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Amorphouslike diffraction patterns of solid elemental titanium have been detected under high pressure
and high temperature using in situ energy-dispersive x-ray diffraction and a multianvil press. The onset
pressure and the temperature of formation of amorphous titanium is found to be close to the �-�-! triple
point in the P-T phase diagram. Amorphous Ti has been found to be thermally stable up to 1250 �C for at
least 3 min at some pressures. By analyzing the conditions for producing amorphous elemental Zr and Ti,
we observed a multi-phase-point amorphization phenomenon for preparing single-element bulk amor-
phous metals. The results reported may open a new way to preparing single-element bulk amorphous
metals with a high thermal stability.
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Since the discovery of new glassy systems, based on
multicomponent alloys, in the early 1990s, bulk metallic
glasses have been extensively studied because of their
extraordinary mechanical and magnetic properties [1].
Promising technological applications seem to be within
reach for this novel class of materials. Thus, the study of
bulk metallic glasses has become a most active research
field in the past decade [2–11]. Bulk metallic glasses
produced so far usually contain three or more elements
[1]. They are usually produced by the copper-mold
method, typecasting the multicomponent liquid alloy to
the mold, and rapidly cooling the liquid alloy to ambient
temperature. Complex compositions seem to be necessary
in order to inhibit crystallization of the liquid phase during
the cooling of the melt. The preparation of single-element
and binary bulk metallic glasses is of great interest, funda-
mentally as well as technologically. However, the equilib-
rium melt viscosity of a pure metal is usually 3 orders of
magnitude smaller than that of an amorphous alloy, and
current technology has yet to reach cooling rates in excess
of 1010–1012 �C=s to make pure metals amorphous [12].
This means insurmountable difficulties to produce bulk
glassy materials of pure metals [13]. Zhang and Zhao
[14] recently reported the production of bulk metallic glass
from pure zirconium metal under high pressure and high
temperature. But, the origin of the formation of the
pressure-induced elemental metal glass is still unex-
plained. In this Letter, amorphouslike diffraction patterns
of solid elemental titanium have been detected under high
pressure and high temperature using in situ energy-
dispersive x-ray diffraction (XRD) and a multianvil press.
05=95(15)=155501(4)$23.00 15550
The onset pressure and the temperature of formation of
amorphous titanium is found to be close to the �-�-!
triple point in the P-T phase diagram. Amorphous Ti,
though crystallized when quenched to ambient tempera-
ture, has been found to be thermally stable up to 1250 �C
for at least 3 min at some pressures. By analyzing the
conditions for producing amorphous elemental Zr and Ti,
we observe a multi-phase-point amorphization phenome-
non for preparing single-element bulk amorphous metals.
The results reported may open a new way to preparing
single-element bulk amorphous metals with a high thermal
stability.

At normal conditions, the group 4 (IVB) transition met-
als Ti, Zr, and Hf all crystallize in the close-packed hex-
agonal structure, called the � phase. At high temperature
and ambient pressure, they transform to the body-centered
cubic structure or the � phase at temperatures of 882 �C,
and 863 �C for Ti and Zr, respectively, before reaching the
melting temperature [15]. At ambient temperature and high
pressure, they undergo a structural transformation to the
so-called ! phase (a hexagonal structure with space group
P6=mmm) at transition pressures of 2.0 and 2.2 GPa for Ti
and Zr, respectively [15]. At even higher pressures, both Zr
and Hf transform to the� phase. In Ti, no� phase has been
observed up to 216 GPa [16]. Zhang and Zhao [14] dis-
covered that an amorphous phase appeared from high
purity !-Zr at 650 �C and 5.3 GPa by performing in situ
high-temperature and high-pressure x-ray diffraction using
synchrotron radiation. However, the amorphous phase
crystallized when quenched to room temperature. At
higher pressures (6.4 and 8.6 GPa), the amorphous phase
1-1 © 2005 The American Physical Society
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was formed from �-Zr at 700 and 625 �C, respectively.
This amorphous phase was found to have superior thermal
stability, no precipitation of any crystalline phase occurred
even at temperatures up to 1000 �C. In contrast, crystal-
lization happens when conventional amorphous alloys are
heated to about 500 �C for a few minutes, even for ex-
tremely good glass formers, such as the Pd40Ni10Cu30P20

alloy [17] and Vit1 (Zr41:2Ti13:8Cu12:5Ni10Be22:5) [18]. This
problem seems to be absent in the elemental metallic glass
with its extraordinary thermal stability. We note that the
thermally stable amorphous Zr appeared only in a limited
pressure range in the work of Zhang and Zhao [14]. No
amorphous phase was produced at 4.3 GPa even when the
sample was heated to 900 �C. At pressures higher than
9 GPa, Zr was only partially transformed to the amorphous
phase, the diffraction pattern being dominated by the �
phase. All of these facts indicate that pressure is a key issue
for the formation of an amorphous phase from a pure
metal. Moreover, we notice that the amorphous phase of
Zr is produced in a pressure-temperature range close to the
triple point at about 5.5 GPa and 700 �C in the phase
diagram of Zr [19–21]. The amorphization of elemental
Zr could be explained in the following way. Close to the
triple point, Gibbs free energies of the �, �, and ! phases
are nearly equal. Therefore, the Zr atoms can choose
randomly between any of the three crystal structures, and
as an average result they tend to arrange themselves in a
disordered way. This may be called a phase-confusion
model. A similar element-confusion model was suggested
for multicomponent systems [5]. Gibbs free energy of the
amorphous phase might be lower than that of any of the
crystal phases when its entropy is maximal. If this argu-
ment is true, we should be able to turn any multiphase
FIG. 1. Schematic map of the sample assembly for high-
pressure and high-temperature x-ray powder diffraction studies.
(1) Pyrophyllite disk. (2) Boron-epoxy cube. (3) BN disk. (4) BN
container. (5) NaCl. (6) Copper ring. (7) Graphite disk.
(8) Graphite heater. (9) Ti rod. (10) Thermocouple.
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metal element into an amorphous phase near a multiphase
point in the pressure-temperature phase diagram. In par-
ticular, it should be possible to produce amorphous Ti and
Hf, which belong to the same group 4 (IVB) as Zr. To test
our hypothesis, we have investigated highly pure Ti metal
(99.99%) at pressures and temperatures up to 7.2 GPa and
1300 �C. A similar method, at triple point to synthesize
bulk amorphous Si was also suggested by Angell [22].

In situ high-temperature and high-pressure energy-
dispersive XRD spectra were recorded using a multianvil
press (MAX 80) and synchrotron radiation at HASYLAB
in Hamburg, Germany [23]. The sample chamber is shown
in Fig. 1. The central part consists of a cylindrical boron
nitride container with an internal diameter of 1 mm. The
upper half is filled with the sample (1 mm in diameter and
1 mm in length), the lower half with NaCl powder for
pressure calibration. The cubic chamber is compressed by
six tungsten carbide anvils in a large hydraulic press.
Electric current is sent through a graphite heater via two
appropriate anvils. The temperature, which is stable within
�1 �C, is measured by means of a thermocouple. Samples
were held for about 10 min at a given temperature and then
heat up to a next temperature with a step about 50 �C in the
temperature range of 50–600 �C and about 20–10 �C in
the temperature range of 600–1300 �C with about 1 min.
Immediately thereafter, the measurements were started
again. Above 1100 �C samples were held for about 3 min
to avoid gasket explosion. The rod shape of the sample in
all experiments remains after high-pressure (up to 7.2 GPa)
and high-temperature (up to 1300 �C) treatments. This
indicates that melting behavior of Ti metal can be ruled
out in the conditions used here.
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FIG. 2. In situ energy-dispersive x-ray powder diffraction pat-
terns recorded at various temperatures for Ti rod at 6.3 GPa
(2� � 10�) together with patterns using 2� � 8:6� at 1000 �C
and various sample positions (along rod longitudinal Z axis and
transversal X axis). The escaped peaks and a few Bragg peaks
from BN were marked. The patterns for the sample at various
positions were recorded for short times.
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The original �-phase sample was compressed at room
temperature and then heated to high temperatures at con-
stant pressure. Figure 2 shows XRD spectra recorded at
various temperatures during an isobaric run at 6.3 GPa. The
sample remains in the � phase at 100 �C, but the ! phase
appears at 150 �C. Upon further heating, the sample be-
comes a mixture of � and! phases in varying proportions.
The amount of the � phase first decreases and then in-
creases, so that the sample is back to pure � phase at
720 �C. Linewidths of Bragg peaks for � and ! phases
at different temperatures are similar, indicating average
crystallite sizes are similar during the heating treatments.
The amorphouslike diffraction pattern (hereafter called
amorphous phase) appears at 840 �C, and the Ti sample
is completely amorphous at 880 �C. The amorphous phase
is found to be stable upon further heating to 1000 �C. To
confirm that the sample is amorphous throughout, we have
(1) changed angle from 2� � 10� to 2� � 8:6� and
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FIG. 3. In situ energy-dispersive x-ray powder diffraction pat-
terns recorded for Ti rod under (a) 6.3 GPa (2� � 10�) and
(b) 7.2 GPa (2� � 10� and 2� � 9:2�) and at various tempera-
tures together with patterns recorded for quenched samples. The
escaped peaks and a few Bragg peaks from BN were marked.
The patterns at 1250 �C were recorded for about 3 min to avoid
gasket explosion.
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(2) made a lateral scanning at 1000 �C with the incident
x-ray beam of 0:5� 0:25 mm2 cross section in Fig. 2. To
further explore the thermal stability, the Ti sample was
heated to 1250 �C for about 3 min and as shown in Fig. 3. It
is still amorphous.

In a run at the higher pressure 7.2 GPa, the ! phase
appeared already at ambient temperature. The amount of �
phase was reduced during the heating process and was zero
at 150 �C. The precise position of the �-! transition needs
further study. At 780 �C there is a mixture of ! and �
phases, and at 920 �C the formation of the amorphous
phase is observed (Fig. 3). The amorphous phase is stable
at 1250 �C for at least 3 min. Upon cooling, the samples in
the 6.3 and 7.2 GPa runs transform to the crystalline �
phase at 120 and 90 �C, respectively, as shown in Fig. 3. In
order to further confirm the usability of our multi-phase-
point method, we have made several additional runs at 4.4,
5.3, 5.7, 6.1, 6.5, and 6.6 GPa. The formation of amor-
phouslike diffraction patterns of solid Ti rod with a diame-
ter of 1 mm was observed in all of these experiments.
Figure 4 shows the phase diagram of Ti in P-T space.
There is a large scattering of reported positions of the
�-�-! triple point as determined by various experimenters
using static or shock-wave compression: (640� 50 �C,
8� 0:7 GPa) [15], (827 �C, 9 GPa) [21], (690� 20 �C,
5:5� 0:5 GPa) [24]. Many problems have to be solved in
the phase diagram of Ti: the slope of the �-! transition
line, the �-! and �-� boundaries, etc. Anyway, we have
made it plausible that the glass formation occurs close to
the triple point. In all of our experiments, we were unable
to retain the amorphous phase when quenching to room
temperature and zero pressure. There may be two reasons.
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First, the onset pressures for amorphization are lower than
those of Zhang and Zhao [14]. Second, we have cooled the
sample isobaric and then decompressed it. During the
isobaric cooling, the sample is far from the triple point,
and it will crystallize.

It should be mentioned that phonon dispersion measure-
ments of the high-temperature � phase of Ti [25,26], Zr
[27], and Hf [28] reveal phonon anomalies at the longitu-
dinal L 2

3 �1; 1; 1� mode and the transverse T1
1
2 �1; 1; 0�

mode. The former mode displaces the � lattice toward
the high-pressure ! phase, and the latter one shifts the �
planes into the stacking sequence of the low-temperature �
phase. The � phase, stabilized mainly by the excess vibra-
tional entropy, has a fast self-diffusion dominated by
atomic jumps into nearest-neighbor vacancies. Although
the phonon dispersion measurements [25–28] were carried
out at ambient pressure, it might indicate that at around the
�-�-! triple point of group 4 (IVB) transition metals Ti,
Zr, and Hf, large atomic displacements might cause topo-
logical disorder of atomic arrangements with a high value
of entropy. Consequently, it results in the multi-phase-
point amorphization phenomenon, as observed in the
present work and Ref. [14].

In conclusion, we observe amorphouslike diffraction
patterns for the solid elemental Ti rod with a diameter of
1 mm at high-pressure and high-temperature conditions
close to the triple point in the P-T phase diagram of the
investigated element using in situ high-temperature and
high-pressure energy-dispersive XRD. The Ti amorphous
phase is found to have a superior thermal stability com-
pared with conventional multielement amorphous alloys.
A multi-phase-point amorphization phenomenon is pro-
posed for forming single-element bulk amorphous phase,
which has been applied to Ti and Zr metals and can
probably also be applied to other multiphase metal ele-
ments into an amorphous phase near a multiphase point in
the pressure-temperature phase diagram. Thus, the method
may open new routes for producing and understanding
bulk amorphous alloys. It is the aim of this work to
stimulate further theoretical and experimental works to
shed light on the origin of the formation of amorphouslike
diffraction patterns in solid single elements, Ti and Zr.
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