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Abstract: This study designed (Ti0.55Cu0.20Zr0.15Ni0.10)1−xSix amorphous alloys based on binary deep
eutectics and examined the effect of silicon (Si) on the amorphous forming ability of the filler alloys.
The results show that a certain amount of Si added to the filler metals could improve the amorphous
forming ability of the alloys. Under the same experimental conditions, the Ti0.55Cu0.20Zr0.15Ni0.10 filler
metal with 0.5 wt % Si had the strongest amorphous forming ability compared to the other filler alloys
containing different amounts of Si; its reduced glass transition temperature (Trg) was 0.5554, and its
supercooled liquid phase region width (∆Tx) reached 60 ◦C. The (Ti0.55Cu0.20Zr0.15Ni0.10)99.5%Si0.5%

filler metal designed in these experiments presented good amorphous forming ability and wettability.
The brazed joint of SiC and TC4 obtained with this amorphous filler metal showed a shear strength of
102 MPa, indicating an increase of 122% compared to the brazed joint obtained with the filler metal
without Si.

Keywords: amorphous materials; binary deep eutectics; Ti0.55Cu0.20Zr0.15Ni0.10 alloy; Si content;
amorphous forming ability; microstructure

1. Introduction

The SiC ceramic is widely used in high-temperature service structures, offering such advantages
as superior high-temperature properties and excellent wear and oxidation resistance. Therefore, it has a
wide range of application prospects in aviation and aerospace. However, it shows disadvantages, such
as poor impact toughness, ductility, and machining properties [1–3]. Titanium alloys are another type
of material widely used in aviation and aerospace, with their light weight, high strength, machinability,
and comprehensive mechanical properties [4,5]. Furthermore, it is often necessary to connect SiC
ceramics and titanium alloys in various application to make full use of their separate properties. Some
problems occur in the connection processing due to the large differences in their thermal expansion
coefficients, wettability, and other physicochemical properties [6]. Brazing, because of its unique
connecting principle, lower cost, and simple operation, becomes one of the most useful techniques
applied for joining dissimilar materials [7]. Studies on filler metals have been performed by many
researchers. Both titanium alloys and SiC ceramics are regarded as important support materials for
filler metals, with the rapid development of aviation and aerospace. Therefore, titanium alloy and
SiC ceramic brazing technology has also grown with the studies on filler metals. Zhao et al. achieved
the connection between a titanium alloy and other materials using an Ag-based filler metal, which,
however, presented poor high-temperature performance [8,9]. Song et al. achieved the successful
connection of a titanium alloy with other materials using binary, ternary, and multi-element alloys of a
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titanium-based filler metal [10,11]. However, the common filler metals present poor wettability and
low bonding strength between the filler metal and the base metals [12]. Li et al. found that amorphous
filler metals had better wettability and excellent mechanical properties as base metals [13,14].

Amorphous alloys, also called metallic glass, present excellent mechanical properties. Metallic
glass had been increasingly studied by researchers in recent years [15–17] because of the scientific and
commercial interests in Ti–Cu-based metallic glasses with a high specific strength [18,19], and their
glass-forming ability has attracted much attention [7,20]. In order to identify metallic glasses with a
higher glass-forming ability, Ti–Cu-based alloy systems with different compositions were designed.
The Ti–Cu–Zr–Ni system was known to form amorphous alloys (or metallic glasses) [21]. Many
materials scientists established various rules in order to improve the amorphous forming ability of the
Ti–Cu–Zr–Ni system [22]. Zhai et al. reported that the addition of Sn into the Ti–Cu–Zr–Ni system
could promote the amorphous forming ability of the composite alloys [23]. Huang et al. developed a
novel composite filler metal by incorporating Sn and Cu into the conventional Ti–Cu–Zr–Ni based
system, and such new composite alloy showed a higher glass-forming ability [24]. Li et al. created
a composite filler by adding Hf into the Ti–Cu–Zr–Ni alloy and found that the metallic glasses
exhibited favorable mechanical properties and the forming ability of the composite filler increased
significantly [25]. Li et al. showed that the addition of Co into the Ti–Cu–Zr–Ni alloy could improve
the amorphous forming ability of the filler metal, and the brazing joints had higher mechanical
properties than the Co-free filler metal [26]. Moreover, by using calculations of formation enthalpies,
King et al. confirmed that an amorphous solid solution was more stable than a body-centered solid
solution of the elements [27]. Reyes-Retana et al. previously developed the method of Si addition
to an alloy system, reporting the improvement of the amorphous forming ability of the alloy [28],
and Gargarella et al. investigated the effect of the addition of Si to a Ti–Cu-based bulk, indicating
that both glass-forming ability and plasticity were improved [29]. Figueroa et al. concluded that
the addition of 0.5% Si to a Ti–Cu–Hf alloy could enhance the glass-forming ability and increase
the critical casting diameter of the Ti–Cu–Hf alloy [30]. These researchers demonstrated that the
effect of Si was clear on some alloys, but there was no effect of Si on Ti–Cu–Zr–Ni-based alloys.
Similarly, a method of “proportionally mixing binary eutectics”, also called binary deep eutectic,
was reported to increase the glass-forming ability of metallic glasses [21]. According to a report,
Yang et al. designed a Cu–Ti–Zr–Ni system composition of metallic glasses by proportionally mixing
the binary deep eutectic composition and obtained a multi-component alloy that was close to deep
eutectics. Their method could result in a higher amorphous forming ability of metallic glasses [31].
In addition, Li et al. prepared a Ti–Cu–Zr–Ni amorphous alloy by proportionally mixing eutectic
phases, finding that a higher amorphous forming ability of the Ti–Cu–Zr–Ni alloy could be obtained by
this method [20]. These researchers demonstrated that the addition of Si could affect the glass forming
ability, but there was no effect of Si on the amorphous forming ability of Ti–Cu–Zr–Ni-based alloys
and the amorphous filler metal designed on the basis of binary deep eutectics.

In this paper, a Ti0.55Cu0.20Zr0.15Ni0.10 alloy was obtained by the binary eutectic mixing method,
and the effect of Si on the amorphous forming ability and mechanical properties of the filler metal was
studied by adding Si to the filler metal.

2. Materials and Methods

The (Ti0.55Cu0.20Zr0.15Ni0.10)1−xSix (wt %) composite filler metal was prepared by mixing four
different weight percentages (0, 0.5, 1.0, and 2.0 wt %) of Si (Aladdin-e, Shanghai, China) into the filler
metal matrix, and the mixed material was melted in a vacuum furnace using an electric arc at 1600 ◦C
for 2.5 h. The filler metal was melted in a crucible and chill-cast in a water-cooled copper mold to form
cuboid ingots of 8 mm × 10 mm × 20 mm (L × W × H). The (Ti0.55Cu0.20Zr0.15Ni0.10)1−xSix is indicated
as TA–Six, where x = 0, 0.5, 1.0, and 2.0 wt %. In the process of electric arc melting, the vacuum degree
was 5 × 10−3 Pa, and each ingot was repeatedly melted four times in order to obtain its chemical
uniformity. The amorphous filler metal foil was prepared in a high-vacuum melt-spun furnace, and
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the alloy foil was cut into strips. The physical phases, microstructures, and thermodynamic parameters
of the filler metal were analyzed using X-ray diffraction (XRD, Bruker D-8 with Cu Kα radiation,
Germany), energy dispersive spectrometry (EDS), scanning electron microscopy (SEM, JSM-6610,
JEOL, Tokyo, Japan), and differential scanning calorimetry (DSC, Q-100, TA Instruments, New Castle,
DE, USA) under continuous argon flow and a heating rate of 4 K s−1 . Both SiC and TC4 (Changfeng
factory, Lanzhou, China) were brazed with the TA–Six amorphous filler metal and cooled in the furnace.
As the TA–Six(x = 0, 0.5, 1.0, and 2.0 wt %) filler metal was a Ti-based alloy, the wettability could be
figured out by the coordinate paper spreading area of the filler metal on SiC. The surface of the SiC was
successively ground to grit sizes of 220, 400, 600, 800, 1000, 1500, and 2000 using silicon carbide paper
(HX factory, Wuhan, China), cooled with flowing water, then polished with 0.5 µm Al2O3 powders (HX
factory, Wuhan, China). The polished SiC was placed into an ultrasonic cleaner to remove the polishing
agent and impurities, washed with deionized water, and cleaned with methanol. Finally, it was dried
in air. The same method was used to treat TC4 and SiC in the brazing; the filler metal strips were
treated in a 5 vol % water solution of HCl (Kejia Chemical Company, Ningbo, China), degreased in a
2% vol water solution of NaOH (Kejia Chemical Company, Ningbo, China), and subjected to ultrasonic
cleaning in ethanol and drying in air. Both the filler metal wettability test and the brazing experiment
were done in high-vacuum conditions, at a brazing temperature of 1030 ◦C for 20 min; the temperature
rising speed was 10 ◦C min−1, and the vacuum degree was not lower than 5 × 10−3 Pa. The shear
strength test was done for the brazed joint in the electronic universal testing machine (Instron-3366,
Instron corporation, Canton, MA, USA) with an extension rate of 0.3 mm s−1 at a temperature of
25 ◦C. Lastly, four samples were tested for the matrix and composite filler metal joints with varying
weight proportions of Si. The shear strength of each component of the filler metal joint was obtained
by averaging the test data. The temperature of the samples was controlled within ±2 ◦C.

3. Results and Discussion

3.1. Composition

Figure 1 shows the XRD patterns of the TA–Six brazing filler metals. It can be seen that the
three filler metals TA–Si0.5%, TA–Si1.0%, and TA–Si2.0% have a diffraction peak at an angle of 40◦ or so
in the XRD diffraction patterns of amorphous alloy, without any corresponding sharper diffraction
peak. They all show the typical diffraction patterns of an amorphous alloy. The XRD patterns of
the TA–Si0% filler metal present several sharper peaks. By calibrating the XRD pattern diffraction
peaks, it was found that the crystalline phases were Cu10Zr7, Ni11Zr9, and β-Ni, respectively. Figure 2
shows the microstructure of the TA–Six (x = 0, 0.5, 1.0, and 2.0 wt %) filler metals at low magnification.
As can be seen from Figure 2a (point 1), the patterns in Figure 2e are low-magnification SEM images of
Figure 2a (point 1) with the corresponding EDS analysis, where the light crystalline phase is Cu10Zr7,
Ni11Zr9, and β-Ni. Because amorphous Ti exists in crystal phase, it cannot be tested by XRD but can be
analyzed by EDS. This observations are in agreement with Sun’s results [15]. It was found that large
crystals with a diameter of 1 µm are dissolved in the dark grey base of TA–Si0%, and small crystals are
dissolved in the dark grey base of TA–Si2.0%. However, there was no crystalline precipitated phase
for TA–Si0.5% and TA–Si1.0%. The test results showed that the TA–Si0% filler metal contained many
crystal microstructures. From the above analyses, the brazing filler metal supplemented with Si could
improve its amorphous forming ability.
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Figure 2. Microstructures at low magnification of the TA–Six filler metals (a) x = 0%; (b) x = 0.5%;
(c) x = 1.0%; (d) x = 2.0%; (e) energy dispersive spectrometry (EDS) of the highlighted region (point 1)
in Figure 2a.

3.2. Thermodynamic Characteristics

Figures 3 and 4 show the differential scanning calorimetry (DSC) curves of the crystallizing and
melting processes of the metal fillers TA–Six (x = 0, 0.5, 1.0, and 2.0%). Table 1 gives the thermodynamic
parameters of TA–Six. The DSC traces exhibit the typical shape of amorphous alloys. With the increase
of Si content from 0 to 2.0%, the glass transition temperature of the filler metal varied from 304 to
355 ◦C. These data clearly show that the addition of Si could improve the glass transition temperature
of the filler metal. The addition of 0.5, 1.0, and 2.0% of Si increased the glass transition temperature
of the filler metal by 12.17%, 15.13%, and 16.78%, respectively. In particular, for the addition of 0,
0.5, 1.0, and 2.0% of Si into the Ti0.55Cu0.20Zr0.15Ni0.10 alloy, the melting points of the composite filler
metal were 946, 932, 943, and 951 ◦C, respectively. These results indicated that the melting point of
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the composite filler decreased firstly and then increased slightly with the increase of Si content. The
melting point decreased from 964 to 932 ◦C for the composite filler metal with 0.5% Si content and
followed a rising trend for the other filler metals, increasing to 943 ◦C and 951 ◦C for the 1.0% and
2.0% composites, respectively. It was found that the temperature difference between the maximum
width (TA–Si0.5%) and the minimum width (TA–Si0%) of the supercooled liquid phase region (∆Tx) was
22 ◦C. The filler metal TA–Si0.5% is considered better in the supercooled liquid phase region (∆Tx) in
comparisons described in previous reports [32]. The narrower strait supercooled phase region means
that a smaller solid–liquid interface energy of the alloy system and the nucleation and growth of the
alloy were promoted. As a result, the amorphous forming ability of the alloy became poorer.
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Table 1. Thermodynamic parameters of the TA–Six filler metals.

Alloy Tg (◦C) Tx (◦C) Tm (◦C) Tl (◦C) ∆Tx (◦C) Trg δ γ

x = 0% 304 342 642 964 38 0.4735 0.5182 0.2697
x = 0.5% 341 401 614 932 60 0.5554 0.6785 0.3150
x = 1.0% 350 403 655 943 53 0.5344 0.6796 0.3116
x = 2.0% 355 406 667 951 51 0.5322 0.6812 0.3109

3.3. Amorphous Forming Ability

On the basis of the classical nuclear theory, Turnbull proposed an evaluation on the amorphous
forming ability of metallic glasses of alloys systems in glass transition temperature [33]. The glass
transition temperature (Trg) can be expressed by:

Trg =
Tg

Tm
(1)

In Chen et al. [34], the glass forming ability (GFA) of amorphous alloys is called δ and can be
expressed as shown in the following equation:

δ =
Tx

Tl − Tg
(2)

In addition, Lu et al. reported a new glass forming ability criterion for metallic glasses [35], where
a new parameter γ was defined as follows for inferring the relative glass forming ability of amorphous
alloys:

γ =
Tx

Tg + Tl
(3)

Table 1 lists the measured thermal parameters γ, δ, and Trg for four alloys. It is noteworthy that
the glass transition temperature (Trg) increased to the maximum value with the addition of 0.5% Si.
With a further increase of Si content, the glass transition temperature (Trg) decreased slightly but still
remained greater than that of the Si-free filler metal. The difference between the maximum glass
transition temperature (Trg) (TA–Si0.5%) and the minimum one (TA–Si0%) was 8.19%. Compared with
other researches, the filler metal TA–Si0.5% showed the best glass transition temperature [36] and
presented a high amorphous forming ability. It was also found that the parameter δ can be used to
evaluate the glass forming ability of the alloys; δ was enhanced by 30.9–31.5% for the Si-containing
composite filler metal alloys compared with the Si-free non-composite filler metals. This means that
a certain amount of Si added to the filler metal could improve the amorphous forming ability of the
alloy. Similarly the parameter γ can be used to infer the relative glass forming ability of amorphous
alloys; the value of the parameter γ increased with the increase of Si content, and a rising trend was
maintained until the weight of Si approached about 0.5%. Beyond this amount, γ increased only
slightly but still remained higher than that of the Si-free non-composite filler metal matrix. This
suggests that addition of Si could improve the amorphous forming ability of the filler metal. The above
results indicate that the amorphous forming ability of the filler metal could be improved with the
addition of Si to the TA–Six (x = 0, 0.5, 1.0, and 2.0%) filler metals, and the effect of Si on the amorphous
forming ability of the filler alloys was most remarkable when the Si content was increased to about
0.5%. Beyond this amount, the amorphous forming ability of the alloy was only slightly improved.

3.4. Wettability

The wettability of a filler metal is one of the important indexes to evaluate the brazing performance.
Figure 5 shows the wettability test results of filler metals in SiC ceramics. The results show that the
spreading area of the filler metal was 3.24 cm2 in TA–Si0%, compared with 4.46, 3.53, and 2.89 cm2 in
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TA–Si0.5%, TA–Si1.0%, and TA–Si2.0% composite filler metals, respectively. However, for higher amounts
(1.0%) of Si in the composite filler metal, the spreading area decreased compared with the TA–Si0.5%

filler metal. The spreading area of the composite filler metal with 2.0% Si was lower than that of the
pristine filler metal. We found that the TA–Six (x = 0, 0.5, 1.0, and 2.0%) filler metal spreading areas
could be arranged in the following descending order: TA–Si2.0%, TA–Si0%, TA–Si1.0% and TA–Si0.5%.
This is because the filler metal with 0.5% Si had the strongest amorphous forming ability, the lowest
liquidus temperature, uniform components, and the strongest spreading ability. On the other hand,
the fluidity of the molten filler metal decreased with the increase of Si content, and its spreading area
was reduced as well.
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3.5. Mechanical Properties

With the same brazing technology, the shear strengths of the brazed joints ranged in the following
ascending order: TA–Si0% (46MPa), TA–Si2.0% (55 MPa), TA–Si1.0% (78 MPa), and TA–Si0.5% (102 MPa).
Therefore, the testing data demonstrated that the shear strength of the studied composite filler metals
increasd with the addition of Si. In addition, the shear strengths of the TA–Six (x = 1.0 and 2.0%)
filler metal joints were slightly lower than that of the TA–Si0.5% filler metal joint by about 23.53% and
46.08%, respectively. Noteworthy, the improvement in shear strength of the composite filler metal
joints (especially, TA–Si0.5%) can also be explained in terms of changes of wettability and melting points.
The maximum spreading area and the lowest melting point were reached when the Si content was
0.5%. This means that the filler metal diffusion into the base metal by capillarity can be improved in
the same brazing conditions and is beneficial to the connection between filler metal and substrate. The
TA–Si0.5% filler metal joint displayed the maximum shear strength. The TC4–TA–Si0.5%–SiC joint with
additive Si had a certain shear intensity, which was 122% higher than that of the TC4–TA–Si0%–SiC
joint without additive Si. In light of these experimental results, it can be concluded that Si addition
could strengthen the brazing joint of composite filler metals.

4. Conclusions

In this research, the effect of silicon on the microstructure and performance of a new binary deep
eutectic Ti–Cu–Zr–Ni-based filler metal was studied. The results are summarized as follows:

1. The design based on binary deep eutectic or proportionally mixing binary eutectics composites
can enhance the glass-forming ability of the filler metal.

2. The amorphous forming ability of the filler metal can be improved with the addition of silicon
(Si) to TA–Six (x = 0, 0.5, 1.0 and 2.0%) filler metals.

3. The filler metal presents the strongest amorphous forming ability when the content of Si is up
to 0.5%.
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4. The supercooled phase region width (∆Tx max = 60 ◦C), the reduced glass transition temperature
(Trg max = 0.5554), the parameter γ (γmax = 0.3150) for inferring the relative glass-forming ability
of the amorphous alloys, and the wetting area (4.64 cm2), reach their maximum values, and the
liquidus temperature (Tl min= 932 ◦C) reach its minimum value when the Si content is up to 0.5%.

5. In the same brazing technology conditions, the shear intensity of the brazing joints is the highest
when using the filler metal TA–Si0.5% (102 MPa), being 122% higher than that obtained when
using the filler metal TA–Si0% (46 MPa).
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