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Bulk metallic glasses (BMGs) have not been applied in engineering despite their great potential over the past few
decades. The size and structural limitations in the formation of BMG components remain a bottleneck, which
continues to be a significant challenge. This work overcomes that bottleneck by utilizing the advantages of
counter-gravity casting technology, optimizing the casting processes, and successfully forming a Vitl BMG
bracket component with an outer diameter of 100 mm and a weight of 462 g. The results show that copper molds
are not suitable for achieving a cooling rate higher than the critical rate required for glass transition in the entire
component. Additional water cooling on the mold is necessary to achieve a sufficiently high cooling rate. Based
on this, the melt pouring temperature, mold preheating temperature, and pressurization speed were carefully
tuned to ensure complete filling of the mold cavity and stable melt flow during cavity filling. This work dem-
onstrates that it is feasible to produce large-sized and complex BMG components by casting, paving the way for
the large-scale application of BMGs in various fields.

1. Introduction has been ongoing for nearly three decades [1,3]. Vacuum suction casting

and die casting are the most applied methods in practice so far, by

Bulk metallic glasses (BMGs) have attracted significant attention in
science and technology over the past decades due to their great potential
as a structural material that could replace traditional metallic materials
[1,2], However, this potential has not yet been fully realized, as BMGs
have never been formed into large-sized, fully glassy components with
complex structures by casting, due to their limited glass-forming ability.
So far, only wires, rods, plates and/or tiny complex structure samples
were prepared [2]. Their geometry is simple in most cases and overall
size is still limited, often at a scale <100 mm. Breaking such a bottleneck
is urgently required to further develop bulk metallic glasses and enable
their engineering applications.

The attempt to form bulk metallic glasses (BMGs) through casting
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which, ball bearings [4], watch frame [4], key [5], golf head [6], mobile
phone frame [7], strain wave gears [8] were produced even though
some samples still contained minor nanocrystalline phases. The struc-
tural characteristics of these BMG casting components simplify the melt
flow and temperature fields, which has led to less emphasis on designing
the casting processes. As a result, the flow and freezing/solidification
behaviors of BMGs have remained an open question, which however is
crucial for achieving the successful casting of large, complex BMG
components. Because enough mold cavity filling ability of the melt is
necessary to successfully form a casting component, which requires a
low cooling rate to make sure adequate filling time before fully freezing.
Oppositely, high enough cooling rate is requested to ensure fully
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vitrification. Thus, a contradiction is created in the cooling conditions
required for casting large, complex BMG components. A balance in the
casting process must be achieved.

Recently, some efforts have focused on this issue from the perspec-
tive of casting technology. Ma etc. firstly evaluated the fluidity and
filling ability of Zrs1Tij4Cujs sNijgBess s (Vitl) melt in a copper spiral
mold and explored the correlations between the fluidity and pouring
speed/temperature [9]. Furtherly, a model predicting the flow length of
Zr-based BMG melt in vacuum suction casting was constructed, which
shows that the fluidity length is monotonically increased with temper-
ature, pressure, and runner diameter [10]. The flow length of the BMG
melt is primarily affected by the cooling capacity of the mold [11].
Appropriate conditions must be met to achieve smooth filling for
avoiding casting defects [10]. It was shown that, in traditional gravity
pouring process, increasing melt overheat temperature significantly
improves the fluidity of Vitl BMG melt compared to mold preheating
temperature. However, this comes at the cost of the vitrification degree
[12].

On the other hand, recent studies have revealed that the freezing of
Zr-based BMGs occurs in a narrow transition layer, following a freezing
mode analogous to the ’layer-by-layer’ solidification observed in crys-
talline metals with a narrow crystallization temperature range. This
means that the freezing of BMG melt does not occur simultaneously
[13]. This understanding is crucial for designing the casting process to
avoid defects in BMG components. The effect of mold materials on the
freezing process of BMGs was also investigated. It was found that re-
fractory steel, pure graphite, and copper molds result in distinct
instantaneous cooling rates of 45, 52, and 64 K/s, respectively, which in
turn affect the microstructure of the samples [11]. Proper increasing the
mold temperature improves the freezing time without affecting the
vitrification of amorphous melt, thus optimal mold temperature could
be beneficial to improve the internal temperature gradient and reduce
the risk of component deformation or cracking, without obviously
decreasing the vitrification degree [14].

Such investigations show that the freezing process of BMG melt can
be engineering modulated to a certain extent, opening the possibility for
casting large-sized, complex BMG components with optimized
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processes. In the present work, a Vitl BMG bracket in a fully glassy state,
approximately 100 mm in size and weighing over 400 g, was successfully
fabricated using the vacuum counter-gravity casting technique with
optimized process conditions. It proves the feasibility to cast large size
complex BMG component with fully volume vitrification and advance
the engineering applications of BMGs.

2. Experimental

Fig. 1a shows the geometry of the bracket component which has a
maximum diameter ® 100 mm, which is often made by steel and used as
a part of some machines, for example a supporting basement. Accord-
ingly, the three-dimensional model of the bracket was constructed for
further casting process design by cavity filling flow field and freezing
temperature field simulations on the platform ProCAST 2022 with a
numerical model shown as Fig. 1b which contains a copper mold cavity
with outer dimensions 150 x 150 x 100 mm?, 200x 200 x 110 mm? or
250x 250 x 120 mm? respectively. A melt rising tube as also shown in
Fig,1b was set under the “thick and big” part of the component ac-
cording to the pouring system design principle of casting technology.
The melt filling pressuring process is vital and can be artificially
controlled in counter-gravity casting, and so is necessary to be optimized
by simulations. The filling pressuring process for simulation was shown
in Fig. 1c, which was divided into three stages, the melt rising stage (I),
the cavity filling stage (II) and the freezing stage under pressure (III).
The first two stages are critical for realizing stable flow of melt and so
decreasing casting defects like the gas and/or slug inclusions. The
pressurization speed process was defined by the speed at the melt rising
stage and the cavity filling stage. During the freezing temperature field
simulations, three points were set on the casting as noted in Fig. 1d for
probing temperature evolution. The point 1 was chosen at the upper
fringe of the casting. The point 2 and 3 were chosen at the “thick and
big” part where should be the finally frozen region and cooled slowest.
For simulating the air cooling condition, the heat exchange coefficient
between mode and environment is set as 20 W/(m?K), environment
temperature is 20 °C. For simulating the water cooling condition, the
heat exchange coefficient between mode and environment is set as 5000
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Fig. 1. Experimental conditions. a) casting structure; b) three-dimensional model for casting process simulation, cooper molds with size 150x150x100 mm?,
200%200x110 mm?® and 250x250x120 mm?® were studied respectively; c) antigravity casting pressuring processes; d) Temperature extracting point during casting

simulations; e) Places for cutting the XRD samples on the casting.
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W/(mz-K), environment temperature is 15 °C.At last, three small blocks
were cut from the casting sample from three places as indicated in
Fig. le. The X-ray diffraction (XRD) measurement was carried out on a
XPERT PRO XRD machine with Cu-Ka course (A=1.540 A). The casting
was scanned layer by layer from the top to bottom along the cavity
filling direction by an industrial computerized tomography system
(model AX2000, Aoyun Electronic Technology Co., Ltd., Xi’an, China).
The step length is 1 mm.

3. Results and discussions

We firstly explored the effects of copper mold dimensions on the
component casting process. Fig. 2 demonstrates the temperature field
evolution during the pouring and freezing of melt. It was shown that the
melt reached the middle part of four ribbed plates of the bracket after
filling for 2.32 s, for all the molds (the left column of Fig. 2). The primary
difference observed was in the temperature distribution. The smallest
dimensional mold supports the highest melt temperature after filled in
the mold, exceeding 1121 °C at most parts of the component, except for
the bottom near the inner pouring outlet, where the melt/mold contact
area is relative larger. In contrast, the melt temperature in the larger
molds was consistently lower than 1121 °C, with the temperature
decreasing further as the mold size increased. This is consistent with
traditional expectations, where larger metal molds generally provide
better cooling effects, but beyond a certain mold size, the cooling effect
becomes less influenced by mold dimensions.

The cavity filling ability of melt is a key condition for successfully
forming the component, which is almost determined by melt tempera-
ture for a given material composition. The temperature field evolution
simulation results (Fig. 2) indicated that the mold cavity could be fully
filled for all the three molds under air cooling conditions, even though
the larger mold exhibited higher cooling rate (the middle and right
column of Fig. 2). Fig. 3 further illustrates the freezing process of the
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casting, represented by the simulated solid fraction under air cooling
conditions. Freezing is defined as starting when the temperature drops
to the liquidus point (Tjjq = 717 °C for Vitl BMG) and finishing when the
temperature reaches the solidus point (Ts, = 665 °C) [13]. The results
show that freezing began at the upper thinnest part of the fringe ring
(Fig. 4a), followed by freezing at the 4 p.m. connecting the upper ring to
the lower part (Fig. 3b). Once the four connecting parts between the
upper ring and arms froze, the lower part was the last to solidify
(Fig. 3c). This freezing route could potentially cause porosity defects at
the connections between the upper ring and the arms, based on casting
theory. Fortunately, further results predicted that none such defects will
form at the places, see Fig. 3d From this perspective, the pouring system
design appears to be appropriate.

However, as regard to BMGs, cooling rate higher than the critical one
is required for successful vitrification. This is explored in Fig. 4, showing
the simulated temperature evolution behaviors during whole casting
process with air cooling. Fig. 4a gives out the temperature evolution of
the three probing points under air cooling condition. Point 1, located
near the inner pouring outlet, shows the slowest temperature descent,
which aligns with expectations based on traditional casting principles.
The region noted by point 1 would be frozen finally and experiences the
slowest cooling rate, making it most susceptible to failure in vitrification
due to a cooling rate that is lower than the critical rate for vitrification.

So far, two methods have been introduced to estimate the occurring
of vitrification of Vit 1 BMG through cooling rate. One method calculates
the average cooling rate of the melt from 1000 °C to the glass transition
temperature (Tg = 340 °C for Vitl BMG)] [15,16], while the other
method uses the cooling rate at the glass transition temperature itself
[17]. The first method requires an average cooling rate higher than 7.2
°C/s for vitrification, while the second method sets the critical cooling
rate at 1 °C/s, for the Vitl BMG. As shown in Fig. 4D, the average cooling
rates at point 1, calculated from the simulated temperature curves, are
4.34 °C/s according to the first method for the cooper mold with
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Fig. 2. Simulated temperature field evolution during melt filling and also freezing with different cooper mold dimensions. The filling pressuring process is
10/8 kPa/s. The pouring temperature is 1200 °C and the preheating temperature of rising tube is 700 °C. The mold is not preheated and set at room temperature.
Molds are not preheated.The Tij;q and T, respectively represent the liquidus temperature and solidus temperature.
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perature is 1200 °C and the preheating temperature of rising tube is 700 °C.
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dimensions 150 x 150 x 100 mm?. The cooling rates obtained at the
glass transition point Ty are 0.76 °C/s according to the second method.
For the molds with dimensions 200x 200 x 110 mm?® or 250x 250 x
120 mm?, the average cooling rates are 5.19 °C/s and 5.84 °C/s,
respectively, and the cooling rates at Tg are 1.09 °C/s and 1.29 °C/s,
respectively. While the larger molds seem to produce a cooling rate at T
slightly higher than the required critical rate of 1 °C/s, their average
cooling rates are still below the critical average cooling rate of 7.2 °C/s
required for full vitrification.

It is not expected that further increasing the cooling rate can be
achieved by simply enlarging the copper mold size, as the improvement
in cooling effect weakens with increasing mold size. This has already
been demonstrated in molds with dimensions of 200 x 200 x 110 mm?
and 250 x 250 x 120 mm?. Additionally, larger copper molds increase
costs. Therefore, we sought to optimize the casting process by intro-
ducing water cooling conditions instead of air cooling. Fig. 5 shows the
temperature evolution during melt filling and freezing in a copper mold
with dimensions 150 x 150 x 100 mm?® under both air cooling
(Fig. 5a—d) and water cooling (Fig. 5e-h). In general, the melt filling
speed does not appear to be significantly affected by the cooling con-
ditions of the copper mold. However, the cooling rate after the cavity is
fully filled is influenced by the cooling conditions. Water cooling seems
to offer a higher cooling rate, as shown in Fig. 6a. It was found that
applying water cooling to the copper mold significantly improves its
cooling effect. The average cooling rate in the temperature ranges from
1000 °C to the glass transition temperature (Tg) of Vitl BMG is 7.76 °C/
s, while the cooling rate at the Tg point is 3.25 °C/s. Water cooling helps
remove heat from the copper mold, suppressing the temperature rise and
enhancing the mold’s cooling effect.

On the other hand, as seen from Fig. 6b, freezing began at 25.53 s and
finished at 35.53 s under water cooling at the point 1. For air cooling,
freezing started at 96.34 s and finished at 135.53 s. The melt freezes
much faster under water cooling condition. Thus, air cooling alone, even
with a copper mold, cannot provide a sufficient cooling rate to ensure
vitrification of the Vitl BMG melt at this volume and wall thickness scale
for a complex structure component. This is contrast to the casting of
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1213
1042.7
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traditional small BMGs rods or plate samples, where a thick cooper mold
is typically sufficient to achieve the required cooling rate for full-volume
vitrification. Thus, addition water-cooling is both suitable and necessary
to realize the vitrification for the current bracket component. Accord-
ingly, the following process investigations were carried out under water
cooling condition.

We further optimized the pouring temperature to achieve the best
balance between cooling rate and mold filling ability. The upper panel of
Fig. 7 illustrates the mold cavity filling in a water-cooled 150x150x100
mm? mold at a pouring temperature of 1000 °C, with varying pressuri-
zation speeds. At a pressurization speed of 10/6 kPa/s, a significant
portion of the cavity near the upper fringe remained unfilled because the
melt temperature decreased too much, reducing flowability before the
cavity was fully filled. When the pressurization speed during the cavity
filling stage was increased from 6 kPa/s to 8 kPa/s, the unfilled cavity
volume was significantly reduced (Fig. 7b). Increasing the pressuriza-
tion speed during the melt rising stage by the same 2 kPa/s also slightly
improved the filling rate (Fig. 7c), though the effect was less significant
compared to the cavity filling stage. The cavity was fully filled at a
pressurization speed of 12/8 kPa/s, but could not be completely filled at
14/6 kPa/s. Therefore, the optimized pressurization speed for this
component was determined to be 12/8 kPa/s.

Then, the flow field must be investigated also to realize stable flow as
much as possible because melt turbulence would involve gas in melt and
increase the porosity in the final casting. The lower panel of Fig. 7 shows
the melt flow filed dependent on filling time under the pressurization
speed process 12/8 kPa/s. It was shown that the melt does not smoothly
flow out from the inner outlet of the melt rising tube, but undergoes fluid
jet like a fountain at some extent (Fig. 7f), which causing a lateral
overflow (Fig. 7g) and further vortex flow at the corner of the inner
outlet (Fig. 7h). The vortex becomes larger with time elapse (Fig. 7i).
Such vortex flow would involve and intercept gas bubble or slags, should
be avoided as possible. The cavity filling rate and melt flow field were
simulated as well at pouring temperature 1200 °C and 1400 °C, at
different pressurization speed processes (Fig. 8). It was shown that a
small part at the fringe of the component is still not filled at pouring
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36.3391s 266.3391s
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7280 7. 717 Air cooling
T,y 665 e) f) 9) h)
2.4607s 2.6417s 35.5321s 255.5321s
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Fig. 5. Simulated temperature field evolution during melt filling and also freezing with different cooling conditions. The copper mold is 150x150x100
mm?. Upper panel for air cooling condition and lower panel for water cooling. The filling pressuring process is 10/8 kPa/s. The pouring temperature is 1200 °C and
the preheating temperature of rising tube is 700 °C. The Tjq and Ty, respectively represent the liquidus temperature and solidus temperature. Molds are

not preheated.
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temperature 1200 °C by using pressurization speed process 8/6 kPa/s
(Fig. 8a), whereas it can be fully filled by using pressurization speed
process 10/6 kPa/s (Fig. 8b). Then, Fig. 8e and f indicate that the mold
cavity could be fully filled by melt when pouring temperature is chosen
as 1400 °C even at a relatively small pressurization speed process 6/4
kPa/s and 8/6 kPa/s. On the other hand, the flow filed simulations
indicated that lateral overflow and weak vortex flow still exist at pouring
temperature 1200 °C with pressurization speed process as 10/6 kPa/s
(Fig. 8c and d). In contrast, the vortex flow is very strong when the
pouring temperature is 1400 °C and pressurization speed process is 6/4
kPa/s (Fig. 8h), even though its lateral overflow is weak (Fig. 8g).

It has demonstrated that only a weak vortex flow is formed when the
pressurization speed process is 10/6 kPa/s (Fig. 8d) and the unfilled
volume is very small at pressurization speed process is 8/6 kPa/s
(Fig. 8a), at pouring temperature 1200 °C. Thus, the optimal casting
process is nearly achieved. We expect to remove the small gap by slightly
preheating the copper mold. Fig. 9 gives out the simulated cavity filling
rate and also cooling rate in the 150x150x100 mm® mold, with a
pouring temperature of 1200 °C and pressurization speed process of 8/6
kPa/s, at different mold preheating temperatures. In general, copper
mold preheating improves melt filling ability and the mold cavity could
be fully filled for all cases with preheating temperature as 200 °C, 400 °C
and 600 °C (Fig. 9a—c). Correspondingly, the temperature evolution and

cooling rate at the probing point 1 show that the average cooling rate
reaches 13.42°C/s, 10.37 °C/s and 6.47 °C/s, respectively for the case of
mold preheating temperature as 200 °C, 400 °C and 600 °C. The cooling
rate at Ty is 4.06 °C/s, 3.33 °C/s and 2.93 °C/s, respectively. Thus, the
average cooling rate for the case of 600 °C does not meet the glass
transition requirement, while the other two cases with preheating
temperatures of 200 °C and 400 °C are applicable to cast the current Vitl
BMG component.

With above optimization of casting processes, we carried out prac-
tical casting of the bracket component by using the precise counter-
gravity casting apparatus for large size amorphous alloys we devel-
oped recently, as shown in Fig. 10a. The casting process parameters
were set as follows: melt pouring temperature of 1200 °C, melt rising
tube preheating temperature of 700 °C, mold preheating temperature of
400 °C, and a pressurization speed process of 8/6 kPa/s. The cross-
sectional image of the copper mold with the water-cooling pipeline is
shown in Fig. 10b in three dimensions, with approximate dimensions of
150 x 150 x 100 mm?®. We finally obtained Vitl BMG bracket castings
for instance showing in Fig. 10c. The casting is fully formed and exhibits
the bright metallic luster typically seen in BMG samples. The bracket
casting weighs 462.9 g. Further XRD characterizations were carried out
on three samples cut from the casting on the places shown in Fig. 1e, and
the obtained XRD patterns were depicted in Fig. 10e. Obviously, all XRD
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Fig. 9. Optimizing the mold-preheating temperature by simulating a)-c) the mold cavity filling rate and d)-f) cooling rate under different preheating
temperatures. The mold dimensions are 150x150x100 mm?, and pouring temperature is 1200 °C. The pressurization speed process as 8/6 kPa/s. Melt rise tube is

preheated at 700 °C.

spectra clearly show a single diffused broad peak at 26 ~ 38°, indicating
that all samples cut from the casting are in the glass state. Fig. 3a—c have
shown that the bottom of the casting, which contains samples 1 and 2,
froze last and had the lowest cooling rate, thus the confirmed glass state
of the samples 1 and 2 at the bottom, as well as the sample 3 at the upper
fringe, ensures that entire casting is in a fully glassy state. Additionally,
cross-sectional images of the casting, obtained through computed

tomography, clearly reveal that the casting has good internal quality
(Fig. 11). Only four pores (see the images a7, b6, c2 and d3 in Fig. 11),
each approximately 1 mm in diameter, were detected except a somehow
longer pore in the inner pouring outlet (f3-f7 in Fig. 11), which would
endow the casting with high mechanical performances.
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Fig. 10. Practically casting formation of the Vitl BMG bracket component. a) shows the counter-gravity casting apparatus used for casting the component; b)
the cross-section image of the cooper mold with water cooling pipeline; c) the component casting picture; d) the weight of the component casting; e) XRD patterns of

three samples cut from the casting at the places shown in Fig. le.

Fig. 11. CT Cross-section images of the bracket casting. The imaging section is perpendicular to cavity filling direction and the measurement step is 1 mm. The
circles note the pores. Images a7 and b1 note one pore, b6 and b7 note one, c2 and c¢3 note one, d3-d5 note one, f3-f7 note one.

4. Conclusions

In summary, we successfully cast a large size bracket component
with complicate structure and minor pores by using counter-gravity
precision casting technology based on intricate optimization of the
casting processes to ensure complete structural formation and full-
volume vitrification. Our results showed that water cooling is essential

to enhance the cooling effect of the copper mold and achieve the critical
cooling rate required for glass transition. Once the critical cooling rate is
met, the filling speed, the pouring temperature and the mold preheating
temperature should be optimized collaboratively. Increasing pressur-
izing speed could enhance cavity filling efficiency but too high speed
would cause melt flow turbulence. Increasing the pouring temperature
and mold preheating temperature could improve the filling ability of
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melt, but they cannot be too high to avoid decreasing the cooling rate
lower than the critical value. It is recommended to maintain a high melt
temperature to ensure adequate flowability, which is crucial for fully
filling the mold cavity at a low filling speed, on the premise of meeting
the full-volume vitrification conditions.
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