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Abstract: An outer ring of 29320 self-aliging roller bearing was used in an experimental study on the casting of
Zr41T114Cuyp 5NijBey, s amorphous alloy. Numerical simulations of mold filling and solidification processes were
carried out to determine the velocity fields and temperature fields of the alloy melt during mold filling process as well
as the temperature fields and temperature gradient fields in the course of the solidification. According to the results, a
cast with a complete shape can be obtained at 1200 °C under the condition that the cooling rate is greater than the
critical cooling rate. The ring-shaped part with a thickness of 25 mm, an equivalent diameter of 22 mm, and a mass of
1.32 kg was prepared by gravity casting in a copper mold. X-ray diffraction and differential scanning calorimetry data
revealed that the produced cast had the amorphous structure.
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basic theoretical study. With regard to their

1 Introduction

The discovery of ZrTiCuNiBe bulk metallic
glasses (BMG) by PEKER and JOHNSON [1]
(California Institute of Technology), whose critical
cooling rate does not exceed 10 K/s, has put an end
to the notion that amorphous alloys can exist
only in the form of powders, strips, and films.
Further development of BMGs enabled one to
conduct a lot of basic research relying on the alloy
systems [1-4], glass forming ability [5-9],
crystallization  kinetics [10—13], mechanical
properties [14—17], fracture mechanism [18-20],
deformation behavior [21-26], friction [27-29],
fatigue [30] and so on, providing scientifically
valuable results. However, the preparation
technology and use of BMGs still lag behind the

applications, NASA (National Aeronautics and
Space Administration) has assembled Zr-based bulk
amorphous disks as detectors to collect solar
wind [31], as well as explored the golf heads
(hitting sites) [32].

The metastable structure of BMGs makes it
difficult to process them by traditional welding and
forging methods. Although BMGs exhibit an
excellent superplastic forming ability, their
supercooled liquid-phase region is extremely
narrow. If the temperature is not appropriately
controlled, crystallization can easily occur, leading
to the performance deterioration of the amorphous
alloy. Therefore, casting forming is one of the
effective techniques to realize the engineering
applications of BMGs. Since the mid-1990s,
vacuum die casting has served for the fabrication of
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BMGs. In particular, electronic casting method was
developed by LiquidMetal Technologies based
on the die-casting technology [33]. In 2016,
RAMASAMY et al [34] applied high-pressure
die casting (HPDC) to obtain Fe-based BMG
key-shaped specimens. LIU et al [35,36] have
proposed an approach called the “entire process
vacuum high pressure die casting” (EPV-HPDC)
and prepared a BMG smartphone frame as
well as the BMG transmission successively used in
a fabricated notebook computer. In 2016,
HOFMANN et al [37] produced Zr- and Ti-based
BMG flexsplines by casting. It is
noteworthy that the thickness of amorphous alloy
products prepared by the vacuum die-casting
technology is within the range of 1-2 mm or even
thinner. Therefore, it is still difficult to achieve the
casting forming of large-sized BMGs with a
kilogram-scale mass; hence, this technology cannot
satisfy the requirements imposed to BMG structural
parts for engineering applications. The problem is
aggravated by the fact that there are a few studies
reporting the casting forming of BMGs, though this
topic is of theoretical and practical significance.

In the present study, an outer ring of 29320
spherical roller bearing was used in the casting
forming of a ZryTi;4CuyysNijgBey s amorphous
alloy. By conducting numerical simulations of mold
filling and solidification during casting, the velocity
distribution and flow behavior of the alloy melt in
the mold were analyzed. Special attention was also
paid to the temperature gradient, temperature
field, and heat transfer rule of the alloy melt in
mold filling and solidification processes. The
combination of intermediate frequency induction
melting and copper mold casting along with
numerical simulation data enabled one to carefully
investigate the gravity casting process of the outer
ring of the 29320 spherical roller bearing and to
develop the casting forming technology of BMGs.

suction

2 Numerical simulation method

2.1 Establishment of mathematical model

Mold filling and solidification of castings are
the sophisticated processes depending on various
factors. Their simulation can be simplified using the
following assumptions.

(1) The alloy melt is an incompressible
Newtonian fluid.

(2) Because of the high mold filling speed and
superheat, the alloy melt does not exhibit any phase
change during mold filling.

(3) In the solidification process, the physical
parameters of cast and mold materials are related to
the temperature.

(4) The temperature of the inner surface of the
mold is the same as that of the outer surface of the
cast, and the heat-transfer process depends on the
thermophysical properties of the mold and cast.

(5) Since the experiment is conducted in a
closed vacuum environment, the mold boundary is
set to be adiabatic.

2.1.1 Governing equations during mold filling

The flow of an alloy melt in mold filling
during casting corresponds to the unsteady flow of
an incompressible viscous liquid. Owing to the
short filling time and the Reynolds coefficient
greater than 2300, this flow is usually considered an
underdeveloped turbulent flow; hence, the k—¢
model is used. The mold filling process includes
momentum transfer, mass transfer, and energy
transfer, and can thus be described by a set of the
following equations [38,39].

(1) The continuity equation

AV _,
ot oi

where V;, p, t, and i represent the speed, density,
time, and three-dimensional coordinates (x, v, z),

respectively.
(2) The motion equation

APV, , oV V) PV V) eV V) _

(1
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where g, wu., P, and R are the gravitational
acceleration, effective viscosity, pressure, and
distributed resistance, respectively.

(3) The energy equation

(pc T)+ (ch )+

(ch T)+ (ch )=
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where ¢,, T, A, and Qy are the specific heat capacity,
temperature, thermal conductivity, and heat source,
respectively.
2.1.2 Governing equations during solidification

In the present study, the nonlinear heat
conduction finite element method is employed
to perform specific calculations for the
numerical simulation of casting solidification. The
solidification process of the alloy melt involves the
dissipation of heat to the environment through the
mold. In this process, the internal temperature
distribution of the casting and mold changes with
time. From the perspective of heat-transfer
approaches, heat transfer occurs via three routes:
radiation, convection, and conduction. Clearly,
radiation and convection mainly arise at the
boundary. Assuming that the alloy melt does not
undergo convection during solidification, the
solidification of the casting can be basically
regarded as an unstable heat conduction process.
The basic mathematical model for the numerical
simulation of casting solidification is the
differential equation of unstable heat conduction.
For a three-dimensional problem, the mathematical
expression is as follows:

orT o0 ,,dT, d ,,0T. 9 ,6,0T

P o o T ) T ) TPl
“4)

Here, the left-hand side of Eq. (4) represents
the heat accumulation term, whereas the first three
terms on the right-hand side rely on the heat
conduction. Finally, the last term is associated with
the latent heat. In addition to the initial and
boundary conditions, solving Eq. (4) constitutes a
mathematical model that describes the solidification
of castings.
2.1.3 Thermophysical parameters of mold and

amorphous alloy

Thermophysical parameters (such as thermal
conductivity and specific heat capacity) and fluid
parameters (such as viscosity, #) used herein are
obtained from the previous studies [40—42].
Tables 1 and 2 show the parameters for the as-cast
alloy and Cu mold, respectively.

2.2 Establishment of solid model
2.2.1 Modeling of gating system

Figure 1 shows the geometric dimensions of
the outer ring of 29320 spherical roller bearing

(hereinafter referred to as ring-shaped cast). The
casting system model for simulation analysis was
established by building a seamless connection
between Pro/E and ANSYS software. Figure 2

Table 1 Thermophysical properties of as-cast Zry Ti 4~
Cuy;5NijgBey, s amorphous alloy

e P G RN
(kgm™) (W-m -°C™) (J-)kg”-°C™) (Pa‘s)
0-350 6250 7.45 450 -
370 6250 8.3 530 10"-10"
390 6250 9.55 590 10"-10"
400-850 6250 10.28 643 —~
850-1005 6250 10.28 643 0.001
Table 2 Thermophysical properties of Cu mold
e (kg{)r/n_3) (w-mﬂ/ﬂc-‘) (J~kgf{)~/°C"')
20 8930 395 380
100 8900 392 399
300 8840 373 422
600 8740 344 456
900 8620 321 482
1§3
9.7] .
123
176

Fig. 1 Geometric dimensions of ring-shaped cast
(unit: mm)

Position-1

Position-2

J o

Fig. 2 Computational model of ring-shaped cast
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shows the final computational model. Here, mold
filling time refers to the time taken for the alloy
melt to enter the mold (Position-1) and to reach the
riser (Position-2). In turn, solidification time is the
time taken for the alloy melt to cool to the
equilibrium temperature after the mold filling is
complete.

2.2.2 Determination of mold size

To attain the critical cooling rate during the
casting of bulk amorphous alloys, it is imperative to
select mold materials with good thermal
conductivity and outstanding heat storage capacity.
Owing to its high thermal conductivity, industrial
pure copper is often used as a casting material. To
achieve an appropriate critical cooling rate, the size
of the copper mold needs to be evaluated based on
the heat transfer (cooling rate) at the hot joint of the
ring-shaped cast.

Figure 3 shows the simulated cooling curves of
hotspots of casts in copper molds with different
thicknesses. At the beginning of solidification, the
cast exhibits an extremely high cooling rate.
With the increase in the time to 50 s, the cooling
capacity of the copper mold gradually decreases,
and a plateau is observed. Table 3 shows the
plateau temperature, average cooling rate, and
instantaneous cooling rate at the glass transition
temperature (7,=363 °C) of the casting hotspots. As
can be seen from Table 3, with the increase in the
thickness of the copper mold from 60 to 100 mm,
the average cooling rate and instantaneous cooling
rate at 7, significantly increase. When the mold
thickness is greater than 100 mm, a marginal
change is observed. The size of the mold used for
simulations is 305 mm x 305 mm x 100 mm.

1200

s n

—=— 60 mm

1000 -

800

600

Temperature/°C

400 -

200 -

0 50 100 150 200
Time/s

Fig. 3 Simulated cooling curves of hotspots of castings
in copper molds with different thicknesses

Table 3 Parameters of hotspots of casts in copper molds
with different thicknesses

Mold Plateau Average Instantaneous
thickness/ temperature/ cooling rate/ cooling rate/
mm °C (°C's™") (°C's™")
60 204.7 28.9 12.1
100 142.8 33.7 17.3
150 114 35 18
200 95.6 354 18.3
400 73.2 35.8 18.5

3 Numerical simulation of casting

3.1 Numerical simulation of mold filling

During the flow field simulation of mold
filling, the filling speed at the inlet is 10 cm/s, the
casting temperature is 1200 °C, and the initial
temperature of the mold is 40 °C. Figure 4 shows
the velocity fields for the mold filling of an alloy
melt at different time. At the beginning of mold
filling, the alloy melt rapidly flows into the mold
cavity through the straight, horizontal, and inner
runners. At the inlet of the inner runner of the mold,
the alloy melt is divided into two strands, and it
uniformly rises along the annular mold under the
action of gravity, as indicated by the cyan
streamline in Fig. 4(a). However, owing to the high
temperature and rapid flow velocity of the alloy
melt, large flow shocks (red and yellow streamlines)
are observed at the turns of the straight, horizontal,
and inner runners, as well as at the inlet of the inner
runner. By increasing the mold filling time to 0.1
and 0.5 s (Figs. 4(b, c)), the fluidity of the alloy
melt in the straight, horizontal, and inner runners is
basically similar to that at a mold filling time of
0.01 s. However, uneven mold filling occurs, and
the flow velocity of the left half ring is significantly
greater than that of the right half ring. Pouring ends
when the mold is filled for 1.8 s, and the alloy melt
flows into the riser at the top of the cavity. With the
decrease in the temperature, the alloy melt finally
stops flowing (Fig. 4(d)).

Figure 5 displays the temperature fields of the
cast at different time of the mold filling process. At
a mold filling time of 0.01 s (Fig. 5(a)), the mold
filling time is extremely short for the heat of the
alloy melt to diffuse into the mold, even though the
alloy melt rapidly flows into the cavity. In addition
to the temperature distribution that can be observed
at the sprue cup, the entire casting mold is basically
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Volocity/(mm-s™")

6188

3094
1547 4641 7735

Volocity/(mm-s™")

(b)

Volocity/(mm-s™")

3072 6144

6 0 9216 12288
13923 1536 4608 7680 10752 13824

(d)

Volocity/(mm-s™")

0 3074 6149

1537 4611 7686

0 0.192x108 0.384x108  0.577x108 0.769x10%

13834 0.961x107  0.288x10% 0.480x10%  0.673x10%  0.865x10%

Fig. 4 Velocity fields of alloy melt at different time in mold filling: (a) 0.01 s; (b) 0.1 s;(c) 0.5 s;(d) 1.8 s

@

Temperature/°C

Temperature/°C

| —
43.191 300.259 557.328
171.725 428.794 685.863

(©)

Temperature/°C

—

49.84 305.485 561.13
177.663 433.308 688.953

49.866 305.622 561.379 817.135 1073
1200 177.744 4335 689.257 945.013 1201

(d)

Temperature/°C
I —
49.999 305.554 561.11 816.666 1072
1200 177.777 433.332 688.888 944.444 1200

Fig. 5 Temperature fields in mold filling at different time: (a) 0.01 s; (b) 0.1 s; (¢c) 0.5s; (d) 1.8 s

in the initial temperature state. At a mold filling
time of up to 0.1 s (Fig. 5(b)), the heat of the alloy
melt is transmitted to the mold surface through the

585

straight, horizontal, and inner runners, with the
maximum heat transmitted from the straight runner.
At a mold filling time of 0.5 s (Fig. 5(c)), the alloy
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melt exhibits a relatively long heat conduction time,
which can completely conduct heat through the
mold. At the same time, the heat conduction on the
left side of the ring-shaped cast is more rapid than
that on the right side, which is in good agreement
with the flow state shown in Fig. 4(c). At a mold
filling time of 1.8s (Fig.5(d)), the mold is
completely filled. As the alloy melt always
maintains a high temperature in the straight,
horizontal, and inner runners, as well as in the
lower part of the ring-shaped cast, the latter exhibits
a temperature distribution with the
temperature at the front end and the highest
temperature at the sprue cup. As can observed from
the temperature field, at the completion of mold
filling, the temperatures of the ring-shaped cast and
gating system are greater than 1000 °C, whereas
the temperature of the riser is between 816 and
940 °C. The found values are found to exceed
the solidification temperature (7,,=660 °C) of the
ZI'41Ti14CU12_5Ni10B622_5 amorphous alloy.

lowest

3.2 Numerical simulation of solidification

The temperature field of the mold and cast
obtained after filling is utilized as the initial and
boundary conditions for simulating the temperature
field of solidification in an accurate manner.
Figure 6 shows the temperature fields of the ring-

(@)

Temperature/°C

| EESEEEEE E—
46.225 282.487 518.749 755.011 991.274

164.356 400.618 636.88 873.142 1109

Temperature/°C

shaped cast at different time after the completion of
filling. At a solidification time of 0.1 s (Fig. 6(a)),
the temperatures of the ring-shaped cast and gating
system slightly decrease, but the temperature in the
central part is still greater than 900 °C, and the
temperature in the central part of the riser is greater
than 850 °C. At a solidification time of 10s
(Fig. 6(b)), the temperature of the sprue cup
remains greater than 950 °C. The temperature in the
central part of the ring-shaped cast ranges from 628
to 743 °C, while that of the remaining parts is
reduced below 600 °C. The temperatures of the
mold between the gating system and the cast and
inside the ring-shaped profile cover a range
between 170 and 280 °C. At a solidification time of
50 s (Fig. 6(c)), only the local temperature field on
the left side of the annular cast is observed. The
temperatures of the mold and cast go below 240 °C,
except for an extremely small area near 300 °C at
the upper right corner of the mold. At a casting
solidification time of 100s (Fig. 6(d)), except
for a small area in the upper right corner, the
temperatures of the cast and mold are found to be
less than 200 °C. During solidification, the
temperature of the mold increases from 46 to
162 °C, which is related to the heat transfer from
the cast. According to the temperature field
simulation, the temperature of the ring-shaped cast

(b)

Temperature/°C

55.826 284.964 514.102 743.239 972.377

170.395 399.533 628.67 857.808 1087

v

(d)

Temperature/°C

132.922 247.641 362.359 477.077 591.796
190.281

305 419.718 534.437 649.155

—
162.745 203.439 244.132 284.826 325.52
183.092 223.785 264.479 305.173 345.867

Fig. 6 Temperature fields at different time of solidification: (a) 0.1 s; (b) 10's; (¢) 50 s; (d) 100 s
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at a solidification time of 50s decreases from
1200 °C to the glass transition point (7,=363 °C) of
the ZI‘41Ti14CL112.5Ni10B622.5 amorphous alloy. The
average cooling rate of the ring-shaped part is
~17 °C/s, which is considerably greater than the
critical cooling rate of the Zry Tij4CursNijgBens
amorphous alloys (1 °C/s) [1].

Figure 7 shows the temperature gradient fields
in the course of solidification. According to the
graphs from Fig. 6, the temperatures of the
ring-shaped cast and mold are non-uniformly
distributed, revealing a pronounced temperature
gradient. During solidification, the strongest
temperature gradient is observed at the interface
between the cast and the mold (Fig. 7). With the
heat transfer to the mold, the temperature
distribution of the cast and the mold tends to be
uniform. At the same time, the temperature gradient
decreases to zero until the temperatures of the cast
and mold become the same.

4 Casting forming of BMG

The size of the copper mold should satisfy the
requirements for the heat-transfer capacity in
solidification so that the alloy melt can be solidified
at a cooling rate greater than the critical cooling rate
of the amorphous alloy. During the solidification of

(@)

Temperature gradient/°C

the ring-shaped cast, the heat of the alloy melt is
absorbed and transferred through the copper mold.
Generally, the heat release from casts during
solidification is driven by conduction, convection,
and radiation. As the casting of the Zr-based
bulk amorphous alloy for ring-shaped parts is
implemented in a vacuum smelting furnace in an
argon atmosphere, convection and radiation heat-
transfer capacities are extremely low, and cooling is
mainly conducted via the heat storage capacity of
the casting mold itself. The suitability of the mold
size can be determined by the balance between the
heat released by the alloy melt and the heat
absorbed by the copper mold. The mass of the
ring-shaped cast is 1.32 kg, but the alloy melt in the
gating system needs to be considered for the heat
balance calculation. Owing to the high viscosity of
the Zr-based bulk amorphous alloy melt and the
requirement for fast cooling, it is crucial to select a
larger-sized gating system for rapid casting. In this
study, the mass of the amorphous alloy (3.3 kg)
used for the heat balance calculation is 1.5 times
higher than that of the ring-shaped cast. The heat
released by the alloy melt can be expressed as
follows:

Qrzmjfcpdr (5)

where m is the mass of the alloy melt, O, is the heat,

(b)

Temperature gradient/°C

0.827x107° 20.109 40.217 60.326 80.435

10.054 30.163 50.272 70.38 ’ 90.489

Temperature gradient/°C
=

0.51016 16.783 33.514 50.246 66.978
8.417 25.149 41.88 58.612 75.344

(d)

Temperature gradient/°C
S

0.024723 4.838 9.651 14.465 19.278

2431 7.245 12.058 16.872 21.685

0.010523 1.455 29 4.345 5.789
0.732859 2.178 3.622 5.067 6.512

Fig. 7 Temperature gradient fields at different time of solidification: (a) 0.1 s; (b) 10 s; (c) 50's; (d) 100 s
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and 7 and T, represent the temperatures. By
substituting the parameters in Table 1 into Eq. (5),
the heat released by the alloy melt from the
casting temperature to the equilibrium temperature
(200 °C) is confirmed to be -2012.67kJ. To
maintain heat balance, the heat released from the
alloy melt should be equal to that absorbed by the
copper mold. During casting, the temperature of the
copper mold increases from room temperature to
the equilibrium temperature, and the specific heat
capacity of copper is 384 J/(kg-K); hence, the
minimum required mass of the copper mold is
29 kg. In the actual casting experiment, the size and
mass of the copper mold are 300 mm x 260 mm X
90 mm and 60 kg, respectively.

Figure 8 depicts the copper mold used for
casting. The copper mold is divided into two parts,
and the interface between the two parts is the
parting surface. The bottom pouring system
comprises straight, horizontal, and inner runners of
equal diameters (D=21 mm), which can reduce the
resistance of the alloy melt during mold filling.

(b) Right part

Figure 9 shows the schematic diagram of the
casting system. Table 4 lists the heating time at
each power during heating. The casting temperature
is measured through the observation hole using a
hand-held dual colorimetric infrared thermometer,
and the alloy melt is heated to 1200 °C for casting.
The temperature change during filling and
solidification is measured by a contact thermo-
couple placed at the riser.

= 2——Observation hole

Fig. 9 Schematic diagram of casting system

Table 4 Power and time of heating process
Heating power/kW 2 10 30 40 50
Heating time/min 10 20 10 10 4

Figure 10 displays the ring-shaped part of the
Zr141Ti14CuyysNijgBey s amorphous alloy obtained
by casting, as well as its X-ray diffraction (XRD)
pattern and differential scanning calorimetry (DSC)
curve. The ring-shaped part exhibits a smooth
surface with a clear outline and well-formed shape
(Fig. 10(a)). In the XRD pattern, the scattering peak
near 26=38.9° is observed without any crystalline-
phase-related diffraction reflexes, which is
indicative of a typical amorphous structure of the
cast. According to the DSC curve, the -cast
undergoes a glass transition, followed by the
formation of a wide supercooled liquid region with
a subsequent crystallization, as seen from the
exothermic peaks.

5 Discussion
For traditional crystalline alloys, the alloy melt

can maintain a long flow time due to the release of
the latent heat of crystallization, thereby achieving
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(b)

30 40 50 60 70 80 90 100
200(°)

10 20

300 400 500 600 700 800
Temperature/°C
Fig. 10 Ring-shaped part (a), XRD pattern (b) and DSC
curve (c) of Zry; Ti;4Cuy, sNijgBe,, s amorphous alloy

complete filling. However, in BMG casting, owing
to the restriction of the amorphous forming ability,
the alloy melt must be rapidly cooled under
non-equilibrium solidification conditions, and the
release of the latent heat of crystallization is not
allowed to ensure the formation of an amorphous
state. Therefore, the mold filling and solidification
behavior of BMGs need to be explored and
understood. Thus far, few studies have reported the

filling and solidification peculiarities of Zr-based
BMG parts during casting. In this respect, the
combination of numerical simulations and
experimental study would allow one to elucidate the
filling and solidification stages of large-sized
Zr-based BMG units in the course of casting.

5.1 Mold filling process

Figure 11 displays the experimentally measured
and simulated temperatures at the riser as functions
of time during filling. At a filling time of less than
1.14 s, the measured temperature fluctuates between
30 and 40 °C, indicating that the alloy melt does not
completely fill the cavity at this time. At a filling
time of 1.47 s, the experimental temperature rapidly
increases, meaning that the alloy melt reaches the
top of the casting and enters in contact with the
thermocouple. At this time, the tested temperature
reaches 859 °C, which is within a range of
816—944 °C at the end of the simulated mold filling
process (Fig. 5). From the simulated curve, the time
for the alloy melt to reach the top of the cast is
1.76 s, and the corresponding temperature is 900 °C,
which is similar to the experimental result. The
flow behavior of the Zr-based bulk amorphous alloy
melt during filling can be explained in terms of the
simulated temperature field during mold filling. At
the initial stage of mold filling (0.1s), a small
amount of the high-temperature alloy melt reaches
the bottom of the cavity through the gating system.
However, owing to the relatively low content of the
alloy melt and the strong cooling capacity of the
copper mold, the temperature at the front end of the
alloy melt rapidly decreases to ~400 °C. With the
continuation of mold filling, the subsequent alloy
melts by heat conduction, thereby increasing the
temperature of the alloy melt at the front end, so
that it can continue to flow until the cavity is
completely filled. At the end of filling, the
temperature of the riser in the cast is 859 °C, which
is 341°C lower than the casting temperature
(1200 °C). In the copper mold casting of the
amorphous alloy, the rapid pouring process at high
temperatures must be utilized to make the alloy
melt maintain the superheat (>600 °C) for mold
filling. This enables one to overcome the difficulties
associated with high viscosity of the amorphous
alloy melt and large cooling capacity of the copper
mold, as well as to ensure the clear outline and
complete shape of the cast.
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Fig. 11 Experimental and simulated temperatures at riser
as function of time during mold filling process

5.2 Solidification process

Figure 12 shows simulated and experimental
cooling curves of the ZryTij4CujpsNijoBexns
amorphous alloy melt during solidification. The two
cooling curves exhibit the same variation trend,
indicating the coincidence between the simulated
and measured solidification cooling rates of the
alloy melt. At the initial stage of solidification, the
temperature of the alloy melt rapidly decreases, but
the slope of the experimental cooling curve is
slightly greater than that of the simulated one,
meaning that the measured cooling rate slightly
exceeds the value obtained by simulation. At a
solidification time of ~10 s, the temperature of the
alloy melt decreases to near 7, (363 °C), and the
average cooling rate is ~50°C/s, which is
considerably higher than the critical cooling
rate of the ZI'41Ti14CU12,5Ni10B622'5 arnorphous
alloy (1°C/s). At a solidification time of 50 s, the

1000
—— Simulated
800 F ——— Measured
1 R | B
2 600
2
<
2
g 400~ \fe oo
o
=
200 +
0 1 1 1 1 1
0 50 100 150 200
Time/s

Fig. 12 Simulated and measured cooling curves during
solidification process

average cooling rate is ~15.3 °C/s, which is still
greater than the critical cooling rate of
ZI'41Ti14CL112.5Ni10B622.5 amorphous alloys. With a
further increase in the solidification time to 64 s,
the simulated and experimental cooling curves
intersect at 185 °C, and then remain unchanged.

6 Conclusions

(1) According to numerical simulations of the
mold filling of a Zr-based bulk amorphous alloy
melt, the temperatures of the ring-shaped cast and
the gating system at the completion of the process
were greater than 1000 °C, whereas the temperature
of the riser was between 816 and 940 °C. These
temperatures exceeded the point of solidification
(Tm:660 OC) of ZI‘41Ti14CU12.5Ni10B622.5 amorphous
alloy. Therefore, rapid casting can overcome the
viscous obstruction caused by the high viscosity of
the amorphous alloy and satisfy the requirements
for the mold filling capacity during casting process.

(2) According to the numerical simulation of
solidification, at a solidification time of 50 s, the
temperature of the ring-shaped part dropped from
the casting value (1200 °C) to the glass transition
point (Tg:363 OC) of the Zr41Ti14Cu12.5Ni10Be22,5
amorphous alloy, and the average cooling rate at
that moment was ~17 °C/s. The measured cooling
curve during solidification indicates that, at the
same time of 50s, the average cooling rate is
~15.3 °C/s, being higher than the critical cooling
rate of the Zry;Ti;4Cu, sNijoBesy s amorphous alloy
(1 °C/s).

(3) Based on the numerical simulation of mold
filling and solidification, a large-sized Zry;Ti4-
Cuyy5NijgBey.s BMG ring-shaped part with a mass
of 1.32 kg was prepared by casting.
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