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Unveiling a new type of ultradense anomalous
metallic glass with improved strength and ductility
through a high-pressure heat treatment
Rui Yamada1, Yuki Shibazaki 2, Yasuto Abe1, Wookha Ryu1 and Junji Saida 1

Abstract
An anomalous glass was discovered through high-pressure heat treatment (5.5 GPa at 850 K) followed by rapid cooling
of a Zr50Cu40Al10 metallic glass. Despite a reduction in the crystallization temperature and enthalpy, high-resolution
transmission electron microscopy analysis revealed that the collected bulk sample maintained a fully amorphous
structure. The density of the sample was 0.6% larger than that of the as-cast state and was even larger than that of the
partially crystallized state. These results suggest the formation of an ultradense packing glass that cannot be obtained
through conventional annealing. Compression test results indicated a significant increase in the Young’s modulus and
fracture strength, supporting the creation of an anomalous metallic glass. In addition, plasticity was observed in the
treated sample. It was therefore concluded that the high-pressure heat treatment enabled the creation of a new type
of glass that is normally overshadowed by the crystallized phase at atmospheric pressure. We explained the creation of
the ultradense glass by introducing a pressure parameter (P) to the conventional volume (v) - temperature (T) diagram.

Introduction
Recently, high-pressure treatment of metallic glasses

has received significant scientific attention. In particular,
polymorphic transition induced by pressure has been
observed in many metallic glass systems1–5. The pressure-
induced liquid-to-liquid transition was suggested by
Dmowski et al. in Zr-based metallic glasses6. In molecular
dynamic (MD) simulation studies, polymorphic transi-
tions and the creation of new types of abnormal glass
through high-pressure heat treatment was predicted (i.e.,
a high-energy but high-density and well-ordered glass7,8).
Thus far, there have been attempts to explain these types
of transitions and phenomena using many theoretical
models (e.g., 4f electron delocalization1–5, P- and N-type
free volume8,9, and a two-order-parameter model10,11).
However, the detailed mechanisms remain unknown.

Hence, high-pressure treatment research has mainly
focused on clarifying these specific physical phenomena,
leading to the appearance of several regulations regarding
measurements. One is that most research has relied
heavily on in situ X-ray diffraction measurements1–6.
X-ray diffraction measurements provide local average
information, while the overall/bulk properties of the
sample cannot be clarified using only this approach.
Suzuki et al. previously reported that the mechanical
behaviors of Zr50Cu40Al10 metallic glasses strongly
depend on the observation scale (i.e., macroscopic and
microscopic)12, which means that some of the properties
(e.g., non-affine deformation) differ completely depending
on the length scale of the target measurement. Therefore,
microscopic and macroscopic measurements are impor-
tant to clarify the overall properties of samples treated at
high pressures.
Another regulation concerns the sample size. To find a

significantly unique physical phenomenon (e.g., pressure-
induced devitrification13), a high applied stress of several
tens or even hundreds of gigapascals is required. As a
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result, the sample size has continuously decreased (e.g.,
the thickness is now several tens of micrometers),
resulting in limited studies on the properties of the bulk
samples treated at high pressures. All of these regulations
hinder the clarification of the real phenomenon of the
high-pressure experiment.
Previously, Dmowski et al. prepared a high-pressure

heat-treated sample comprising a Zr-based metallic glass
and discussed the glasses created at the high pressures
and high temperatures6. However, they investigated only
the atomic-scale structures of the created glasses by using
the X-ray diffraction technique so that the material
properties (e.g., thermal and mechanical properties) of the
sample were not evaluated. Therefore, the real state of the
created glass through the treatment has yet to be
understood.
The objective of the present study was to clarify the

effect of high-pressure heat treatment on metallic glass by
investigating the properties of bulk samples. We primarily
focused on studying a high-pressure heat-treated bulk
sample (i.e., diameter and height on the millimeter scale)
by rapid cooling, with the aim of obtaining a sample
frozen in the high-pressure/temperature glassy state at
room temperature. Then, several types of mechanical and
thermal measurements were performed to determine the
glassy nature of the sample, and the anomalous features of
the newly created metallic glass are discussed.

Materials and methods
Materials
An alloy ingot with a nominal composition of

Zr50Cu40Al10 (at.%) was prepared by arc melting mixtures
of pure metals in an argon atmosphere. Rod and disc
samples with diameters of 4 mm and heights of 6–8 and
1mm, respectively, were prepared by cutting the tilt-cast
samples. The amorphous nature was confirmed using X-
ray diffraction (XRD; Rigaku MultiFlex) and transmission
electron microscopy (TEM; JEOL JEM-2000F) in advance.
The thermal properties were measured using differential
scanning calorimetry (DSC; TA Q-100) at a heating rate
of 20 K/min.

High-pressure heat treatment
The high-pressure experiments were conducted on the

rod samples using a belt-type large-volume press appa-
ratus. In preparing the high-pressure heat-treated sam-
ples, we referred to a previous study by Dmowski et al. to
determine the experimental conditions6. An annealing
temperature of 850 K, which might be slightly below Tx,
and an applied pressure of 5.5 GPa were selected. First,
the quasi-isotropic pressure of 5.5 GPa was applied to the
sample at room temperature, and then, the system was
heated to 850 K. The heating rate was approximately
20 K/min with a holding time of 2 min at 850 K. The

estimated cooling rate was as fast as 100 K/s, with the aim
being to retain the high-pressure/temperature state at
room temperature. After cooling the sample, the pressure
was removed, and the high-pressure heat-treated bulk
sample was collected.

Reference samples
The relaxed and partially and fully crystallized samples

were prepared by annealing the as-cast glass at ambient
pressure as references. The relaxed state was obtained by
annealing the as-cast sample at 740 K (~1.05Tg) for 2 min
followed by slow cooling (20 K/min cooling). The partially
and fully crystallized states were prepared by annealing at
740 K (~1.05Tg) for 20 min and 873 K (~1.24Tg) for 1 min,
respectively.

Static annealing of the as-cast sample at ambient pressure
Isothermal annealing of the as-cast sample at 740 K for

5, 10, 17, 18, 20, 22, and 23 min and successive isochronal
DSC scans were conducted to evaluate the thermal
properties/structural differences between the heat-treated
sample under ambient pressure and the high-pressure
heat-treated samples by comparing the crystallization
temperature (Tx) and crystallization enthalpy (ΔHcry). The
microstructures of the samples that were isothermally
heat-treated at 740 K for 17, 20 and 23min were exam-
ined using TEM.

Evaluation of bulk properties of high-pressure heat-
treated sample
The outer appearance of the collected bulk sample was

examined using scanning electron microscopy (SEM;
JEOL JSM-6010LV). DSC scans were performed using a
heating rate of 20 K/min to determine the thermal prop-
erties of the sample. Density measurements were per-
formed using the rod samples with heights of ~6mm at
room temperature using a gas pycnometer (Shimadzu
Micromeritics AccuPycII 1340). The data were obtained
by averaging 30 measurement points. The density mea-
sured using the Archimedes method was used as the
standard data. The electric resistivity of each sample was
measured using the four-terminal method. The mea-
surement was performed five times, and the average was
recorded. The amorphous nature was characterized using
XRD and TEM. High-resolution transmission electron
microscopy (HRTEM; FEI TITAN3 G2 60-300 Double Cs
corrector) analysis was performed to investigate the
internal microstructure at the atomic scale. The
mechanical properties were evaluated using compression
tests. The initial strain rate of ε0 ~ 10−4 /s was set during
the test. The strain was measured with a strain gage
(Kyowa Electronic Instruments, gage length of 1 mm)
attached on the surface of the sample. It was fixed at the
center part using an instantaneous adhesive (Kyowa
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Electronic Instruments, cyanoacrylate base). More than
three tests were conducted for each sample, and the
results were obtained by averaging those data. The surface
and side views of the fractured sample were observed
using SEM (JEOL JSM-6010LV and FEI Versa 3D Dual-
Beam). The surface and the shear band area on the side
were cut using focused ion beam (FIB) milling (FEI Versa
3D DualBeam), and HRTEM was used to examine the
microstructure.

Results and discussion
Accessibility of high-pressure heat-treated state by
annealing as-cast glass at ambient pressure
DSC curves of the as-cast, relaxed, and high-pressure

heat-treated Zr50Cu40Al10 samples are presented in Fig. 1
(a). The Tg, Tx, and ΔTx of the as-cast sample were 704 K,
786 K, and 82 K, respectively. For the relaxed sample, Tg

was determined to be 701 K, which was almost the same
as that of the as-cast state, whereas Tx was slightly lower
(781 K). During the annealing process, thermal accumu-
lation (i.e., atomic ordering) may have occurred in the
system14–16, resulting in the reduced crystallization tem-
perature. Notably, for the high-pressure heat-treated
sample, the glass transition temperature was almost the
same (Tg= 703 K), whereas the crystallization tempera-
ture (Tx= 749 K) was lower than that of the as-cast state
by 37 K. In addition, the wide plateau region observed
above Tg in the as-cast and relaxed samples, which is
considered to be a supercooled liquid state17, clearly
diminished in the high-pressure heat-treated sample.
These results suggest that the thermal stability decreased
with the treatment.
As observed in Fig. 1a, the height of the crystallization

peak for the high-pressure heat-treated sample also

decreased compared with that of the other two curves. The
crystallization enthalpies (ΔHcry) of the as-cast and relaxed
samples were calculated to be 45.9 and 43.4 J/g, respec-
tively. The enthalpy of the high-pressure heat-treated
sample was significantly decreased (ΔHcry, high pressure heat

treated= 25.4 J/g) and was only 55% of that of the as-cast
state (ΔHcry, as-cast= 45.9 J/g). For confirmation, we con-
ducted DSC scans in the center and edge parts of the disk
sample (see supplementary Fig. S1). The results revealed
that the Tg, Tx and ΔHcry results were almost the same in
each part of the sample.
Based on the thermal analyses, one may suspect that the

crystalline phase had already precipitated in the high-
pressure heat-treated sample. Figure 1b shows the rela-
tionship between the crystallization temperature and
enthalpy during isothermal annealing of the as-cast glass
under ambient-pressure conditions. For a longer anneal-
ing time, a decreased crystallization temperature and
enthalpy were observed. The results for the high-pressure
heat-treated sample were also plotted, are shown in Fig.
1b, and are relatively close to those of the isothermally
annealed samples for 22 and 23min. These results imply
that similar thermal properties to those of the high-
pressure heat-treated state can be obtained even with
static annealing at ambient pressure. However, the
internal microstructure of the high-pressure heat-treated
sample is significantly different from that of the iso-
thermally annealed sample at ambient pressure. TEM
analyses were conducted for the isothermally annealed
(23 min) (not shown here) and high-pressure heat-treated
samples [HRTEM data are shown in Fig. 2b]. The normal
low-magnification TEM images and diffraction patterns
(not shown here) revealed that the crystalline phase
already precipitated in the matrix of the statically

Fig. 1 a DSC curves of the as-cast, relaxed (740 K, 20 K/min), and high-pressure heat-treated (5.5 GPa, 850 K) samples of Zr50Cu40Al10 metallic glass.
b Relationship between crystallization enthalpy ΔHcry and crystallization temperature Tx of the as-cast and isothermally-annealed (740 K for 5, 10, 17,
18, 20, 22, and 23 min) samples. The triangle represents the data for the high-pressure heat-treated sample. The square area corresponds to the time
beyond the incubation time for crystallization at 740 K.
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annealed sample, whereas no contrast or clear diffraction
spots were observed in the TEM images for the high-
pressure heat-treated sample. The XRD data of the cross
section of the disk sample also indicated that the high-
pressure heat-treated sample maintained an amorphous
structure (Fig. 2a). Furthermore, to investigate the possi-
bility of small-scale crystallization (e.g., atomic ordering),
which is hard to observe by the normal TEM observation,
we performed HRTEM observations for the high-pressure
heat-treated sample. Figure 2b shows the HRTEM image
and the fast Fourier transform (FFT) data from the center
part of the disk sample. The typical salt-and-pepper-like
pattern was confirmed in the image, and the FFT pattern
contained only a diffuse halo ring, indicating a fully
amorphous structure. Additionally, the synchrotron
radiation X-ray diffraction data of the collected sample
indicate an amorphous nature (see supplementary Fig.
S2). Although the colored square area in Fig. 1b corre-
sponds to the precipitation of a crystalline phase in the
ambient-pressure annealed sample, the high-pressure
heat-treated metallic glass contains no crystalline phase
even in the colored square area and can be characterized
as a fully amorphous structure at the atomic scale, indi-
cating that such a unique state cannot be attained by
annealing of the as-cast state at ambient pressure. In other
words, under ambient-pressure conditions, crystallization
inevitably occurs before attaining such a state during the
annealing process.

Unveiling the creation of an ultradense metallic glass
thorough the measurement of bulk properties
Figure 3 presents the density measurement results of

the as-cast, relaxed, high-pressure heat-treated, and
crystallized samples. The as-cast metallic glass had a
density of 6.882 g/cm3, which is almost the same as that
reported elsewhere18. As expected, the density of the
crystallized sample was the highest obtained herein at

6.980 g/cm3. When the glassy sample was heated above
the crystallization temperature (Tx), the atoms aligned
periodically, and the glassy structure was transformed into
a crystalline phase, resulting in a distinct volume shrink-
age (increase in the density). The density of the high-
pressure heat-treated sample was 6.928 g/cm3, which is
0.6% larger than that of the as-cast sample. It was
expected that volume shrinkage of the high-pressure heat-
treated sample would occur because of the extremely
close atomic distance under the high external pressure.
However, it is important to note that the increase in the
density through this treatment was extraordinarily high.
For the relaxed state, the density was measured to be
6.885 g/cm3, which is higher than that of the as-cast state;
however, the increase was at most 0.05%. The density
increase in the high-pressure heat-treated sample was
much higher than that for the relaxed state by roughly one

Fig. 2 a XRD pattern of the high-pressure heat-treated sample. b HRTEM image and FFT pattern of the treated sample.

Fig. 3 Densities and electric resistivities of the as-cast, relaxed (740 K,
20 K/min), high-pressure heat-treated (5.5 GPa, 850 K), partially-
crystallized (740 K, 20 min), and fully-crystallized (873 K, 1 min)
samples.
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order of magnitude. Yokoyama et al. previously reported
the annealing time dependence of the density change of
the same alloy system of Zr50Cu40Al10 metallic glass19,20.
They changed the annealing time from 0 to 6.05 × 105 s
(~1 week) as well as the temperature (473 K, 573 K, and
673 K, which are all below the Tg). The density change was
dramatic at 673 K and almost saturated after the anneal-
ing time of 5.4 ks, which might suggest that the sample
had already reached the metastable condition and that the
free volume was almost annihilated. Nevertheless, the
saturated value of the density was evaluated to be at most
0.4% higher than that of the as-cast state, but it was lower
than the value of the density increases due to the high-
pressure heat treatment observed in this study (i.e., 0.6%).
Our results clearly indicate the creation of an ultradense
random atomic configuration using the high-pressure
heat treatment.
Figure 3 also shows the electric resistivities of each

sample. The resistivity of the as-cast state was 225 μΩ cm,
and this value decreased to a slightly lower value of
215 μΩ cm with relaxation. Annihilation of the free
volume resulted in a decreased atomic distance, leading to
a more conductive state. In the crystallized state, the
resistivity was lower (134 μΩ cm) than that of the amor-
phous states (i.e., the as-cast and relaxed states). As
expected, the resistivity of the high-pressure heat-treated
sample was much lower than those of the other amor-
phous states. This result was observed because the atomic
distance decreased with high pressure, as easily predicted
from the density measurement results, and caused a
decrease in the electric resistivity. These electric resistivity
results also support the creation of an ultradense
glassy state.
Through microstructure observations and bulk property

measurements, it was revealed that an anomalous glassy
state with an abnormal random atomic configuration was
constructed in the high-pressure heat-treated sample. In
addition, such an unusual state cannot be obtained by
simply annealing the as-cast sample at ambient pressure.
Dmowski et al. investigated the change in the local atomic
configuration at high pressures and high temperatures in
the same Zr50Cu40Al10 alloy system6 as this study using a
high-energy XRD technique and atomic pair distribution
function (PDF) analysis and observed that the high pres-
sure in the supercooled liquid region led to an increase in
the atomic rearrangement, which agrees well with the
present density measurement results. These authors also
argued that the rearrangement appeared to be different
from that achieved through a normal aging process. As we
have already demonstrated, the high-pressure heat-trea-
ted state cannot be obtained through normal annealing at
ambient pressure. Although the observed area and eva-
luation technique were completely different [in their case,
the observable area was very small (i.e., the beam size was

0.2 mm × 0.2 mm) and X-ray diffraction was used as the
characterization method, whereas we investigated the
density/electric resistivity for the collected bulk sample
(i.e., a rod with a diameter of 4 mm and height of
6–8mm)], our results are consistent with those in the
previous report.

Creation of a new type of hidden anomalous metallic glass
As demonstrated above, the anomalous glass was cre-

ated using a high-pressure heat treatment. To evaluate its
anomalous features, a partially crystallized sample was
also prepared by annealing the as-cast sample at 740 K for
20min (i.e., longer than the incubation time for crystal-
lization) as a reference. The crystalline volume fraction of
the sample was estimated to be Vf= {1−(ΔHcry,20 min/
ΔHcry,as)} × 100= 23.5% from the result in Fig. 1(b). It was
confirmed that the crystalline phase precipitated, and the
sample was partially crystallized, by TEM image analysis
(see supplementary Fig. S3). Surprisingly, the density of
the partially crystallized sample was 6.906 g/cm3, which is
lower than that of the high-pressure heat-treated sample
(6.928 g/cm3) (see Fig. 3). Although the crystalline phase
itself was much denser than that of the amorphous state,
the remaining amorphous phase in the partially crystal-
lized sample was thought to be not as dense. Therefore,
the total density of the high-pressure heat-treated sample
should be higher than that of the partially crystallized
sample. Although a few studies have been reported21,22, it
has been infrequently observed that a fully amorphous
sample is denser than the already crystallized sample. The
electrical resistivity measurement of the partially crystal-
lized sample was also conducted, as shown in Fig. 3. The
value resistivity was 164 μΩ cm, which is lower than that
of the high-pressure heat-treated sample. This is thought
to be due to the substantially decreased electric resistivity
of the precipitated crystalline phase than that of the
amorphous matrix.
The above experimental results suggest the existence of

a new type of glassy state, which is generally over-
shadowed by the crystallized state at ambient pressure.
Here, we successfully demonstrate and identify a “hidden
anomalous metallic glass” through bulk property mea-
surements for the first time.
Figure 4a presents stress–strain curves of the different

states under compression loading, and the Young’s
modulus and fracture strength determined from the
compression tests are also presented in Fig. 4b. The
detailed values of the mechanical properties are sum-
marized in Table 1. For the as-cast state, the Young’s
modulus and fracture strength were measured to be
Eas-cast= 96.0 GPa and σf as-cast= 1735 MPa, respectively.
When the sample was annealed at 740 K and relaxed at a
cooling rate of 20 K/min, the values increased to Erelax=
98.7 GPa and σf, relax= 1904 MPa, respectively. For the
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partially crystallized sample (740 K, 20 min), the Young’s
modulus and fracture strength values changed to Epartially
crystallize= 98.8 GPa and σf, partially crystallize= 1838MPa,
respectively, which are similar to the results of the relaxed
state. In contrast, a large difference is observed between
the corresponding curves of the relaxed and partially
crystallized samples in terms of plasticity. The partially
crystallized sample exhibited plasticity (εp, max ~ 0.30)
during the test, which resulted from pinning effects of the
existing crystalline particle during compression. The
crystalline particles prevented easy propagation of the
shear bands and induced stress dispersion, leading to
nucleation of multi shear bands and the appearance of
considerable plasticity23–25. For the fully crystallized
sample, the deviations in the Young’s modulus and frac-
ture strength were quite large. These deviations are
thought to be attributed to the dependence of the direc-
tion between the compression load and orientation of the
precipitates. Each sample had a different orientation of
the crystals, which appeared to affect the results of the
compression test. Interestingly, the Young’s modulus of
the high-pressure heat-treated sample reached Ehigh pres-

sure heat treated= 112.1 GPa, which was the largest among
the other amorphous samples in this study and was

almost the same as that of the fully crystallized sample
(Efully crystallize= 113.6 GPa). Moreover, a maximum frac-
ture strength of σf, high pressure heat treated= 2074MPa was
observed for the high-pressure heat-treated alloy. This is
recognized as an extraordinarily high strength, which
indicates that the anomalous glass that was newly fabri-
cated by the high-pressure heat treatment demonstrated
an improvement in the mechanical properties.
It is also worth mentioning that the high-pressure heat-

treated sample obviously exhibited a certain plasticity of
εp, max ~ 0.15% under a compressive load. The compres-
sion fracture of the treated sample exhibited a similar
typical fracture geometry to that of the metallic glasses
(see supplementary Fig. S4a), which indicates that the
initial amorphous structure almost remained. A vein-like
pattern was also observed in the fracture surface of the
sample (Fig. 5c). It is noted that among the large shear
bands, some were perpendicular to the fracture surface
and the others were nearly parallel to the top and bottom
surfaces in the high-pressure heat-treated sample (see
supplementary Fig. S4a, b). This fracture morphology
appears to be different from that of a typical metallic glass.
The origin of the creation of the major shear bands is
discussed later.
Miyazaki et al. indicated the achievement of a high

fracture strength with plasticity through high-pressure
heat treatment in a MD simulation7. The present results
support this prediction experimentally. However, the
origin of the plasticity in the high-pressure heat-treated
sample remains unknown. We investigated the following
two dominant factors.
One factor is the surface condition of the compression

specimen. Huang et al. investigated the effect of shear
predeformation on the mechanical performance of Ti-
based metallic glass26. They showed that the prefabrica-
tion of numerous shear bands on the surface of the
sample can promote plastic strain during compression

Fig. 4 a Stress–strain curves of various states obtained from compression tests. b Summary of results of fracture strength and Young’s modulus of the
samples.

Table 1 Mechanical properties of various samples
obtained from compression tests.

E (GPa) σf (MPa) εp, max (%)

As-cast 96.0 1735 –

740 K, 20 K/min 98.7 1904 –

5.5 GPa, 850 K 112.1 2074 ~0.15

740 K, 20 min 98.8 1838 ~0.30

873 K, 1 min 113.6 1615 –
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testing. Because the pressure condition in this study was
quasi-hydrostatic, such an effect cannot be negligible.
Figure 5a, b shows the outer appearance of the high-
pressure heat-treated sample and SEM image of the sur-
face of the sample before compression testing, respec-
tively. As observed, many shear bands were prefabricated
on the surface of the specimen. The observed large shear
bands (see supplementary Fig. S4a and b) are thought to
originate from one of them. It is possible that these shear
bands, which were prefabricated in different directions,
suppressed the growth and propagation of the initial
bands. However, further investigation is needed to clarify
the effect of the prefabricated shear bands on the
improved plasticity.
The other related factor for the plasticity is

deformation-induced crystallization during compression.
As observed in the DSC curve (see Fig. 1a), the thermal
stability of the high-pressure heat-treated sample was
lower than that of the as-cast sample (e.g., the high-
pressure heat-treated sample exhibited a lower crystal-
lization temperature than the as-cast one). Thus, it is
possible that crystallization easily occurred during the
compression test. In general, the strain energy induced by
deformation complements the thermal energy for crys-
tallization27. It has also been demonstrated that
deformation-induced crystallization promotes plasti-
city28–30. To investigate the occurrence of deformation-
induced crystallization during compression, the micro-
structure of the fracture surface was first examined using
HRTEM, as shown in Fig. 5d. There is no obvious contrast
or diffraction spots corresponding to the formation of a
crystalline phase in the high-resolution image and dif-
fraction pattern. On the other hand, crystalline particles
were observed in the TEM image in the shear band area
(Fig. 5e, f). Here, one would suspect that the crystalline
phase had already precipitated in the prefabricated shear
band area in the as-received high-pressure heat-treated

sample. The TEM result (see supplementary Fig. S5)
revealed that there were no crystalline regions in the area.
These results indicate that deformation-induced crystal-
lization surely occurred, which mainly led to the appear-
ance of plasticity during the compression test.
The density and electric resistivity results (see Fig. 3)

may indicate that a significantly relaxed state can be
created inside the high-pressure heat-treated sample. We
compared the mechanical properties of the corresponding
sample with other alloy systems in the relaxed state.
Figure 6a, b presents the normalized Young’s modulus
(Erelax/Eas-cast) and fracture strength (σf, relax/σf, as-cast) of
the relaxed state for several alloy systems reported in
previous studies31–35. All the relaxed states were obtained
through thermal annealing, and some of the samples
contained small amounts of nanocrystalline/ordering. All
of the alloys herein, including the present relaxed sample
and except for the high-pressure heat-treated one, had
ratios of less than 1.1. The obtained normalized ratios of
the Young’s modulus and fracture strength in the high-
pressure heat-treated state were Ehigh pressure heat treated/
Eas-cast= 1.17 and σf, high pressure heat treated/σf, as-cast= 1.20,
respectively, which are far beyond 1.1. From these results,
it is apparent that such high mechanical properties can
only be obtained using the present high-pressure heat
treatment and not through normal annealing. Notably,
these values might be the highest values of those in any
other reports for an almost fully amorphous structure.
Figure 7 shows a schematic illustration of how the

ultradense glassy state was created through the high-
pressure heat treatment. We added a pressure axis to
the conventional volume-temperature (v-T) diagram, where
an ambient pressure plane as well as a 5.5 GPa plane exists.
The a-a′ line represents the liquid equilibrium line at
ambient pressure, while b-b′ is the line at 5.5 GPa (the
gradation area a-a’-b-b’ corresponds to the liquid equili-
brium plane). When a pressure is applied, the glass first

Fig. 5 a Outer appearance and b SEM image of the treated sample before compression test. c SEM and d HRTEM images of the fracture surface of the
high-pressure heat-treated sample. e SEM and f TEM images of the shear band area of the fractured sample.

Yamada et al. NPG Asia Materials (2019) 11:72 Page 7 of 9



follows the A→ B path (i.e., transition from the ambient
pressure plane to the 5.5 GPa plane). Then, during heating
with pressure (B→C path), the glass tends to follow the
liquid equilibrium line at 5.5 GPa (b-b’). It is noted that
whether or not the glass overshoots the b-b′ line is still
uncertain (i.e., if overshoots, it suggests the presence of glass
transition in the high-pressure conditions. However, whe-
ther or not the glass transition occurs is still unknown).
During the cooling process, the sample follows the C→D
path (still on the 5.5 GPa plane). After removing the pres-
sure (D→ E path), even though the elastic part should be

recovered, the glass may almost keep its state owing to the
quenching (i.e., a glassy state at 5.5GPa is created that is
mostly frozen in even after removing the pressure). The
volume of the high-pressure heat-treated sample (v1) is
much smaller than that in the initial state at ambient
pressure (v0), namely, v0»v1. Regarding the experimental
time scale (as already mentioned above by comparing the
density data with the result by Yokoyama19,20), such an
anomalous state seems to be difficult to attain only con-
sidering the ambient pressure plane. Adding the pressure
axis in the v-T diagram enables the creation of an ultra-
dense state, which is not accessible by annealing the
metallic glass at ambient pressure only.
Previous reports have claimed the creation of a well-

ordered local structure but a glass in a high potential energy
state was revealed by a high-pressure heat treatment in
simulation7,8. Thus far, it has been difficult to discuss the
real glassy nature of the high-pressure heat-treated alloy. It
was experimentally confirmed in Fig. 3 that the glass
exhibited ultradense packing, which implies that a well-
ordered glass might be created. However, details, such as
whether or not the volume of the high-pressure heat-treated
state can be below the liquid equilibrium line (i.e., whether
or not the point E in Fig. 7 should be placed below a-a’ line)
and the energy state of the sample, remain uncertain. Fur-
ther studies are required to determine the glassy state (e.g.,
the relationship between the energy and volume state) as
well as the local atomic configuration to clarify the actual
nature of the high-pressure heat-treated glass.

Conclusions
The high-pressure heat-treated (5.5 GPa at 850 K) state

of a Zr50Cu40Al10 metallic glass was successfully obtained
by rapidly cooling a bulk sample (size of a few millimeters)
from slightly below Tx. The obtained thermal properties

Fig. 7 Schematic illustration of volume (v)–Pressure (P)–Temperature (T) diagram of the metallic glass. The process of creating ultradense glassy state
through the high-pressure heat treatment is described (A→B→C→D→E).

Fig. 6 a Normalized Young’s modulus and b fracture strength of
relaxed samples obtained from previous reports. The data for the relax
and high-pressure heat-treated sample obtained in the present study
are also provided.
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were similar to those of the partially crystallized sample
prepared by annealing the as-cast glass alloy at ambient
pressure. Nevertheless, the microstructure of the high-
pressure heat-treated sample confirmed that a fully
amorphous structure was maintained. The density and
electric resistivity measurements revealed the creation of
an ultradense packed metallic glass. In particular, the
density was larger than that of the partially crystallized
state, indicating that such a state is not readily accessible
under ambient conditions. The significantly relaxed state
might have been fabricated by the present high-pressure
treatment; however, further investigations are needed to
clarify the actual nature of the glass. It was confirmed that
the high-pressure heat-treated sample exhibited excellent
mechanical properties compared with those of other
previously reported relaxed metallic glasses. A new con-
cept, namely, a pressure factor (P), was added to the
volume (v) – temperature (T) diagram to account for the
creation of an ultradense metallic glass. We successfully
revealed a “hidden anomalous glassy state” and created a
new type of metallic glass for the first time using a high-
pressure heat treatment process.
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