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ARTICLE INFO ABSTRACT

Keywords: Developing a convenient and efficient way of tantalum (Ta) electrolytic capacitor manufacture process is of great
Metallic glass importance in many fields, in which a time-saving and energy-efficient tonology of Ta powder consolidation is
Ta powder also desirable. As a typical way to consolidate Ta powder, powder sintering solves the consolidation difficulty of
b lasti typ y p p 8 y

Thermoplastic refractory metal like Ta, while the temperature that required are still high which means high energy costs. In the
Composite v & 8 &y

Spec?ﬁc capacitance precent work, we tried to apply metallic glass (MG) as a glue to bond the Ta powder at a low temperature (513 k)
Capacitor and successfully obtained the MG-Ta composite due to the excellent thermoplasty of MG. The bonding mecha-

nism between MG and Ta powder was then investigated and the results showed that the MG and Ta were well
combined with each other. Moreover, the MG-Ta composite exhibits high performance enhancement with 57 %
increased of specific capacitance and 32 % increased of mechanical property than pure Ta. In addition, the
specific capacitance of the composite can be improved via acid etching and the mechanism was investigated. Our
results provide a facile approach to consolidate the Ta powder with low cost as well as greatly enhance the

performance for its application for solid Ta electrolytic capacitor.

1. Introduction

Among many metals with high melting point, Ta has many good
properties, including excellent plasticity [1,2] and biocompatibility
[3,4]; the Ta oxide generated on the surface of Ta metal is extremely
resistant to corrosion [5,6] and is also an excellent dielectric material
[7,8]. As a result, Ta has a wide range of applications in the fields of
medicine, chemistry and electronic engineering. Especially in the elec-
tronics industry, solid Ta electrolytic capacitors made of Ta powder are
widely used due to its high specific capacitance [9,10]. In addition,
because of its good biocompatibility, Ta has a wide range of prospects in
dentistry applications and artificial bone joints fabrication [11-13].

Porous Ta is one of the typical applications for Ta metal, and powder
metallurgical method is one of the common preparation methods using
Ta powder due to the high melting point of Ta [14]. Moreover, Ta anode
in the solid Ta electrolytic capacitor is one of the widely uses of porous
Ta made by Ta powder. The classical Ta anode fabrication process would
first focus on the preparation of Ta powder, where the conventional way

is to reduce K,TaF; using MR in molten salt [15]; whereas the novel
approach is to directly carry out the reduction of TayOs to prepare finer
Ta powder [10]. The prepared tantalum powder is then usually sub-
jected to procedures such as ball milling, high temperature heat treat-
ment, deoxidization, etc.; finally, by means of powder metallurgy, the Ta
powder is sintered at a temperature of around 1475 K into bulk pellets of
the desired shape for subsequent steps such as the formation of the oxide
layer. From the above process, we note that very high temperatures are
typically required for the sintering of Ta powder, and combined with the
time required for heating and cooling, the process is inevitably energy
and time consuming. Now the high-cost problem can be solved by using
amorphous alloys as the bonding agent to bond the powders as a bulk
composite (the metallic glue strategy).

Amorphous alloy materials, also known as MG, which combine the
properties of metal and glass, have attracted attention since their dis-
covery for their excellent properties [16-24]. The most special property
of amorphous alloy materials is that when the temperature of the ma-
terial rises above a certain temperature, the alloy will become soft and
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Fig. 1. Bonding mechanism of MG-Ta composite. (a) a schematic diagram of hot-pressing process of MG-Ta. (b-c) SEM images of MG and Ta powder respectively. (d)
Photography picture of MG-Ta composite anode. (e-f) SEM images of the cross-section of the sample. (g) SEM image of the surface of the composite. (h) The CT
images of two sections corresponding to MG-Ta composites with five different mass ratios.

flow viscously under the action of pressure [25-31]. If the temperature
keeps rising, its viscosity characteristics will increase sharply until the
temperature reaches a certain point [32]. Over that point, the amor-
phous alloy will change from the amorphous state to the crystalline state
[33,34]. Those two temperature points are called glass transition tem-
perature (Tg) and crystallization temperature (Ty), respectively, and the
interval between them called the supercooled liquid region (SLR) [35].
The SLR of metallic glass is much lower than the melting point of the
material, which make it possible to gain excellent thermoplastic forming
ability at low temperature [25].

The thermoplastic forming ability of amorphous alloy not only can
be used for micro and nano processing [36-38], but also has been used
as metallic glues to cemented with other materials to form bulk com-
posites with tunable material properties [39]. Such bulk composites
provide an alternative forming method to powder metallurgy for the
preparation of some refractory metals such as Ta and niobium into bulk
metallic materials. Among many kinds of MG, lanthanum-based metal
glasses [40,41] has a low Ty (less than 465 K) and a wide SLR (about 50
K) [39], which is less than 1/4 of the temperature used to cement Ta
powder using powder metallurgy. Meanwhile, this material has a small
coefficient of thermal expansion [42,43], which indicates that the metal
glue strategy has a natural advantage in energy saving and emission
reduction to meet the demand of green development in the current
environment.

In this study, we made an attempt to solidify Ta powder using the
metal glue strategy and through our tests, we obtained an increase in
specific capacitance of up to 57 % compared to pure Ta powder, as well

as a 32 % increase in the compressive strength of the composite with the
addition of only 10 wt% of the metal glue. In order to investigate the
changes in the properties of the MG-Ta composites obtained metallic
glue strategy and the mechanism behind them, La-based amorphous
alloy was chosen as the metal glue because of its low SLR and excellent
mechanical properties at room temperature, which can significantly
reduce the processing temperature and time. During the study we also
found that the electrical properties of the composites will improve after
a period of time under the influence of acid corrosion, and the mecha-
nism of this phenomenon was explained and experimentally verified.
The results of this study further confirmed the feasibility of amorphous
alloy as a metal glue to cement Ta powder, and also found that the
amorphous alloy in the MG-Ta composite not only plays a bonding and
cementing role, but also has a gaining effect on the electrical and me-
chanical properties of Ta powder, and by adjusting the content of
amorphous alloy can achieve the performance regulation of the com-
posite material. The unique structure of MG in the bulk allows the me-
chanical properties of the MG-Ta bulk to be significantly improved. This
provides a new and viable strategy for forming Ta and other high
melting point metals into blocks, and is more energy and time efficient
to meet future demands for increased productivity and environmentally
friendly technologies.
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Fig. 2. Atomic characterization of MG-Ta composite. (a) The XRD patterns of different materials. (b-d) The high-resolution TEM images of the Ta region, interface
region and MG region respectively. (e-g) The corresponding diffraction patterns of R1, R2 and R3 region from b-d. (h) The elemental distribution of the sample at

the interface.

2. Experimental methods and materials
2.1. Preparation of materials

The La-based MG used in the experiments is LassAlasNisCuyoCos,
because it has a low and very wide SLR, while maintaining good ther-
moforming ability. The MG is fabricated in the lab using Vacuum-Arc-
Melting-Furnace and Vacuum-Melt-Spinner, the purity of the composi-
tion can be seen in Table S1; Ta powder was purchased from the market
and its powder size and composition can be found in Table S2.

2.2. Bonding process

A specific proportion of lanthanum-based amorphous alloy powder is
first mixed thoroughly with Ta powder (mass ratios of Ta: MG are 5:5,
6:4,7:3, 8:2, 9:1, respectively) and then placed in a 3 mm diameter mold
cavity. The mold is then placed in a hot-pressing machine and heated to
approximately 513 K in argon atmosphere (slightly below the Ty point of
the MG, when it is at its softest state), followed by pressurization to 5 kN
at a rate of 0.05 mm-s ! and held for approximately 60 s. The pressure is
then rapidly reduced to 0 kN and the mold is cooled down by water
cooling, and the sample is removed from the mold after they are at room
temperature.

2.3. Multi-scale characterizations of the composite

The La-based MG and Ta powders and their composites obtained by
hot pressing was detected by X-ray diffraction (XRD; RIGAKU

miniflex600) with Cu Ka radiation. And differential scanning calorim-
etry (DSC; PerkinElmer DSC-8000) at a heating rate of 20 K minl was
used to clarify the Ty and Ty of the La-based powder (Fig. S1). The micro
morphology of all the materials was observed using the scanning elec-
tron microscope (SEM; Fei quanta FEG 450) instrument, and its energy
disperse spectroscopy (EDS) was used to characterize the elemental
distribution of the composites. The atomic structure was characterized
using JEM-2100F transmission electron microscopy (TEM). The TEM
samples were prepared on a FEI Scios SEM/FIB dual beam system. The
CT pictures of the samples were obtained from the skysCan2211/ZEISS
Xradia520/NIKON XTH 225/320 machine. When testing the compres-
sive property of the MG-Ta composite, the samples were made into the
cylinder shape with a length/diameter ratio of 1.5 according to the
ASTM standard, then they were tested by ZOS0TEWwith a strain rate of
0.001 s~ !) at room temperature. In order to measure the specific
capacitance of the Ta powder in MG-Ta composite, the WB6000 was
used to test the capacitance of the composite in sulfur acid (H2SO4, 38 wt
%) solution, the setup can be seen in Fig. S2.

3. Results and discussions
3.1. Bonding mechanism

Fig. la is the schematic diagram of the MG-Ta composite anode’s
preparation process, through the process, the MG and Ta powder with an
electrode were bonded into dense and firm pellets as anodes. As shown
in Fig. le, f and g, no obvious cracks separating the two phases are
observed in either the internal section or the surface, indicating the
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Fig. 3. Properties investigation of MG-Ta composite. (a) The photography pictures of anodes made by MG-Ta composites with different mass ratios. (b) The
compressive strength of the MG-Ta bulk composites. (c) The specific capacitance of the composite anodes. (d) The Tan & of the composite anodes.

homogeneity and tightness of MG-Ta composite.

To further investigate the inner structure of the bulk composite, a CT
scan was applied to scan the samples with five mass fractions (Ta: MG =
5:5, 6:4, 7:3, 8:2, 9:1, respectively). As shown in Fig. 1h, the cross-
sections of the samples are on the top with the corresponding longitu-
dinal sections images on the bottom. The CT images of cross section
reveal a roughly interwoven and uniform distribution between the Ta
and MG region of the samples with mass fraction of 5:5 to 7:3. In
contrast, the MG of 9:1 composite is uniformly distributed in a ring
around the axis of the sample, which is also reflected in the longitudinal
section image. The distribution situation of the 8:2 sample is between
7:3 and 9:1, and the Ta region in the center of the cross-section and
longitudinal section begins to expand when compared to the 7:3 sample,
showing a transitional state.

The different distribution in the samples indicates that the ratio of
the two materials in the MG-Ta composite will affect the formation state
of the internal structure of the bulk composite. Moreover, the stacked
structure mentioned in Fig. le-f is shown more visually from the CT
scans images. Even for the 8:2 and 9:1 samples with different cross-
sectional distribution, the amorphous alloys are also stacked in the
longitudinal direction. This structure is caused by the fact that the
amorphous alloy inside the block basically flows along the transverse
direction during the hot-pressing process, and this structure has a sig-
nificant impact when properties of the MG-Ta composite were explored.

Furthermore, an XRD analysis was applied to examine the crystalline
state of the composite. The XRD patterns of composite with different
constituent are shown in Fig. 2a, which demonstrates the amorphous
peaks of the La-based amorphous alloy and the characteristic peaks of

the Ta powder. As seen from the 5:5 curve, the characteristic peaks of
both materials are reflected in the curve, indicating the mixed state of
both materials. And from 6:4 onwards, the amorphous peak of MG be-
comes very inconspicuous, which is due to the very large difference
compared to the characteristic peak of the amorphous alloy with the
crystal peak of Ta powder. It is also found that the intensity of the Ta
powder crystal peaks of the composite gradually increases as the MG
content decreases, but the difference is very large compared to the in-
tensity of the pure Ta crystal peaks.

To further investigate the bonding situation of the interface between
MG and Ta, the composites were subjected to TEM characterization and
energy spectrum analysis. Fig. 2b, d, f shows the high-resolution TEM
images of Ta powder, bonding interface and MG in the MG-Ta com-
posite, respectively, from which it can be seen that the three regions
show different atomic structures, the Ta powder region is a classical
crystal structure, the atoms in the MG region are in a disordered state,
and the bonding interface is a mixture of the two structures, reflecting
that the bonding of MG and Ta powder is at the atomic level. In addition,
three positions (R1, R2, R3) were selected from the HRTEM image for
diffraction analysis, and the diffraction results obtained are shown in
Fig. 2 ¢, e, g. The diffraction results at position R1 show a regular lattice
structure, which corresponds to the atomic structure of the Ta powder in
the TEM and the characteristic peaks of the crystal shown in the XRD
pattern; the diffraction results at position R3 show a bright diffraction
halo, which corresponds to the amorphous state of the atoms; the
diffraction results at position R2 are exactly a combination of the results
of R1 and R3, and the diffractogram contains both spots and haloes,
which correspond to the mixed state of two atomic arrangements in the
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interface.

The SEM image of the interface and its corresponding energy spec-
trum as shown in Fig. 2h also clearly reveals the tight combination of
two materials. The elemental distribution can be seen from the energy
spectrum and it shows that the elemental diffusion happens in the
interface which further indicates that the amorphous alloy and Ta
powder reach the atomic level bonding state at the bonding interface,
illustrating the tightness of the bonding with the two materials.

3.2. Property enhancement

To investigate the property changes of Ta powder after adding La-
based amorphous alloy as the bonding agent, the bulk composites
with mass fractions of 5:5, 6:4, 7:3, 8:2 and 9:1 were used as anodes, as
shown in Fig. 3a. The capacitance values were measured in the capac-
itance testing device and divided by the mass of Ta contained in the
composites (fixed at 0.15 g) to obtain the corresponding specific
capacitance values. The same hot-pressing parameters were also used to
press the pure Ta powder into anode blocks for capacitance testing to
obtain their specific capacitance values.

The experimentally obtained results are shown in Fig. 3¢, it can be
seen that all the specific capacitance in weight of MG-Ta pellets are
higher than pure Ta pellet. The biggest performance gains were made by
MG-Ta with 9:1 mass ratio, about 57 % higher than the pure Ta pellet.
The capacitance values per volume was also calculated (shown in right
of Fig. 3¢), the results shows that the specific capacitance of volume
decreases as the content of MG increases as the capacitance values per
weight do, but the values begin becoming lower than pure Ta from the
MG content over 30 % in mass, which indicates the negative effect of
volume increasement the La-based MG brings about. However, the value

of “8:2” and “9:1” are still higher the pure Ta, the capacitance per vol-
ume enhancement of “9:1” reached 40 % over pure Ta. In addition, the
tan § value of Fig. 3d is a parameter to measure the capacitance loss
during the capacitance test, and the lower the value, the better the
electrical properties of the material.

It is imperative to clarify the mechanism of the MG’s effect on MG-Ta
composites. The specific capacitance of Ta powder is influenced by
several factors, including the porosity of the pellet [10], the thickness of
the TayOs layer (shown in Fig. S4) on the surface of the Ta powder
particles, etc. [7] Although the incorporation of MG does not change the
structure of Ta powder particles, as shown in Fig. S5, it will firstly fill in
the pores formed by the interstices of Ta powder particles as a bonding
agent in the pellet. According to H.S. Ryu [10], the size of these pores
determines the surface area of the Ta powder after it solidifies into a
pellet, which in turn affects its capacitive performance as an anode.
Therefore, these pores will decrease due to the increase of MG content,
which leads to the decrease of the actual surface area of the pellet, and
ultimately leads to the consequent decrease of the capacitance perfor-
mance as shown in Fig. 3c.

However, in terms of the volumetric specific capacitance, the MG-Ta
pellet with mass ratio of 9:1 still has a significant performance
enhancement over the pure Ta pellet. The source of this enhancement is
that MG acts as a bonding agent as well as the “necking” between Ta
powder particles, as shown in Fig. S5. According to the results of Fig. 2,
the bonding state between MG and Ta powder was reached at the atomic
level; Furthermore, to carry out a comprehensive analysis to the effect
MG, the La-based MG was tested for its dielectric information. As the
results shown in Fig. S6, the electrical property of MG is close to that of a
conductor, which means that the connecting effect of MG on Ta powder
particles is similar to the “necking” of Ta powder during sintering, and
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such a connection serves as a conduction of different Ta powder parti-
cles. In other words, the use of MG as a bonding agent can play a role in
compensating for the poor bonding between the particles of pure Ta
powder under the same low-temperature hot-pressing parameter, so that
the MG-Ta pellet can maintain good capacitive performance.

In addition, the mechanical properties of the composites were also
tested, and as shown in Fig. 3b, the La amorphous alloy exhibited a high
compressive strength (760 MPa), 83 % higher than that of the Ta powder
block (416 MPa), while the compressive strength of the composite with
10 % content of MG addition was 32 % higher than that of the pure Ta
powder block. The longitudinal cross-sectional view according to the CT
diagram in Fig. 1h demonstrates that the amorphous alloy is showing a
tile-like stacked structure in the direction of compression of the com-
posite block, and this structure has a significant contribution to the
compressive strength, achieving a significant strength enhancement ef-
fect of the composite. The data in Fig. 3 shows that La-based amorphous
alloy is not only used as a metallic glue in the composite material for
bonding and enhancing the mechanical properties, but also has a very
good effect on the electrical properties of Ta powder.

Meanwhile, an interesting phenomenon was observed during the
testing of capacitance. As shown in Fig. 4a, it was found that the specific
capacitance of the MG-Ta composite showed an increasing trend when
the composite stayed in the testing acid solution for a specific time.
Noting that La-based amorphous alloys are susceptible to acid corrosion,
when the composite sample is immersed in the test solution for an
extended period of time, the joint state between the Ta powder region
and the amorphous alloy region of the sample changes due to corrosion,
which changes the “necking” between the adjacent Ta powder regions,
as described earlier.

To further investigate the mechanism of this phenomenon, the sur-
face of the composites of different etching states were observed using
SEM, as shown in Fig. 4b. It can be seen that before the corrosion, there
is a good bonding interface between the amorphous alloy and the Ta
powder, and the adjacent Ta powder regions remain in a fixed necking
state. When in acidic solution, due to the strong corrosion resistance of
Tay0s5 oxide layer on the surface of Ta powder, the Ta powder region
will not change, while the La-based amorphous alloy sandwiched in the
middle starts to be corroded and pores appear. After a period of
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corrosion, the pores gradually expand to form holes up to the Ta powder
area connecting the two sides and the porous structure was formed by
acid etching.

Fig. 4c schematically depicts the changing process of how the La-
based MG was etching by the acid. As mentioned earlier, the addition
of amorphous alloy makes an impact on the specific capacitance value,
and the experimental results show that the loss of amorphous alloy also
brings an impact on the electrical properties and improves the specific
capacitance of the sample. According to the changes revealed in Fig. 4 b
and ¢, the amorphous alloy leaves a porous-like structure on the surface
of the sample after it has been etched, and the Ta powder covered by the
amorphous alloy is exposed on the surface of the sample. The change
brought about by this structure is an increase in the surface area of this
composite block, therefore corresponds to an increase in the specific
surface area of the Ta powder, which explains the increase in the specific
capacitance value in the experimental results.

The results show that for bulk composite made by adding amorphous
as a binder with Ta powder, not only can the electrical properties of the
Ta powder be regulated by adjusting the content of the amorphous alloy,
but for composites with same weight fraction, the electrical properties of
the composite can be further increased by means of proper etching of the
amorphous alloy. Similar to the method of using the solubility of solids
to create porous structures [44], this study uses the susceptibility of the
material to corrode to produce corresponding structural changes and
thus alter the material’s properties.

Moreover, Fig. 5a summarizes the comparation of the process
parameter (specific capacitance, time and consolidation Temperature)
between this work and other methods that mentioned from some ref-
erences (see in supplementary information). Here we divided the spe-
cific capacitance by the time of the consolidation to show the efficiency
of the process from different methods. The data in Fig. 5a shows that the
MG-Ta has lowest consolidation temperature among all the other works,
which indicates a significant advantage of lowering down the energy
cost. Meanwhile, the time required for the pellet’s preparation is quite
low, leading to a secondly high capacitance performance that can be
obtained per hours. It can be seen that the low cost both in time and
energy while keeping a good performance of electric property demon-
strates the advantages and broad application prospects of using MG as a
metal bonding agent. In addition, Fig. 5b also shows the process flexi-
bility of making different shapes of anodes for capacitor manufacture.
That further means that the forming strategy of MG-Ta composite meets
both the needs of efficiency and energy saving simultaneously and have
a larger potential application scenario.

4. Conclusion

In summary, the MG-Ta composite was fabricated by the metallic
glue strategy in this work, which is a convenient and a property-
controllable way. Additionally, we investigate the bonding mechanism
and properties of the MG-Ta composites. The experimental results shows
that the MG and Ta powder are well bonded due to the good flowability
of La-based MG. Moreover, compared to the pure Ta, the electric per-
formance and compressive strength of the composite was reached a 57 %
and 32 % increase, respectively. Furthermore, the specific capacitance
of the MG-Ta can be regulated by acid etching. Our research result
provided a new strategy to consolidate the Ta powders, which has a low
cost and forming flexibility to make it possible for MG-Ta composite to
be applied in electric devices fields and other potential areas.
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