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ABSTRACT

Recently, solid-state amorphization through temperature-induced martensitic transition has been reported. The stability of the amorphous
martensite phase, which co-exists with a crystalline counterpart, is intriguing but remains unclear. In this work, we studied the structural
stability of a Ti59.1Zr37Cu2.3Fe1.6 amorphous martensite alloy by combining in situ high-pressure synchrotron x-ray diffraction with ex situ
transmission electron microscopy. During compression at room temperature, an irreversible pressure-induced crystallization of the
amorphous martensite phase into a β-Ti phase is revealed. Qualitative analysis reveals the important role of the local atomic strain in
stabilizing/destabilizing amorphous martensite alloys and its high tunability of the local atomic strain under high pressure.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015076

I. INTRODUCTION

By cooling an alloy melt fast enough, crystallization could be
bypassed by forming an amorphous alloy (also often referred to as
metallic glass). With a combination of non-directional metallic
bonding and densely packed disordered structure, amorphous
alloys obviously set themselves apart from both conventional crys-
talline metals and oxide glasses, owing to their extraordinary
unique mechanical and chemical properties and potential in wide-
spread applications.1–6 However, the forming of amorphous alloys
prepared by melt-quenching usually requires a high cooling rate,
which limits the maximum sample size (thickness).7 Therefore,
intense efforts have been devoted to overcome the size limitation of
amorphous alloys in casting by searching for new compositions with
lower critical cooling rates.8,9 Meanwhile, other synthesis means such
as solid-state amorphization (SSA) including pressure-induced

amorphization, mechanical alloying, and hydrogen absorption also
attracted considerable attention.10–18

Recently, Zhang et al.19 reported a new way of forming amor-
phous alloys via a so-called martensite amorphization mechanism.
During cooling Ti59.1Zr37Cu2.3X1.6 (X = Fe, Co, and Ni) alloys, the
high temperature metastable β-Ti phases (Im�3m) could not trans-
form into their typical α0 (P63/mmc), α00 (Cmcm), or ω (P6/mmm)
martensites due to high local elastic strain energy that impedes the
ideal cooperative movement of atoms; instead, a thermodynami-
cally more favorable amorphous phase forms via local lattice shear
and distortion accompanied by heat release. Moreover, the amor-
phous phase has a regular morphology of an intragranular lenticu-
lar and co-exists with the metastable β-Ti phase. When heated high
enough, the amorphous phase will transform back into a pure β-Ti
phase again (amorphous→ α→ β). Conventional amorphous alloys
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usually require a fast enough cooling rate to kinetically trap their
melts into non-equilibrium amorphous states. In contrast, the
martensite amorphization is surprisingly insensitive to cooling
rates. Moreover, it only exists in a very narrow composition range
with an appropriate content of β phase stabilizers.19 These facts
indicate that the amorphous martensite alloy is quite unique
compared to other conventional amorphous materials and worth
more investigation.

Through a systematical study in a relatively wide composition
and temperature space, Zhang et al.19 explicitly reveal an alternative
SSA mechanism via martensitic transformations. However, the
co-existence of the “stable” amorphous phase and the metastable
β-Ti phase in those alloys over a large temperature range raises an
intriguing question regarding the relative stabilities of those phases
of the Ti alloys. The phase transitions of pure Ti have been exten-
sively studied, and the stabilities of its various phases have been
addressed in a pressure–temperature phase diagram of up to
200 GPa and ∼3500 K.20 In contrast, phase transitions in Ti
alloys21 are much more complex and richer because samples with
modified compositions or prepared by diverse methods usually
have different initial phases.22–24 Zeng et al.25,26 found that a
Ce75Al25 amorphous alloy can devitrify into a face-centered cubic
(fcc) single crystal at ∼25 GPa and room temperature, linking an
amorphous structure and a crystal structure through polymorphic
transition. The pressure-induced change of local atomic strain and
stress is believed to play a vital role in the devitrification of the
Ce75Al25 alloy.25,26 Therefore, pressure could be an interesting
parameter as well to study the Ti59.1Zr37Cu2.3X1.6 (X = Fe, Co, and
Ni) alloys in order to clarify the effect of local elastic strain, deepen
our understanding of the formation of the martensite amorphous
phase, and address its stability with respect to other competing
crystalline counterparts.

In this work, we choose a Ti59.1Zr37Cu2.3Fe1.6 alloy as a
model system and employ in situ high-pressure synchrotron
x-ray diffraction (XRD) to characterize the structural stability
and evolution of the martensite amorphous Ti59.1Zr37Cu2.3Fe1.6
alloy up to ∼40 GPa in a diamond anvil cell (DAC) during com-
pression and following decompression.27 The initial sample and
samples after high-pressure experiments are also characterized by
ex situ transmission electron microscopy (TEM). The instability
under high pressure and an irreversible pressure-induced crystal-
lization of the amorphous martensite phase are revealed and
discussed.

II. EXPERIMENTS

A. Materials and methods

A master ingot of the Ti59.1Zr37Cu2.3Fe1.6 alloy was prepared
by arc-melting a mixture of high-purity Ti (99.995 at. %), Zr
(99.9 at. %), Cu (99.999 at. %), and Fe (99.99 at. %) metals in a
Ti-gettered high-purity argon atmosphere. The ingot was remelted
four times to reach chemical homogeneity. Ribbons with a thick-
ness of ∼0.2 mm were further prepared from the master ingot by a
melt-spinning technique. The results of XRD and differential scan-
ning calorimeter (DSC) measurements of the ribbon sample coin-
cide with the previous report in the literature.19

B. Sample loading for high-pressure experiments

A symmetric DAC with a culet size of ∼400 μm was used to
generate high pressure for in situ XRD experiments.28 The sample
chamber was a hole (∼150 μm in diameter and ∼47 μm in thick-
ness) drilled by a laser in the center of an indent (pre-indented to
∼20 GPa) of a T301 stainless steel gasket. The ribbon sample was
cut into small flakes with an area of ∼50 ×∼ 50 μm2 and a thick-
ness of ∼30 μm and then loaded into a DAC. A tiny piece of
gold foil (∼4 μm in thickness) with an area of ∼10 ×∼ 10 μm2 was
loaded along with the sample as a pressure standard.29 Silicone oil
and 4:1 methanol-ethanol mixture were used as the pressure
medium to provide a quasi-hydrostatic pressure environment for
in situ high-pressure XRD and ex situ high-pressure TEM charac-
terizations, respectively.30

C. Synchrotron radiation XRD experiments

Synchrotron radiation XRD experiments at ambient condi-
tions on the Ti59.1Zr37Cu2.3Fe1.6 alloy sample were performed at the
beamline 12.2.2 at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory (LBNL), USA. The x-ray wavelength
was 0.5391 Å, and the beam size was ∼10 ×∼ 10 μm2. In situ high-
pressure XRD experiments were performed at the beamline
13-ID-D at Advanced Photon Source (APS), Argonne National
Laboratory (ANL), USA. The x-ray wavelength was 0.3220 Å, and
the beam size was ∼3 ×∼ 4 μm2. With the small x-ray beam size,
XRD could be taken separately on the sample, gold, and back-
ground without interference from each other. A MAR345 image
plate and a MAR165 charge-coupled device (CCD) detectors were
used for data collection at ALS and APS, respectively.

D. TEM experiments

As-prepared ribbon samples and samples recovered from
high-pressure experiments were all cut using a focused ion beam
(FEI Versa 3D) for TEM measurements with a sample size of
∼2 ×∼10 μm2 and a thickness of ∼200 nm. The high-resolution
transmission electron microscopy (HRTEM) images and selected
area electron diffraction (SAED) images were collected using a
Tecnai F20 (FEI) TEM operated at 200 keV.

III. RESULTS AND DISCUSSION

The structure of the as-prepared sample was carefully charac-
terized to make sure it reproduces the results reported in Ref. 19,
showing a co-existence of an amorphous phase and a crystalline
β-Ti phase. Figure 1(a) presents the synchrotron XRD result of the
as-prepared Ti59.1Zr37Cu2.3Fe1.6 alloy sample at ambient conditions.
The integrated XRD pattern of the alloy contains sharp Bragg
peaks and a relatively weak and broad amorphous-like diffuse peak,
where the latter is fitted using the Voigt function profile, as shown
in orange. All the sharp Bragg peaks can be well indexed into a
β-Ti phase, which has a body-centered cubic (bcc) structure
with the space group of (Im�3m) and the unit cell parameter
a = 3.393(2) Å.

Synchrotron XRD provides the overall structural information
of the bulk sample. The x-ray beam sizes and the sample thickness
on the x-ray beam path we used are much larger than the
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characteristic length scale of the composite sample. Therefore, the
XRD data are statistically reliable but basically without spatial reso-
lution. With the fast development of advanced x-ray techniques,
two-dimensional mapping of the amorphous phase with spatial res-
olution is possible using a sub-micrometer x-ray beam and very
thin samples. In this work, to reveal the details of the composite
structures at the microscopic level, TEM experiments were per-
formed instead. Figure 1(b) is the bright-field TEM image of the
specimen. It is apparent that there are two typical regions with dis-
tinct contrast, including a white region marked as B and the other
gray regions marked as A. Figure 1(c) is the SAED image of the
region marked as A in Fig. 1(b), which can be indexed to the [�111]

zone axis pattern of the β-Ti phase. Figure 1(d) is an HRTEM
image of the region marked as B in Fig. 1(b). The completely disor-
dered atomic arrangement indicates an amorphous structure.
Therefore, according to the synchrotron XRD and TEM results, we
confirm the co-existence of an amorphous phase and a β-Ti phase
reproduced in the as-prepared Ti59.1Zr37Cu2.3Fe1.6 alloy.

Figure 2(a) shows the XRD patterns of the Ti59.1Zr37Cu2.3Fe1.6
alloy in a DAC as a function of pressure up to ∼39.6 GPa during
compression and decompression. All the peaks from the β-Ti phase

FIG. 2. In situ high-pressure XRD measurements of the Ti59.1Zr37Cu2.3Fe1.6
alloy. (a) In situ high-pressure XRD patterns at different pressures up to
∼39.6 GPa during compression and decompression at room temperature. The
asterisk symbols denote an unresolved α-like intermediate phase. The x-ray
wavelength is 0.3220 Å. (b) The diffraction peak areas of the amorphous peak,
all the peaks of the β-Ti phase, and the ω phase as a function of pressure. The
inset is a zoomed image to highlight the relative weak signal from the amor-
phous phase as a function of pressure up to 11.7 GPa.

FIG. 1. Characterization of the microscopic structure of the as-prepared
Ti59.1Zr37Cu2.3Fe1.6 alloy sample. (a) Synchrotron XRD pattern of the
as-prepared sample. The wavelength is 0.5391 Å. (b) The bright-field TEM
image of the as-prepared sample. There are also many chaotic stress lines that
may be introduced in the sample preparation. (c) The SAED image of the
region marked as A in (b). It can be well indexed as the [�111] zone axis pattern
of the β-Ti phase. (d) The HRTEM image of the region marked as B in (b). The
totally disordered feature confirms its amorphous structure. The scale bars are
0.5 μm in (b), 5 nm−1 in (c), and 10 nm in (d).
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shift to higher two-theta angles during compression and return
back to lower angles during decompression; meanwhile, the peak
intensity of the β-Ti phase varies with pressure. Also, it is obvious
that the broad amorphous peak beneath the (110) peak of the β-Ti
phase dramatically weakens with increasing pressure and becomes
almost invisible above ∼8 GPa. Some new peaks emerge at
∼5.6 GPa during compression, which indicates the occurrence of a
pressure-induced phase transition. The peaks at ∼10.6°, ∼12.5°,
and ∼14.6° at 5.6 GPa can be well indexed into the (111) peak,
(002) peak, and (301)/(112) peak of the ω phase. A phase account-
ing for the weak peaks located at ∼7° and ∼8° at 5.6 GPa [marked
by asterisk symbols in Fig. 2(a)] is most likely the α phase but
cannot be exclusively identified only by three weak peaks, and it
quickly disappears below ∼11.7 GPa. With increasing pressure, the
intensity of the (301)/(112) peak of the ω-phase gets slightly stron-
ger. When pressure is fully released, the ω phase persists and
co-exists with the β-Ti phase.

The disappearance of the amorphous signal demonstrates that
the Ti59.1Zr37Cu2.3Fe1.6 martensite amorphous alloy is not stable
under high pressure. A pressure-induced crystallization of the
amorphous alloy should take place during compression. However,
since some weak new peaks also emerge at ∼5.6 GPa and simulta-
neously the peak intensity of the initial β-Ti phase increases, which
phase does the amorphous phase convert into is not clear. To
address this question, it is necessary to carefully analyze the
changes of the content of both the β-Ti phase and the amorphous
phase below ∼8 GPa and the correlation between them. By fitting
the peak areas of the β-Ti phase and the amorphous phase, the
phase content as a function of pressure is obtained, as shown in
Fig. 2(b). The amorphous peak area decreases rapidly with pressure
from the very beginning and almost disappears above ∼8 GPa,
while peak areas of the β-Ti phase increases continuously. Below
∼5.6 GPa, no other crystalline phase forms, therefore, the opposite
trends of the phase content variations of the amorphous phase, and
the β-Ti phase indicates that the amorphous phase destabilizes and
most likely converts into the β-Ti phase during compression.

Above ∼5.6 GPa, the ω-Ti phase also starts to emerge. Since
not much amorphous phase is left above 5.6 GPa, it is most likely
that the traditional martensitic phase transition from β-Ti to ω-Ti,
which is inhibited by the high local elastic strain energy at ambient
conditions is activated by high pressure. However, this β-Ti to ω-Ti
phase transition is quite sluggish. The β-Ti and ω-Ti phases
co-exist over a wide pressure range of up to ∼40 GPa during com-
pression and also decompression. In contrast to the weak signal of
the ω-Ti phase, the β-Ti phase shows sharp and well-defined dif-
fraction peaks, which enables us to accurately refine the interplanar
d-spacings, its unit cell parameters, and volume as a function of
pressure. The unit cell volume as a function of pressure can be well
fitted by the third-order Birch–Murnaghan equation of state
(EOS),31 which yields the isothermal bulk modulus at ambient
pressure B0 = 105(5) GPa and its derivative B0

0 ¼ 2:9(8). The bulk
modulus obtained for this Ti59.1Zr37Cu2.3Fe1.6 alloy is close to the
value of ∼96 GPa of a β-Ti phase in other Ti-based alloys.24

The sample recovered from the high-pressure experiment was
further characterized by TEM, as shown in Fig. 3. In Fig. 3(a), the
bright-field TEM image shows no area with bright contrast any
more, such as that in Fig. 1(b), which confirms the disappearance

of the amorphous phase due to irreversible pressure-induced crys-
tallization. Instead, the SAED pattern [Fig. 3(b)] of the specimen
evidences the existence of the major β-Ti phase and the relative
weak ω-Ti phase, as observed by in situ high-pressure XRD.

What destabilizes the Ti59.1Zr37Cu2.3Fe1.6 martensite amor-
phous alloy and results in devitrification? It has been suggested by
Zhang et al.19 that the formation of the martensite amorphous
alloy may be a resultant of the high local elastic strain energy.
However, the local elastic strain was not quantitatively estimated.

FIG. 3. TEM characterization of the recovered sample after a high-pressure
experiment up to ∼40 GPa. (a) The bright-field TEM image and (b) the SAED
pattern of the entire area as shown in (a). The scale bars are 200 nm in (a) and
5 nm−1 in (b).
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Actually, it has been well recognized that local atomic level strain
does play a dominant role in the formation of conventional amor-
phous alloys.32–34 Egami and Waseda proposed a topological insta-
bility model to account for the formation of binary metallic
glasses,32 in which the atomic size difference contributes to the
local atomic strain and high strain favors the formability of metallic
glasses, expressed as Cmin

b j(rb/ra)3 � 1j � 0:1, where Cmin
b is the

critical minimum solute concentration and ra and rb are the atomic
radii of the solvent and solute, respectively. Furthermore, Salisboa
et al. extended the model to multicomponent systems and intro-

duced a λ criterion,34 expressed as λ ¼ PZ
i¼B Ci

ri
ra

� �3
� 1

����
����Z, where

Ci is the solute concentration, ra and ri are the atomic radii of the
solvent and solute atoms, respectively, and λ > 0.1 favors the forma-
tion of an amorphous structure.

For the Ti59.1Zr37Cu2.3Fe1.6 alloy, Ti with highest concentra-
tion is considered as the solvent, and the others are solutes. Taking
the high-pressure volume data of the four constituent elements
from the literature,35–39 the parameter λ can be calculated to esti-
mate the local strain of the alloy as a function of pressure
(as shown in Fig. 4). It is clear that the amorphous structure gets
less stable during compression since λ decreases with increasing
pressure, eventually destabilized at ∼41 GPa when λ equals 0.1. The
right y-axis of Fig. 4 shows the value of |(ri/ra)

3− 1| and presents
the relative atom volume difference between each solute atom
and the solvent Ti as a function of pressure. |(rFe/rTi)

3− 1| and
|(rCu/rTi)

3− 1| are much larger than |(rZr/rTi)
3− 1|; however, the

former two change little with pressure, while |(rZr/rTi)
3− 1|

decreases sharply with pressure and dominates the change of λ due
to the high concentration of the solute Zr.

In our experiments, the crystallization occurs below ∼8 GPa,
which is much lower than the predicted pressure of ∼41 GPa

according to the local atomic strain model. It should be noted that
the atomic radii taken from high-pressure data of pure elements
may be different from that of complex multi-component amor-
phous alloys. Moreover, the parameter λ is also semi-empirical,32

which may be responsible for the large deviation of critical pres-
sure. The predicted destabilization trend as the increasing pressure
of the Ti59.1Zr37Cu2.3Fe1.6 alloy is consistent with the experimental
observation, providing us an atomic level insight into the mecha-
nism of the pressure-induced crystallization of the martensite
amorphous alloy.

IV. CONCLUSION

In summary, in situ high-pressure XRD studies on the
Ti59.1Zr37Cu2.3Fe1.6 martensitic amorphous alloy have been per-
formed up to ∼39.6 GPa during compression and decompression at
room temperature. Although the amorphous martensite phase is
believed to be more stable than the β-Ti phase and also other typical
α0, α00, or ω martensites during cooling suggested by a heat release
accompanying its formation,19 the in situ XRD results demonstrate
that the amorphous martensite phase is not stable at all under high
pressure and will quickly transform into the β-Ti phase below 8 GPa.
These results reveal a pressure-induced crystallization of an amor-
phous phase at room temperature, which was seldom observed in
amorphous alloys before. The large difference of atomic radii
between the solute Zr and solvent Ti is found to dominate the stabili-
zation of the amorphous structure. With increasing pressure, the dif-
ference in atomic radii between Zr and Ti quickly decreases, which
eventually causes crystallization. These results also suggest that pres-
sure is a powerful and clean parameter to tune the local atomic
elastic strain/stress and destabilize/stabilize various martensite phases.
More studies in the future employing high pressure on martensite
amorphous alloys could help to tailor their structure and properties
and further deepen our understanding of the mechanism of martens-
ite amorphization, inverse melting, and crystallization.
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FIG. 4. Estimation of the relative volume difference between the solute and
solvent atoms in the Ti59.1Zr37Cu2.3Fe1.6 alloy as a function of pressure. The left
y-axis shows the λ parameter as a function of pressure (blue solid curve). The
right y-axis presents the separate contribution from each solute atom to the λ
parameter as a function of pressure (dashed lines). The dotted horizontal line
marks the position where λ = 0.1.
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