plane C, as a function of the distance from the plane including anNb atom
along {111}

𝛽
. The intensity of the reconstructed atomic images near the 𝑞 position

is considerably low not only in the plane C but also near the plane C.
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0.001

0.000

-0.001 Figure 3: Normalized X-ray fluorescence
hologram recorded by usingNb–K𝛼
fluorescent X-rays excited at 23.0 keV
viewed along ⟨111⟩𝛽.

For the 𝜔 and 𝛼 Ti phases, only some atoms could be reconstructed. Al-
though the symmetry of the 𝜔 Ti phase is different from that of the 𝛽 Ti phase,
some atomic images in the plane 𝜔 at 𝑧 = 1.38 Å were reconstructed. The atomic
images in the three red circles in the center of the plane𝜔 in Figure 4 are success-
fully reconstructed, while those in the three blue circles in the center of the same
plane are hardly observed. The atoms in the 𝛼 orthorhombic martensite cannot
be observed, because the 𝛼 orthorhombic martensite seldom has atoms whose
position is unchanged upon martensitic phase transformation.

Aswe havementioned the weak atomic images in the planes C and𝜔 for the𝛽
and𝜔Ti phases, some atomic images in the plane B are also weak. In the plane B
at 1.06 Å in Figure 4, the intensity of the atomic image 𝑞 is weaker than those
of the atomic images 𝑞 and 𝑞. To discuss the difference in the intensity of the
reconstructed atomic images in those planes, further XFH experiments for a Ti–
Nb single crystal without 𝛼 martensite and consisting only of the 𝛽 and 𝜔 Ti
phases should be performed.

In this study, it is difficult to discuss on the 𝛼 and𝜔Ti phases because of the
low crystalline symmetry and because of the small amount of the phase, respec-
tively. For the 𝛽 Ti phase, the intensity of the reconstructed atomic images of the
first nearest neighbors to an Nb atom in the plane B is remarkably high. On the
contrary, the second nearest neighbors to theNb atomdo not exist at the ideal site
of the BCC structure exactly. Therefore, It is considered that an Nb atom and its
first nearest neighbors tend to keep the BCC structure even upon the 𝜔 Ti phase
formation.
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Figure 4: The atomic images near an Nb atom reconstructed from the holograms, as a function
of 𝑧, the distance from the plane including anNb atom. The distance from the {111}𝛽 plane
including an Nb atom, 𝑧, is given at the upper part of each image. The side of the yellow
squares is 20 Å. The green, red and blue circles drawn by dotted line indicate the ideal atomic
positions for the 𝛽 and 𝜔 Ti phases.
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Figure 5: The intensity of the reconstructed
atomic images for the positions q and r, as
a function of 𝑧, the distance from the
{111}𝛽 plane including anNb atom.
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4 Conclusions
The local atomic structure near a typical 𝛽 stabilizing atom, Nb, in the binary
𝛽 Ti alloy single crystal consisting of the 𝛽, 𝛼 and 𝜔 phases was examined by
means of XFH.Most atoms in the𝛽Timatrix and some in the𝜔Tifineprecipitates
were successfully reconstructed. However, the atoms in the 𝛼 Ti phase were not
reconstructed because of low crystallographic symmetry. An Nb atom, which is
one of the typical 𝛽 stabilizing elements, and its first nearest neighbors tend to
keep the BCC structure even upon the 𝜔 Ti phase formation.
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