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Abstract: The thin ribbons and the bulk cylindrical rods with diameters of 2 mm and 10 mm of the Vit1 metallic
glass (MG) were prepared by the single roller melt spinning method and the copper mold injection casting
method, respectively. The cooling rates of the samples during melt solidification were evaluated. The glass
transition behaviors of three groups of MG samples with different solidification cooling rates were studied by
differential scanning calorimetry (DSC) at different heating rates. The effects of melt cooling rate on the glass
transition kinetic parameters such as apparent activation energy (E) and fragility parameter (m) of the Vit1 MG
were studied using the Kissinger and the Vogel-Fulcher-Tammann (VFT) equations. Additionally, the structural
relaxation enthalpy (AH,,) of three groups of MG samples was quantitatively analyzed by DSC through multi-step
temperature rise and fall measurements. Results show that the melt cooling rate (R) has a significant effect on the
glass transition kinetics and the structural relaxation of the Vit1 MG. As R decreases in the order of magnitude,
the glass transition temperature (7,), E, m, and AH,, of the Vit1 MG gradually decreases. Furthermore, in the
range of the experimental cooling rates, E, m, and AH,, all have an approximately linear relationship with IgR.
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internal equilibrium state by relaxation is much longer

1 Introduction : :
than the experimental time scale), the melt can undergo

The formation of metallic glasses (MGs) is considered to

be the result of "freezing" the translational motion of a
m

glass transition due to its loss of equilibrium, and form
a glassy solid phase ™. It is not difficult to understand
that the cooling rate of the alloy melt during its
vitrification process directly determines the time for the

large range of atoms in the melt during rapid cooling
It is generally believed that during the cooling process,
the viscosity of the alloy melt will increase rapidly as
the degree of undercooling increases. When the cooling
rate is low, the degree of undercooling and the viscosity
of the melt are relatively small, and the internal structure

undercooled melt to undergo structural relaxation, thus
affecting the local atomic structure in the MG and then
affecting the kinetic and thermodynamic stability ™ as
well as the performances of the MG.

of the melt will be basically kept in equilibrium due to
the rapid movement of atoms, and finally, the melt will
solidify in the form of crystals. Only when the cooling
rate is sufficiently high to a certain extent, that is, the
degree of undercooling and the viscosity of the melt
are high enough (the viscosity reaches 10" Pa-s ), the
movement of atoms in the melt becomes very slow,
and the time required for its structure to transit to the
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Many researchers have studied the effects of the
cooling rate of glass-forming alloy liquid on the glass
transition kinetics and structural relaxation **. However,
the cooling experiments are usually performed from
the supercooled liquid region of alloys. In addition, the
experiments are usually performed at the cooling rate (R)
of less than 10 K-s™, and the R spans only one or two
orders of magnitude. In fact, MGs are solidified from
higher temperature melts at higher cooling rates, which
is significantly different from the traditional analysis
experiments. Therefore, it is interesting to evaluate
the change trends of the glass transition kinetics and
structural relaxation that are caused by the different
rapid cooling histories of the solidification processes
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for MGs. In this work, taking the Vitl MG, a well-known MG
developed by Peker et al ), to serve our purpose, the influences
of melt cooling rate during the solidification process on the glass
transition kinetics and structural relaxation of the Vitl MG were
quantitatively analyzed. The work can provide a basis for the
theoretical exploration on the glass transition of alloy melts.

2 Experimental procedure

Master ingots with the nominal composition of
Zr4,,Ti5 N1 ,Cuyy sBe,, s (Vitl alloy, atomic percentage) were
prepared by the vacuum induction melting of a mixture of
Zr, Ti, Ni, Cu and Be raw materials with a purity higher than
99.9% in high purity argon atmosphere. Next, the master alloy
ingots were cut into small pieces and placed in quartz tubes
with nozzles of different shapes and sizes. Then, the ingots
were remelted in the induction furnace. The thin ribbons with
a thickness of about 50 pm and the rod-shaped samples with
diameters (D) of 2 mm and 10 mm were cast by the single
copper roller melt spinning method and the copper mold
injection method, respectively.

TA DSC Q-100 differential scanning calorimeter (DSC) was
used to analyze the glass transition kinetic behaviors of the
samples, and the heating rates were 5, 10, 20 and 40 K-min™,
respectively. In addition, the structural relaxation enthalpy (AH,)
of all the samples was analyzed by DSC through the multi-step
heating and cooling measurements. The detailed experimental
process was as follows: firstly, the DSC sample was heated
to the supercooled liquid phase region at a heating rate of 3
K-min”, then the sample was cooled to room temperature at the
same cooling rate (3 K'min™), and subsequently, the sample

was heated to the supercooled liquid phase region at the same
heating rate (3 K‘min™') again. During the two heating processes,
the curves of the heat flow rate of the sample were recorded.

3 Results

3.1 Cooling rates of samples during preparation

In this work, the cooling rate (R) of the MG ribbons prepared
by the single roller melt spinning method is in the order of
10°-10° K-s™ ', Nevertheless, the R of the bulk samples prepared
by the copper mold injection method is about 4,000/D* (K-s™) ™",
where D is the diameter of the sample, that is, the R of the copper
mold injection samples with the diameters of 2 mm and 10 mm
is about 1,000 K-s™ and 40 K-s™, respectively. The R of the three
groups of experimental samples are all greater than the critical
cooling rate (R,) of the Vitl MG (R, <10 K-s™) P!, which further
verifies that all the samples have an amorphous structure.

3.2 Thermodynamic curves and apparent
activation energy of glass transition of
samples

Figure 1 shows the DSC curves around the glass transition
temperature (7,) of three groups of Vitl MG samples heated
at different heating rates. Table 1 shows the 7, values of
three groups of Vitl amorphous samples at different heating
rates. It can be seen that the 7, of all the samples increases
with the increase of heating rate, showing the obvious kinetic
characteristics, furthermore, the endothermic behavior of the
samples during the glass transition becomes more and more
obvious with the increase of heating rate.
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Fig. 1: DSC curves of three groups of Vit1 MG samples at different heating rates

Table 1: Preparation characteristics of three groups of Vit1 MG samples and their T, values at different heating rates

Sample size
specification

Cooling rate, R

Sample No. (K-s™)

Glass transition temperature, T, (K)

S1 6=50 ym 10°-10° 618.7 622.9 627.9 633.0
S2 D=2 mm 1000 614.8 619.9 625.8 631.7
S3 D=10 mm 40 613.5 619.0 625.1 631.3
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It can also be seen from Table 1 that the 7, value of the MG
sample with the smaller sample size will increase slightly at the
same heating rate. This phenomenon is consistent with the most
experimental results and theoretical viewpoints. That is, the
faster the cooling rate, the higher the temperature point required
for "freezing" the movement of the atoms and forming the
vitrification during the solidification of the melt, and the easier
the alloy system to achieve the non-equilibrium transition,
meanwhile, the higher the T, of the MG 02,

The glass transition of the MG during the heating process is
the result of the transformation of the atomic structure in the
alloy to the equilibrium supercooled liquid structure due to
the diffusion and rearrangement of atoms. In this process, the
atoms absorb energy to overcome the energy barrier (activation
energy) required for the alloy transiting from a glassy state to
a supercooled liquid state, and it will appear as an endothermic
reaction on the thermodynamic curve. In this work, in order to
reflect the influence of the melt cooling rate on the structural
characteristics of the Vitl MG, the apparent activation energy
for the glass transition of the three groups of samples was

calculated using the Kissinger method. The formula is "

In(T*/q) = E/R,, T+ C e))

gas

where ¢ is the heating rate; E is the apparent activation energy;
R, 1s the ideal gas constant; T is the characteristic temperature
(here referred to as the glass transition temperature T,); C is
the constant. Based on the data in Table 1, the In(7%/¢)-1/T
plot map of the three groups of Vitl MG samples is drawn, as
shown in Fig. 2. The results show that the In(7%/g) of each group
of samples has a good linear relationship with 1/7. Therefore, the
experimental data can be fitted with linear regression according
to the Kissinger equation (1), and the apparent activation energy
E of each MG sample can be calculated according to the slope
of the fitted line. It is calculated that the apparent activation
energy of the Vitl MG ribbon (Sample S1), of which the melt
cooling rate is on the order of 10°-10° K's™, is 454.77 kJ-mol,
which is close to that of the atomized Vitl MG particles
prepared by Li et al." at a cooling rate of 10° K-s™ (£=435.50
kJ-mol™). The apparent activation energies of Samples S2 and
S3 are 384.69 kJ-mol” and 364.68 kJ-mol, respectively. The
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Fig. 2: Kissinger fitting curves of apparent activation energy
for glass transition of three groups of Vit1 MG samples
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calculation results show that as the cooling rate of the alloy
melt decreases, the apparent activation energy for the glass
transition of the Vitl MG sample gradually decreases. This
phenomenon is consistent with the research results of the Co-

based MGs presented by Yuan et al !'*).

3.3 VFT equation and fragility parameter of
samples

During the heating processes at different heating rates, the kinetic
characteristics of the glass transition of MGs are closely related
to the change of the structural relaxation time. Masuhr et al. '
found that the relationship between the structural relaxation
time and temperature at the glass transition of MGs conforms
to the Vogel-Fulcher-Tammann (VFT) equation. This also
shows that the kinetic characteristics, of which the glass
transition of MGs varies with the heating rate, can effectively
reflect the fragility of the alloy systems. In order to study
the glass transition kinetics of the three groups of Vitl MG
samples at different heating rates, the correlation between 7,
and ¢ is fitted by the VFT equation """

D*T,,
Ing=InB- )
T,-T,

where B is the constant; D* is the strength index; Ty is the VFT
characteristic temperature. By fitting the experimental data of
the three groups of MG samples in Table 1 with Eq. (2), the
Ing vs T, curves can be obtained, as shown in Fig. 3. It can be
found that all the three groups of MG samples can well meet
the VFT nonlinear fitting equation. The fitting parameters InB,
D* and T, of the VFT equation for the three groups of MG
samples are listed in Table 2. The glassy fragility parameter
(m) corresponding to the T, points of the three groups of MG
samples at the specific heating rates can be calculated with the
VFT fitting parameters as follows !
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Fig. 3: Experiment results of Inq vs T, and fitting curves
according to VFT equation for three groups of Vit1
MG samples



Research & Development CHINA FOUNDRY

Vol. 18 No. 2 March 2021

According to Eq. (3), the 7, at the heating rate of 20 K'min™
was selected to calculate the m values of three groups of Vitl
MG samples, and their results are also listed in Table 2. It can
be seen that their m values are in the range of 30-38, which
is close to the range of 34-39 for a series of Zr-based MGs
calculated by Perera ' using the same method. According to
the classification of liquid fragility proposed by Angell "', the
m value of strong liquid is generally less than 30, and that of
fragile glass forming liquid is usually greater than 100. For

alloy systems with glass forming ability, m values are usually
between 25 and 100. Generally, MGs with m<35 are considered
to be strong, and those with m>35 are fragile MGs ""*. For
the Vitl MG samples in this work, the m values are close to
that of the strong MGs. In addition, the comparison of the
calculation results shows that as the cooling rate of the alloy
melt decreases, the fragility parameter of the Vitl MG samples
has a decreasing trend.

Table 2: Fitting parameters InB, D* and T, of VFT equation and fragility parameter m of three groups of MG samples

T, (=20 K-min™)

Sample No.
S1 17.06 2.71
S2 21.82 6.42
S3 2414 8.91

3.4 Structural relaxation enthalpy of samples

MGs are in a thermodynamically metastable state. Under
heating conditions controlled in a certain temperature range or
even under normal temperature and pressure conditions, they
have a tendency to transform to an equilibrium crystalline state.
Their structure will change on the atomic scale, that is, they will
change to another metastable glassy state with lower energy.
This process is called structural relaxation. For MGs with the
same composition, a different thermal history of melt cooling
will result in obvious differences in atomic configurations and
thermodynamic states, however, the value of the structural
relaxation enthalpy can give the most intuitive reflection
of these differences. In this work, in order to analyze the
influence of melt cooling rate on the structural characteristics
and thermodynamic state of Vitl MG, the structural relaxation
enthalpies of the three groups of samples were attained using
DSC through multi-step heating and cooling measurements. The
specific method is described in Refs. [20, 21].

Taking Sample S2 as an example, firstly, the as-cast MG
sample was heated from room temperature to the supercooled
liquid phase region by DSC at the heating rate of 3 K-min™
(Run 1). The endpoint temperature of heating selected in this
work is 650 K, which is higher than the T, but lower than
the crystallization temperature. Under this heating condition,
after the sample reaches the temperature in the supercooled
liquid phase region, there is sufficient time for the structural
relaxation to occur in the sample, and at the same time, the
crystallization can be avoided. After the sample rose to the
specified endpoint temperature, immediately it was cooled
to room temperature at the same rate of 3 K-min'. Then, the
relaxed sample was heated again to the supercooled liquid
phase region at the same heating rate (Run 2). During the two-
step heating process, the curves of heat flow rates are plotted
as shown in Fig. 4, where W, is the heat flow rate (Run 1) of
the initial sample, and the W, is the heat flow rate (Run 2) of
the relaxed sample. Since the experiment was carried out with
the same sample at the same rate of heating and cooling, there
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Fig. 4: Curves of heat flow rate of Vit1 MG Sample
S2 before and after structural relaxation and
calculation of structural relaxation enthalpy

is no need to use the baseline to calibrate the heat flow rate
curves. The structural relaxation enthalpy AH,, of the sample
can be directly calculated by the following formula

4k
AH  =q .[T AW (T)dAT O]
1

where AW, is the difference of the heat flow rates between
the two times of heating, AW, ,=W,,-W..; T, and T, are the
temperature points at which the heat flow rates of the as-cast
and relaxed samples begin to differ before the glass transition
temperature and coincide again after the glass transition
temperature, respectively.

Through calculation, the AH,,, values of the S1, S2 and S3
samples are 0.94 kJ-mol”, 0.85 kJ-mol” and 0.81 kJ-mol™ (all are
exothermic), respectively. All these values are within the reference
range of 0.7-1.2 kJ-mol™ for the AH,,, of MGs ****, and are very
close to the value of 0.89 kJ-mol”, which is the AH,, of the Vitl
copper mold injection cast MG sample with the diameter of 8
mm and calculated by using the specific heat capacity model ',
By comparing the calculation results, it can be seen that as the
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cooling rate of the alloy melt decreases, the AH,, of the Vitl MG
samples gradually decreases, indicating that the thermal stability
of the amorphous samples gradually increases.

4 Discussion

Figure 5 shows the relationships between the melt cooling
rates of three groups of Vitl MG samples and the apparent
activation energy of glass transition E, the fragility parameter
m, and the structural relaxation enthalpy AH,,. It can be seen
that under the experimental cooling rate conditions of the alloy
melt, the £, m and AH,, values of the Vitl MG samples are all
approximately in line with IgR, that is, they all increase with the
increase of the melt cooling rate. It should be noted that when
R<R,, the alloy melt cannot solidify into glassy state. However,
after the R reaches a certain level, the vitrification process of
the alloy melt can be said to be instantaneous, and its structural
relaxation time scale in the undercooling stage can be ignored.
At this time, the atomic structure of the MG does not change
obviously with the further increase of the melt cooling rate R.
Therefore, it is inferred that the E, m and AH,, of MGs only
change with the melt cooling rate in a certain range.
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Fig. 5: Relationships between E, m and AH,, of Vit1 MG
sample and cooling rate of alloy melt during
sample preparation

In this work, the three groups of Vitl alloy samples S1-
S3 prepared by the melt spinning method and the copper
mold injection casting method are all MG, but their obvious
differences in glass transition kinetics and structural relaxation
enthalpies indicate that their structural characteristics are
different at the local atomic scale. For Sample S1 with the
highest melt cooling rate, the structural relaxation time of the
alloy liquid during the process of vitrification is the shortest,
so the atomic structure in this MG sample is closer to that of
the alloy melt above the equilibrium melting point, that is,
the atoms inside the sample are in a more disordered state,
and there is excess free volume in the sample. Conversely,
as the cooling rate of the melt decreases, the time for the
alloy liquid to undergo the structural relaxation during the
process of vitrification gradually becomes longer, that is, both
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the time scale for the excess free volume in the melt to be
annihilated and the time scale for the atoms to transit to an
equilibrium state gradually become larger, which will cause
the free volume in the two amorphous samples of S2 and S3
to gradually decrease, and the atomic structure in the samples
is more orderly and closer to that of the internally balanced
alloy liquid with high undercooling. Furthermore, the potential
energy of the MG samples is also reduced accordingly. During
the heating process, the essential nature of the glass transition
of MG is to annihilate the excess free volume through the
structural relaxation of atoms in the alloy, so that the atomic
structure of the alloy is equilibrated to that of the deep
supercooled liquid ***°
rate, that is, the lower the potential energy of the MG sample,

! Therefore, the lower the melt cooling

the smaller the AH,, value as its structure is relaxed. At the
same time, the thermodynamic barrier potential that it needs
to overcome when the glass transition occurs during heating is
relatively small, showing a decrease in T, and E. In addition,
when it is heated to near 7, and begins to soften, the sensitivity
of its viscosity to temperature changes will be less than that
of the MG sample with a higher melt cooling rate, showing a
reduction in the m.

5 Conclusion

By using the single roller melt spinning method and the copper
mold injection casting method, respectively, three groups of
Vitl MG samples were prepared, and their melt cooling rates
spanned at least four orders of magnitude. By using DSC,
the glass transition kinetics of the three groups of Vitl MG
samples were quantitatively analyzed at different heating rates.
In addition, by using multi-step heating and cooling DSC
experiments, the change trends of the structural relaxation
enthalpy caused by the melt cooling rate were quantitatively
analyzed for the first time. The results show that the melt
cooling rate during the solidification of the sample has a
significant effect on the glass transition kinetics and structural
relaxation enthalpy of the Vitl MG. Under the experimental
conditions, the values of glass transition temperature 7T,
apparent activation energy E of glass transition, fragility
parameter m, and structural relaxation enthalpy AH,, of the Vitl
MG samples all decrease with the decrease of melt cooling rate.
This is explained by the theories of free volume change and
atomic structure evolution in the structural relaxation of MGs.
In addition, it is found that the apparent activation energy,
E, the glassy fragility parameter, m, and structural relaxation
enthalpy, AH,,, of the Vitl MG all have an approximately linear
relationship with the natural logarithm of cooling rate, IgR,
within the range of the experimental cooling rates.
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