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In this paper, the phenomenon of two glass-transition-like appearance in the supercooled liquid region
of metallic glasses was investigated. It is confirmed that this abnormal behavior is attributed to the
transition process of an amorphous state from higher energy to lower energy. The amorphous state with
higher energy comes from the uneven distribution of compositions in glasses, which is mainly caused by
the component with significant differences in atomic size and nonnegative values of enthalpy of mixing.

The results were verified by high resolution transmission electron microscopy and energy-dispersive
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1. Introduction

Metallic glasses (MGs) have attracted great attention due to
their unique properties, such as ultrahigh strength [1], excellent
soft magnetic properties [2,3], and good anticorrosion property [4]
suitable in a wide range of applications [5—7]. As an important
thermal property, glass transition has been a subject of much dis-
cussion since it plays an important role in the definition of MGs [8].
Moreover, the study of glass transition is also essential to explore
the nature of glassy forming ability (GFA), thermodynamics, and
intrinsic mechanism of glassy formation [9—11,12]. In general, the
glass transition behavior during heating is characterized by a single
endothermic reaction, i.e., the specific heat increases abruptly to a
maximum value, and then remains constantly or slightly decreases
down to crystallization onset temperature. Interestingly, two glass-
transition-like appearance in supercooled liquid region (SLR) has
been observed experimentally in various MGs [13—24]. Recently,
many investigations revealed that the abnormal glass transition
behavior is directly related to the high GFA and good plasticity of
MGs [13,18,21]. Tanner et al. postulated that the abnormal behavior
is originated from the phase separation [14]. However, no
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experimental evidence was found supporting this mechanism [15].
Jiang et al. proposed that this abnormal behavior is strongly
correlated to the local atomic structure reordering [19]. Park et al.
further suggested that it should be originated from the growth
reaction of quenched-in nuclei in the SLR [21,22]. These debates
indicate that a physical understanding of the abnormal glass tran-
sition behavior in SLR is still unsettled.

In this letter, (Feg71Dyo0.05B024)96Nb4 alloy was selected as a
model glass to investigate the abnormal behavior of glass transition
under uniaxial compression. Based on the concept that the defor-
mation of MGs is actually the same response to the external energy
(temperature or force) [25], the origin of abnormal glass transition
behavior of MGs was studied systematically.

2. Experimental procedures

(Feop71Dy0.05B0.24)96Nbg MG was prepared by arc melting the
mixtures of Fe (99.99 mass %), Dy (99.99 mass %), Nb (99.99 mass %)
metals and B (99.5 mass %) crystals in an argon atmosphere. Glassy
ribbons and cylindrical rods with nominal compositions were
prepared by a rapid quenching technology on a single copper wheel
with a speed of 40 m/s and copper mold casting method, respec-
tively. The structures of samples were identified by X-ray diffrac-
tion (XRD) with Cu K« radiation, high resolution transmission
electron microscopy (HRTEM) and energy-dispersive spectrometry
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Fig. 1. DSC curves for as-quenched and annealed samples; the inset shows the XRD
traces of the samples in as-quenched state and annealed at 950 K.

(EDS). The thermal stability of the glassy samples was examined
using a NETZSCH 404 C differential scanning calorimeter (DSC) at a
heating rate of 0.67 K/s under a flow of high purity argon. The glassy
rods (¢ = 2 mm) were cut to about 4 mm in length and their ends
were carefully polished so as to be flat and parallel. The cylindrical
rods were loaded for 5 min under each stress level of 2000, 3000,
and 3500 MPa at room temperature by compression testing with an
Instron testing machine with strain rate 5 x 10~4 s~ L. The rods after
uniaxial compression were re-examined by XRD and DSC. The
density of samples in as-cast state and annealed state at 950 K for
0.5 h in vacuum was measured using Archimedes’s method with
the uncertainty less than 0.5%.

3. Results and discussion

Fig. 1 shows the XRD and DSC traces of specimens after
annealing at different temperatures in SLR below the crystallization
temperature (Tx). The XRD patterns of the as-quenched and
annealed (at 950 K) samples display broad diffraction maxima,
which is the characteristic of an amorphous structure. The sample
annealed at 890 K shows a second inflection like the as-quenched
samples. However, the second inflection of the annealed samples
(at 950 K) almost disappears. Meanwhile, the glass transition
temperature (Tg) increases from 860 K for the as-quenched sample
to 875 K for that annealed at 950 K. The constant value of Ty after
heating at different temperatures implies that there is no obvious
progress in crystallization, which is in agreement with the XRD
results. On the other hand, the slight rise in Ty suggests that the
state of the amorphous phase changes during the heating through
the second inflection temperature (Tiys).

Fig. 2 shows the XRD patterns of (Fep71Dy0.05B0.24)96Nbs BMG in
as-cast and compression states. No sharp Bragg peaks are detected
for the compression samples, indicating that the glassy nature of
these samples is quite stable at room temperature. However, with
an increase of the compression pressure, the broad diffusive
amorphous halo peak obviously shifts to a higher wave vector.
According to the Bragg equation: 2risinf = A, the position of an X-
ray halo maximum is directly related to the average radius of the
first coordination shell ry, the X-ray wave length A, and the scatter
angle corresponding to the halo maximum 26. The shifts may
indicate the changes of configuration coordination and topological
rearrangements of atoms by compressing [26].
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Fig. 2. XRD patterns of (Fep71Dy0.05Bo.24)96Nbs BMG in as-cast state and ones after
compression.

Fig. 3 gives the DSC curves of (Fep71Dy0.05B0.24)96Nbs MG in as-
quenched ribbon, as well as as-cast and compressed rods. We can
see that the exothermic event in the SLR is more noticeable for the
ribbon than that for the rods. For the compressed rods, the ampli-
tude of the first endothermic event decreases with the increasing
pressure. The endothermic event AH were estimated to be —156.1 ]/
mol for ribbons, —89.4 J/mol for the uncompressed rod, —74.9 J/mol
for the rod with 2000 MPa load, —71.6 J/mol for the rod with
3000 MPa load, and —64.0 J/mol for the rod with 3500 MPa load.

In glassy systems, the addition of elements with different atomic
size and nonnegative values of enthalpy of mixing with others is
likely to lead to a energy rise of the amorphous phase [27]. From the
kinetic point of view [28], the energy barrier AG* of the transition
from one glassy state to another state at a given pressure P can be
expressed by

1673 (V)

1
3[P(VE — V&) — (AGH~ + E,)]? M

AG«(T,P) =

where 1 is the interfacial energy, V% and V2 the molar volumes of
the a; and a; glassy states, AG" ~%(T,P) the molar free energy
change for the transformation from a; glassy state to a; glassy state,
and E, the elastic energy induced by the volume change during the
transformation [29], which can be expressed as

2\/02
R = 2 2)

where E is the Young’s modulus and ¢ = (Vi — Vi2)/3V532.

For  (Feg71Dy00sBo24)osNbs MG, E = 200 GPa,
V% = 6.94 x 1075 m3/mol, andV§ = 6.85 x 1076 m3/mol.
Therefore, the elastic strain energy is obtained as E. = 3014 ]J/mol.
Meanwhile, the interfacial energy v of (Fegp71Dy0.05B0.24)96Nbs MG
is about 1.5 J/m? [30,31]. Thus, the energy barrier AG* can be
calculated from Eq. (1) by setting the load to zero,

2.652 x 1011

AG* = .
(AGm ~a 1 3014)

kJ/mol (3)

From Kissinger equation In (®/Tz) = —Eq/RTint + C[32], here & is
the heating rate, R the gas constant, C the constant, and E, the
overall activation energy for a; to a, glassy transformation at P = 0,
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Fig. 3. DSC traces obtained for (Feg71Dyo,05Bo.24)06Nb4 ribbons, also corresponding
rods, uncompressed rods and compressed ones under 2000, 3000, and 3500 MPa. The
inset shows the magnified figure of the first inflection curves in the SLR.

which is determined to be about 102.3 k]/mol, as shown in Fig. 4.
Here, E; can be also estimated as [33]

Eq — 102.3 kJ/mol (4)

. AG* + mAEd
n n

where AE; is the diffusion energy barrier in Fe-based MGs, which is
around 95.4 kJ/mol (1.0 eV) [33]. The values of n and m are 4 and 3,
respectively [34]. Then, the energy barrier AG* of the glassy alloy is
determined as 123 kJ/mol. Therefore, we obtain that AG% —%
is —49.447 kJ/mol from Eq. (3). Substituting the corresponding
values of v, V{2, V&, AG*~® and E, into Eq. (1), the relationship
between the energy barrier and uniaxial pressure can be drawn as

2.652 x 101

AGHP) = =225 =
(90P + 46433)

kJ/mol (5)

Fig. 5(a) shows the calculation results about how uniaxial load
influences the energy barrier according to Eq. (5). At the same time,
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Fig. 4. Kissinger plot for the (Fep71Dy0.05Bo.24)96Nbs MG. The fitting linear in red shows
a correlation parameter of R> = 0.998. The inset is the enlarged DSC curves in SLR at
variable heating rates from 0.17 to 0.83 K/s. The peak temperature Ty in SLR is indi-
cated for activation energy calculations.

the energy barrier of glassy transitions can be effectively reduced
by compression load, as shown in Fig. 5(b).

From the above analysis, we can conclude that the abnormal
glass transition behavior is attributed to the transition process of an
amorphous state from a higher energy state to a lower one. To
further interpret this phenomenon, a more general version of
discuss is presented in Fig. 6. From Fig. 6, we can see that the for-
mation of MGs is the competition process between supercooling
liquid phase and crystallization [35,36], which is strongly associ-
ated with the radius and enthalpy of mixing of each atom pair [37].
The components with significant difference in atomic size and
enthalpy of mixing will cause either the local aggregation or
dispersion of elements, which results in the uneven structure of
glasses [38]. Accompanied by the uneven distribution of composi-
tions, the composition in these local regions deviates from the
statistic average of the compositions, which leads to the genera-
tional heterogeneous structure regions in the glasses. In analogy
with the internal stress, the heterogeneous structure lies in a higher
energy state, which is unstable even a certain energy barrier exists.
Under certain annealing conditions, heat will be released in the
transition process from glassy state with higher energy to the one
with a lower energy, resulting in the formation of peak in the SLR.
The external force can effectively reduce the energy barrier so that
the absorbed heat needed for triggering the transformation will be
cut down, which is the exact reason to the relatively shallow valley
value in the DSC curve. Besides, the pressure load introduced by the
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Fig. 5. (a) The uniaxial pressure dependence of energy barrier. (b) Schematic diagram
of the relative energy states of glasses before and during uniaxial compression.
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Fig. 6. Schematic illustration of possible thermodynamic states of glasses.

Fig. 7. (a) Low-magnitude TEM, (b) HRTEM images and their corresponding SAED
patterns of the samples in as-quenched state.

Fig. 8. (a) Low-magnitude TEM, (b) HRTEM images and their corresponding SAED
patterns of the samples after annealed at 950 K.
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Fig. 9. EDS measured atomic compositions of five randomly selected areas in the as
quenched samples and the ones annealed at 950 K, respectively.

external force has the ability to decrease the distance between
constituent atoms, change the atomic configurations, and finally
affect the exothermic/endothermic conditions to some extent for
the alloys subjected to compression.

In order to confirm the described analysis, HRTEM images and
their corresponding selected area electron diffraction (SAED) pat-
terns of the as-quenched and annealed at 950 K samples are
shown in Figs. 7 and 8, respectively. No crystalline phase is
observed. The inserted SAED patterns exhibit a single diffraction
halo, with no sharp diffraction rings observed. It is thus confirmed
that each sample possess a fully glassy structure. More impor-
tantly, there is a slight difference between Fig. 7(b) and Fig. 8(b),
which is marked with circles in Fig. 7(b) that represents the locally
inhomogeneous regions. We also measured the atomic composi-
tions for the randomly selected areas by semi-quantitative EDS, as
shown in Fig. 9. It indicates that there are detectable fluctuations in
the local chemical compositions in the as-quenched samples,
whereas nearly no fluctuation exists in samples annealed at 950 K.
These results further reveal that the abnormal behavior of glass
transition comes from the structural heterogeneity in the as-cast
(Feo.71DY0.05Bo.24)osNbs  MG. The relationship between the
abnormal glass transition behavior and the structural heteroge-
neity by the addition of an element for other existing MGs were
also summarized in Table 1. All the additional elements have sig-
nificant differences in atomic size and nonnegative mixing
enthalpy with respect to the parent elements, which can result in
the local aggregation or dispersion of elements (structural het-
erogeneity), then the abnormal glass transition behavior as we
discussed.

4. Conclusion

In this paper, the origin of the abnormal behavior in the SLR
was investigated by measuring the changes in DSC curves, X-ray
diffraction patterns, and HRTEM images of uniaxial compression. It
is shown that this phenomenon arises from the increase of un-
stable atomic scale heterogeneity, which is mainly caused by the
components with significant differences in atomic size and
nonnegative values of enthalpy of mixing. Considering the strong
correlation among the heterogeneity, plasticity and GFA, this result
assists in the design of novel MGs with both high GFA and large
ductility.
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Table 1
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Thermal properties of Tg, Tinf, Tx, I'max/Tmin (the subscript “max” and “min” denotes the elements with maximum and minimum atomic radius in the compositions, respectively)
and AHp_g (the nonnegative enthalpy of mixing for different atomic pairs in these MG systems) for a fully amorphous state in MGs with abnormal behavior in SLR.

Metallic glasses Ty (K) Ting (K) T« (K) Tmax/Tmin” AHp_g" (kJ/mol) References
(FEQ]szO'(BBO‘zSi0‘05)gsNb4 860 910 940 2.06 AHNbfpy =427 [13]
Zr3gTizaBeso 628 663 713 144 AHz—1i =0 [14,15]
Pd40.5Nig05P19 576 623, 638 653 1.27 AHpg—ni =0 [16,17]
(Feo.72B0.24Nbo04)es.5Y45 871 925 982 2.09 AHnp—y = +30 [18]
FegsNb4YeB22 880 915 933 2.09 AHnp-y = +30 [19]
Nig1Zr22NbsAlsTag 876 879 934 1.29 AHzr—nb = +15 [20]
CuueZrazAl;Ys 680 739 771 1.44 AHz_y = +35 [21]
Mgescl]]sAg]oGd]o 416 443 459 1.44 Achng =+5 [2]]
CugsZrys Ag7Y3Al; 710 743,775 790 1.44 AHz;_y = +35 [21]
CussZraoSns 757 775 792 128 AHcy_sn = +7 [22]
(FEo'gCO')J )57‘5Nb4cd3'5325 850 910 960 2.10 AHNb—Gd =430 [23]
Nd3Y3FeggMo04B22 870 900 970 2.11 AHNg-mo = +26 [24]
2 Reference [39].
b Reference [40].
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