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ABSTRACT

Bulk metallic glasses (BMGs), like other glasses, soften in the super-cooled liquid region (SCLR).
Here in this work, surprisingly, a large expansion is reported occurring in the deep SCLR of a
Zr47Cu37AlgAgs BMG. Nano-crystals (NCs) are found precipitated during the anomalous expansion
of Zra7Cuz7AlgAgs, but also in the SCLR of Zrs3Cusq AlgAgs that exhibits a conventional softening. It
is found that there is a steep composition and density change at the NCs/amorphous matrix transi-
tion region in the former alloy, and this transition region exerts a thermal stress of about 0.15 MPa to
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the surrounding super-cooled liquid (SCL) and drives the soft SCL to expand severely.
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IMPACT STATEMENT

An anomalous expansion, and particularly a large expansion instead of softening, is reported
occurring in the deep SCLR of a Zr-based bulk metallic glass for the first time.

1. Introduction

An attractive advantage of bulk metallic glasses (BMGs)
over traditional alloys is that it can be thermal-plastically
formed in the SCLR, due to the viscous flow of the super-
cooled liquid (SCL) [1]. The viscous flow, however, brings
along an unpleasant consequence when measuring the
thermal expansion of BMGs using the mechanical ther-
mal dilatation (DIL) method, i.e. sample softening [2-6],
which essentially results in the DIL data look similar for
different compositions, and thus featureless. It is reported
that some BMGs have anomalous calorimetric signals

in the SCLR, such as PdNiP [7], FeMoYB (8], ZrTiBe
[9] and CuZrAlY [10], which are correlated to the poly-
amorphous phase transition between two SCLs [7], the
formation of local chemical short-range order [8,9], or
the precipitation of nano-crystals (NCs) [10]. However,
to the best of our knowledge, no anomalous expansion,
especially a large expansion in the SCLR detected by the
DIL method, during which a small amount of compres-
sive load is applied on the sample, has been reported. On
the other hand, BMGs shrink upon crystallization due
to the amorphous materials with a disordered structure
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usually having a lower density than the crystalline coun-
terpart with an ordered structure [11]. So far, only
Pd4oNigo_xCuyPsg (x > 30) alloys are reported to be less
dense in the crystalline state than in the amorphous state
[12]. A similar scenario, can also be expected when pre-
cipitation of NCs occurs in the SCLR, which is indeed
seen in Zr-based BMGs [13] and there is no anoma-
lous thermal expansion behavior when heating up in the
SCLR [6]. In this work, we report an anomalous expan-
sion, and particularly a large expansion in the deep SCLR
of a ZryyCus;AlgAgs (Zr47) BMG [14], where NC pre-
cipitates, revealing a special effect of nano-crystallization
on the physical properties of the SCL.

2. Experimental methods
2.1. Sample preparation

ZI‘43C1141A18Ag8 (ZI‘43) and ZI‘47CL137A18Ag8 (ZI‘47)
BMG plates with a dimension of 2 x 5 x 50 mm?® were
fabricated by copper-mold casting (Rapid Quench

Machine System VE-RQT50, MAKABE).

2.2. Thermal analysis tests

The glass transition and crystallization behaviors were
measured by differential scanning calorimetry anal-
yses (DSC, NETZSCH 200F3) under a high-purity
argon flow. The thermal expansion behavior was mea-
sured in a thermal dilatometer (NETZSCH DIL 402C)
using samples with dimensions of 2 x 5 x 20, 2 x 2 x 20,
2x1x20 and 1x1x20mm?® cut from the as-cast
plates. The equipment was calibrated with a standard
alumina sample and the applied push load was fixed as
0.3N, corresponding to an applied compressive stress
of 0.03-0.3 MPa. Accuracy of the measurement process
was ensured by the very low-thermal expansion of the
Invar measurement system at a constant temperature
(20.0 £ 0.1°C) maintained by the circulating coolant. The
equipment was evacuated to 1 x 10~% mbar and back-
filled by 1 bar high-purity argon before the tests, and was
flushed by a high-purity argon flow during the tests. The
heating rates of the DSC and DIL tests were 0.083 Ks~!.

2.3. Structural analysis tests

The samples were heated to different temperatures in
the DIL instrument and quickly moved out and fast
cooled by the ice water. The as-cast and water-cooled
samples were tested by X-ray diffraction (XRD, Bruker
D8, Cu-Ka, 40kV x 200 mA) and high-resolution trans-
mission electron microscopy (HRTEM, FEI Tecnai
F30). The TEM samples were prepared by ion milling.

The microstructures and chemical compositions were
also studied under the scanning transmission electron
microscopy (STEM) mode equipped with a high-angle
annular dark field (HAADF) detector and an energy dis-
persive X-ray (EDX) spectrometer. A step size of 0.2 nm
was used in the linear energy-spectrum scanning.

2.4. Density measurement

Densities of the as-cast and water-cooled samples were
measured by the Archimedes method using the deionized
water and a precise electronic balance with a sensitivity of
0.1 mg.

3. Results

3.1. The anomalous thermal expansion in the deep
SCLR

As shown in Figure 1(a), the slope of DIL trace of Zr43
changes at Ty_pyp, that is the glass transition point on
the DIL trace. The Tg_piy is close to the mid glass transi-
tion temperature T;id rather than the onset temperature

Tg" or the end temperature T¢"d, because the endother-
mic behavior is more intense and thus the speed of free
volume generation is faster at ngnid than that at other tem-
peratures, according to the free volume theory [15]. The
glass transition ends at T;nd, and the amorphous solid
completely transits to the SCL and begins to soften, as
indicated by the DIL trace starting to change gently at the
softening temperature Ts. When heating to the crystal-
lization temperature T, the DIL trace shows a dramatic
drop because crystallization, the process of atomic long-
range arrangement changing from disorder to order, is
usually accompanied by a fast volume shrinkage [11].
After crystallization, the sample expands linearly again.
As described above, Zr43 has a normal thermal
expansion behavior, similar to other previously reported
BMGs, with the difference lying in the degree of softening
before Tyx. Some BMGs have gentle softening, such as Fe-
[4], Ti- [5] and Cu- [3,5] BMGs. Other BMGs have severe
softening, such as Mg- [5], Pd- [2,4,5], rare-earth- [3] and
Zr-based BMGs [5], due to their larger width of SCLR
and lower Tg [16,17]. In spite of different degrees, the
previously reported BMGs all soften, rather than expand,
in the SCLR when measured by the mechanical DIL
method. It is therefore indeed surprising to observe the
DIL trace of Zr47. As shown in Figure 1(b), after a gentle
softening above T, an unexpected sharp expansion sud-
denly stands out. From the expansion onset temperature
TO" of 739K to the end temperature T¢" of 761K, the
length quickly expands by about 3.0%o, corresponding to
a volume expansion of about 1%. Noting that from the
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Figure 1. DSC and DIL traces of (a) Zr43CusqAlgAgg and Zrs7Cus;AlgAgg BMGs.

room temperature to T of 724 K, the length only expands
by 4.9%e.

Detailed observation shows that the anomalous
expansion experiences two stages separated by Ténid. The
expansion is very quick in the first stage and becomes
much slow in the second stage. As marked by the shadows
in the DSC trace, the heat flow signal shows no obvious
change in the first stage, and an early onset exother-
mal crystallization process in the second stage. With the
increase in temperature, the exothermal crystallization
process becomes much severe above Ty. At the same
time, above TS that is very close to T, the DIL trace
quickly sinks in. This is attributed to the severe shrinkage
induced by the fast crystallization, just like what happens
in Zr43 and all other reported BMGs. Noting that the
good matches between Té“id and Ty pIL, Tgnd and T,

and T¢" and Ty show the DSC and DIL signals always
have precise correspondence. Therefore, the absence of

extra energy change in the first stage of the anomalous
expansion is not due to experimental inaccuracy, but is
indeed a real and unexpected phenomenon [14].
Usually, in phase transitions or other kinds of struc-
tural transitions, the volume changes are companied by
the energy changes. For example, alloys absorb heat and
synchronously expand during glass transition and melt-
ing, while they release heat and synchronously shrink
during crystallization and solidification. Based on these
known phenomena, an endothermic process accompa-
nied with the first stage of anomalous expansion is
expected. The smooth DSC trace suggests that the energy
needed in the anomalous expansion may be compensated
by the energy released from some exothermal processes
in the first stage. It is reported that some BMGs have a
clear exothermal signal in the SCLR, which is correlated
to the transition between different amorphous structures
[7-9], or the precipitation of NCs [10]. It is thus necessary
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to investigate the detailed structural evolution in the
SCLR of Zr47.

3.2. The structural evolution in the SCLR

Zr47 and Zr43 alloys are heated to different temperatures
in the DIL instrument, as shown in Figure 2(a), and then
fast cooled by the ice water. The heating temperatures
are setas 723,740 and 758 K (723K < Ty < 740K < Tx
< 758K) for Zr43, and 730, 743, 753 and 763K
(Ts < 730K < TO" < 743K < TMd < 753K < T =
Tx < 763K) for Zr47, respectively. The cooling rate
in water quenching is estimated to be in the order
of 10°Ks™!, which ensures that decomposition of the
microstructure during quenching is prevented [18]. XRD
results show that only the samples heated above Ty show
obvious crystalline peaks. However, HRTEM results
show that only the Zr43-723 K and Zr47-730 K samples
have a fully amorphous structure, and the other samples
already present a large amount of precipitation of NCs.
The precipitates in Zr43-740 K and Zr47-743 K samples
are ZrCu and CujoZr; NCs, respectively, and no other
NC are found by HRTEM. The CujgZr; NCs have a
uniform distribution in the amorphous matrix as indi-
cated in Figure 3(d1). The dimension d and concentra-
tion ¢ are about 10-20 nm and 2 x 104 molL ™!, respec-
tively. Taking the CujpZr; NCs have a roughly spheri-
cal structure with an average diameter d of 15nm, the
volume fraction vc (vc = 1/6 X w x d° x ¢ x Na, where
Ny is the Avogadro constant) of the NCs is estimated
to be ~20% in the Zr47-743 K sample. The precipi-
tation of such an amount of NCs should release some
heat, which compensates the heat that is needed in the
first stage of the anomalous expansion, and results in
a smooth DSC trace. In the Zr47-753 K sample that is

cooled from the second stage of the anomalous expan-
sion, apart from CujpZr; NCs, a lot of AlAgs; NCs
also precipitate. As shown in Figure 3(e2,e4), the dis-
tances between most neighboring AlAgs NCs are about
1-3nm and thus result in the crowed surroundings of
these NCs, which is quite different to the open sur-
roundings shown in Figure 3(d2). In the Zr47-763K
sample, large areas of crystalline phases with complex
structures are formed. The NCs grow to XRD detectable
phases.

Aslisted in Table 1, the densities of both Zr43 and Zr47
increase after heating to above T due to the free vol-
ume annihilation [19], even that the precipitated ZrCu
NC has a slightly smaller density than that of the as-
cast Zr43. The densities of two alloys further increase
after heating above Ty, which is a common phenomenon
occurring in almost all metallic glasses. The density of
CujoZry is 5% larger than that of the as-cast Zr47 sample.
It is thus unlikely that the anomalous expansion occurred
in the first stage can be ascribed to precipitates with a
smaller density [12]. The large anomalous expansion,
however, must leave some traces in the microstructure of
the fast cooled sample, which needs further investigation.
In addition, the density of AlAgs is 19% larger than that
of the as-cast Zr47 sample. The precipitates with a much
larger density can slow down the anomalous expansion
in the second stage.

3.3. The C/Aregion with steep density and
composition

It is very difficult to measure the absolute density of
individual microstructures, although the relative den-
sity change in local microstructure, even at the nano-
meter scale, can be studied by STEM [20]. In the
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Figure 2. (a) DIL traces of Zrs3Cus1AlgAgg and Zr47Cus;AlgAgs BMGs heating to different temperatures and (b) XRD patterns of water-

cooled samples.
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Figure 3. HRTEM and selected-area electron diffraction of the water-cooled samples.

Table 1. Room temperature densities of the as-cast samples, samples fast cooled from different temperature, and ZrCu, CuyoZry and
AlAgs crystals according to the powder diffraction file (PDF) database.

Zr43CU41 AlgAgg ZrCu Zr47CU37A|3Agg CU102I’7 A|Ag3
Alloys As-cast 740K 758 K (49-1484) As-cast 743K 753K 763 K (43-0993) (28-0034)
Density (gcm’3) 7.426 7.466 7.547 7.419 7.310 7.358 7.412 7.464 7.707 8.730
Zr: Cu (at%) 51:49 50:50 56:44 41:59 .

Notes: The PDF card numbers are indicated in the parentheses. Atomic ratios of Zr to Cu for each composition are also listed. Noting the amorphous matrix are

assumed to have the same composition and thus the same ratios of Zr to Cu with those of the as-cast alloys for simplification.

HAADF and EDX detectors coupled STEM mode, the
detector receives and records the counts and energy of
the characteristic spectral X-ray photons emitted from
the microstructure shot by the electron beam. On the one
hand, the relative content of different elements can be
calculated by normalizing the photon counts with par-
ticular energies by total photon counts. On the other
hand, the total photon counts are proportional to the
total atomic counts of shot parts, thus are determined
by the atomic density and sample thickness. As shown
in Figure 4(a2,a3), in the Zr43-740 K sample, the photon
counts during the linear scanning increases slightly from
the ZrCu NC side to the amorphous matrix side, which
agrees with the slightly higher density of the latter. Not-
ing that the density of ZrCu NC (7.419 gcm ™) is lower
than the sample density (7.466 gcm~—2), the density of the
amorphous matrix is thus higher than 7.466 gcm ™3, as
indicted in the Figure 4(a3). In addition, from the begin-
ning to the end, the photon counts continually increases

along the scanning direction. It is known that the thick-
ness of ion milled sample increases gradually from the
central hole to outside. It is very likely that the linear
scanning of Figure 4(al) is roughly along the radial direc-
tion from the central hole, resulting a gradual increase
of the thickness and thus the increasing emitted photon
counts. By contrast, most parts of the curve shown in
Figure 4(b3) are flat, which is possibly due to the linear
scanning is roughly perpendicular to the radial direction.
A more important difference between Figure 4(a3,b3) lies
in the degree of the fluctuation in the transition region
from the NC to the amorphous matrix, as indicated by
the C/A region delineated using dotted lines. Clearly,
the photon counts in the C/A region of Zr43-740 K and
Zr47-743 K samples have a gentle and dramatic fluctua-
tion, respectively, meaning that the atomic density does
not change much in the former but change dramatically
in the latter, which agrees well with densities listed in
Table 1.
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Figure 4. (a1, a2, b1, b2) Colored STEM images and (a3, b3) the change of total characteristic spectral X-ray photon counts along the
linear scanning direction of Zr43-740 K and Zr47-743 K samples. (b4) The relative atomic percentage change in the transition region from
the nano-crystal CuqgZry to the amorphous phase in the Zr47-743 K sample.

Besides the atomic density, another significant differ-
ence is that the chemical composition, i.e. the atomic
ratio of Zr to Cu, changes by 15% from the Cu;9Zr; NC
to the amorphous matrix in the Zr47-743 K sample, but
only changes by 1% from the ZrCu NC to the amor-
phous matrix in the Zr43-740 K sample, as also listed in
Table 1. As shown in Figure 4(b4), in the C/A region,
from the Cu;9Zr; NC side to the amorphous matrix side,
the content of Zr increases and that of Cu decreases
sharply, displaying a distinct composition change. Based
on the above observation, the C/A region with steep den-
sity and composition change is exactly the characteristic
microstructure left after the anomalous expansion in the
Zr47-743 K sample.

3.4. The thermal stress

It was found a long time ago that the thermal expan-
sion coefficient, «, of the grain boundary is a few to a
dozen times larger than that of the grain [21,22], which
is attributed to the atoms at grain boundaries having
weaker binding and thus larger inharmonic vibrations
[23,24]. Like the grain boundary, the C/A interface or
transition region shall also have a larger «. It is predicted
that in the beginning of nano-crystallization of the amor-
phous materials, an expansion rather than a shrinkage
may occur due to the large « of the C/A interface [25].

Based on the STEM observation, a C/A region with an
abrupt change in density and composition exists between
the CujpZr; NCs and the amorphous matrix of the Zr47,
which could have a lager « and result in an expansion,
even that the density of CujgZr; is 5% larger than the
as-cast sample.

Since the C/A region has a larger «, the o mismatch
will induce a thermal stress with the direction extend-
ing from the C/A region to the surrounding SCL. The
SCL, especially the deep SCL, which has a viscosity of
several order of magnitudes lower than that of the glassy
solid [1], will expand under this thermal stress. On the
other hand, as shown in Figure 1(b), from T to T¢",
the pure SCL of Zr47 without precipitates already soft-
ens slightly under the instrument applied compressive
stress of 0.03 MPa. Above TJ", 80% volume fraction of
the sample is still SCL that should keep on softening,
unless a thermal stress larger than 0.03 MPa suppresses
the softening and expands the SCL severely. To estimate
the thermal stress, thinner samples were used to test the
thermal expansion behavior under the same applied load
(so alarger applied stress). As shown in Figure 5, with an
increase of the applied stress, the anomalous expansion
weakens significantly, while the softening becomes more
and more severe. When the applied stress is 0.15 MPa,
both the anomalous expansion and the softening are not
very conspicuous, indicating a rough balance between
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Figure 5. Thermal expansion traces of Zr47 with different
dimensions. The corresponding instrument applied compressive
stresses of 0.03-0.3 MPa.

the instrument applied stress and the thermal stress
is reached. The thermal stress is thus estimated to be
about 0.15 MPa. In addition, a small bump always occurs
between the softening stage and the fast crystallization
shrinkage, indicating the expansion of the C/A region
cannot be completely suppressed even under a large
applied stress.

4. Discussion

Wada and Inoue et al. studied the SCL foaming of porous
Zr4gCuscAlgAgs BMG that has a similar composition

MATER. RES. LETT. 127

with Zr47 [26]. The spherical pores have a diameter of
dozens of micrometers and contain 1 MPa of pressurized
helium. Annealing the porous alloy in the SCLR under
vacuum increased the porosity from 3.9% to 13%, which
is corresponding to a total volume expansion of 10%. The
large expansion is generated by the stress of about 1 MPa
with the direction extending from the pores to the sur-
rounding soft SCL, which essentially can be deemed as a
thermal stress induced by the large o« mismatch between
the helium and the SCL. As a comparison, the volume of
Zr47 expands by about 1% in the deep SCLR under a net
stress of 0.12 MPa (the thermal stress of 0.15 MPa exerted
by the C/A region, minus the instrument applied com-
pressive stress of 0.03 MPa). Comparing to the foaming
of porous BMGs, both the thermal stress and the volume
expansion decrease by an order of magnitude for the case
of Zr47, indicating a similarity between these two pro-
cesses. Although the C/A region in Zr47 and the pores of
BMG foam are quite different, in terms of both material
type and size, the anomalous expansion seen here can be
deemed sharing a similar mechanism with the foaming
process, i.e. the viscous flow of the SCL under a thermal
stress.

Based on the above discussion, the microstructural
evolutions behind the anomalous expansion are schemat-
ically presented in Figure 6. The sample has a fully
amorphous structure below T¢" and some CujgZr; NCs
begin to precipitate at TO". Above TY", more CujoZry
NCs occur in the matrix and release some heat. The
released heat is consumed in driving the steep C/A region
to expand rapidly, and thus no exothermic signal was
detected by the DSC test. A thermal stress about 0.15 MPa
is induced by the @ mismatch between the C/A region
and the surroundings. When the instrument applied

@ Amorphous matrix

R Transition region
%e¢°® between NCs and
amorphous matrix

m Cu,Zr; NCs
888 AlAg, NCs

e

Small applied stress

Figure 6. The sketch of the microstructural evolutions behind the anomalous expansion.
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stress is larger than 0.15MPa, the SCL softens signifi-
cantly, but a slight expansion of the C/A region remains
to exist. When the instrument applied stress is lower than
0.15 MPa, both the C/A region and the soft SCL nearby
expand severely, which compensates the volume decrease
due to the precipitation of CujpZr; and results in a large
sample expansion. Apart from the thermal stress, an open
surrounding, as shown in Figure 3(d2), is also important
to the large expansion of the the C/A region and the soft
SCL nearby. Above Tg‘id, however, the local surroundings
become crowded with the precipitation of AlAgs NCs.
The distances between most neighboring AlAgz NCs are
1-3 nm as shown in Figure 3 (e2,e4), which are similar to
the thickness of the C/A region, about 2 nm as indicated
in Figure 4(a2,a3,b2,b3). With such crowded surround-
ings, the C/A regions for AlAgs cannot expand freely
as the C/A regions for CujoZry in the first stage, even
though the C/A regions for AlAgsz may also have a large
« due to the clear composition and density difference
between the AlAgs; and amorphous matrix. On the other
hand, the density of Cu;¢Zry is only 5% larger than the as-
cast sample, while the density of AlAgs is 19% larger than
the as-cast sample. The volume decrease due to the pre-
cipitation of AlAgs; cannot be completely compensated
by the expansion of the C/A region that is restricted in a
limited space. Therefore, the anomalous expansion slows
down in the second stage. Above T¢"Y, the precipitates
grow up and the amorphous matrix disappears quickly.
The C/A region and the extra volume produced by its
expansion are occupied by large areas of atomic rear-
rangement during the fast crystallization, which results
in a sudden shrinkage.

The above analyses indicate that the thermal behav-
ior of the SCL is not simple, even that it has a normal
calorimetric behavior. It is very possible that the NCs pre-
cipitation with a steep C/A region can be found in other
BMGs, since there are a large number of BMGs with a
wide SCLR, and the NCs precipitation is actually a com-
mon phenomenon for many of them. Whether the steep
C/A region can bring special physical properties other
than the large expansion, is an interesting issue deserved
further investigations.

5. Conclusions

In conclusion, an anomalous expansion is found occur-
ring in the deep SCLR of the Zry;Cus;AlgAgs BMG,
without anomalous calorimetric signals since the energy
needed in expansion is compensated by the heat released
in precipitation of CujgZr; NCs. The anomalous expan-
sion is mostly attributed to the NCs/amorphous matrix
transition region with a steep composition and density
change, which exerts a thermal stress of about 0.15 MPa

to the surrounding SCL and drives the soft SCL to expand
severely.
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