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The wetting behaviour of (HfTaZrNbTi)B2 high entropy boride (HEB) and (HfTaZrNbTi)C high-entropy carbide
(HEC) with molten Cu and AgCuTi alloy was investigated via the sessile drop method under an Ar/H, atmo-
sphere. Pure Cu exhibited non-reactive wetting with contact angles ~ 120° on HEB and ~ 126° on HEC. In
contrast, AgCuTi alloy showed strong reactive wetting (contact angle < 17°), primarily driven by reactive Ti. The
reaction layer was notably thicker for the HEC/AgCuTi system. Due to the better wetting behaviour and high-

temperature interactions with the ceramic substrates, AgCuTi alloy was employed as a filler to braze HEB and
HEC using pressure-less Field Assisted Sintering Technique (FAST). The resulting joints demonstrated high
apparent shear strength of 176 + 39 MPa for HEC and 116 + 38 MPa for HEB, exceeding the strength of the base

materials in both cases.

1. Introduction

High-entropy boride (HEB) and carbide (HEC) ceramics, composed
of transition metal elements, represent novel ultra-high temperature
ceramics (UHTCs) with promising potential applications in the aero-
space and nuclear energy industries. These materials have garnered
significant attention due to their superior properties, such as high
hardness, high elastic modulus, high strength, high fracture toughness,
high thermal stability, and oxidation resistance when compared to
conventional binary carbides and borides [1-3]. The pioneering devel-
opment of boride [4] and carbide [5] ceramics through high-entropy
design has sparked significant research dedicated to their synthesis
and characterisation. HEB ceramics have been explored in a range of
compositions, including (HfZrTaNbTi)B, [6], (HfMoZrNbTi)B, [71,
(HfZrTiTaCr)By [8]. In contrast, various HEC ceramics compositions,
such as (HfNbTaTiZr)C [9], (MoNbTaWV)C [10], and (TiZrNbTaw)C
[11], have also been studied extensively. The works on the HEB and HEC
ceramics have confirmed that the high entropy concept provides
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excellent opportunities for UHTC ceramics with a broad range of char-
acteristics and applications.

Among the studied compositions, (HfNbTaTiZr)B, HEB and
(HfNbTaTiZr)C HEC have been most extensively studied recently, due to
their exceptional properties. (HfZrTaNbTi)By HEB, like the other high-
entropy diborides, forms an AlB,-type hexagonal crystal structure [8,
12], exhibiting impressive hardness in the range of 18.3-26 GPa
(measured at the load of 2 N) [13]. Moreover, the fracture toughness and
flexural strength were reported to be 4.35 MPa.m'/? and 388 MPa,
respectively [14]. Gild et al. studied the oxidation behaviour of various
high-entropy borides and conventional metal mono-borides, which were
fabricated and tested in the same conditions [4]. The results showed that
(HfNbTaTiZr)B, HEB exhibited superior oxidation resistance over con-
ventional metal single-diborides. On the other hand, (HfNbTaTiZr)C
HEC crystallises into a rock salt FCC crystal structure, and its mechanical
properties, such as hardness, fracture toughness, Young’s modulus, and
flexural strength, were reported to be 32.1 MPa [15], 5.9 MPa.m'/? [16],
479 GPa [17], and 438 MPa [15], respectively. Feng et al. demonstrated
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that (HfNbTaTiZr)C HEC exhibited better strength retention at high
temperatures when compared to individual single-carbides [18]. How-
ever, owing to intrinsic brittleness and challenges in the fabrication of
large sizes and complex shapes of ceramics in general, extending the
potential application of these high entropy ceramics is related to the
development of reliable, user-friendly, and strong joints [19,20].

Brazing is a simple and convenient technique that is frequently used
to join boride and carbide ceramics either to themselves or dissimilar
materials [21-24]. The selection of a suitable metallic filler, while
considering the application condition, plays a crucial role in the brazing
of ceramics. Various kinds of active metallic fillers, such as AgCuTi [25],
TiNi [26], AlTi [27], and ZrCuNb [28] have been adopted to braze
pressure-less sintered SiC, TiBy-TiC-SiC composite, CVD-SiC, and
reaction-sintered SiC ceramics, respectively. Due to its good wettability,
low brazing temperature, and reaction bonding formation, a commercial
AgCuTi alloy has been widely utilised in the brazing of ceramics to
similar [29,30] or dissimilar (metallic) [31-33] materials.

Field-Assisted Sintering Technique (FAST) has proven advantageous
for joining of ceramics via both pressureless and pressure-assisted
methods [34,35]. Its rapid heating and cooling rates, precise tempera-
ture control, and shorter processing times facilitate tailored micro-
structures and minimize interfacial reactions, ultimately enhancing the
mechanical properties of the resulting brazed joints [36].

The investigation of wetting angle and interfacial behaviour of
metal/ceramic systems is a crucial study for the development of an
appropriate brazing process for ceramics. The interaction between
metals and ceramic surfaces, particularly the wetting behaviour of
metals on ceramics, has been extensively investigated. In principle,
metal-like ceramics, such as diborides and carbides, should be readily
wetted by liquid metals; however, the wetting can be limited by the
presence of native oxide layers on the ceramic surfaces [37]. Indeed,
pure metals, such as Cu and Ag, exhibited poor wettability on the surface
of borides and carbides, and a large scatter of data exists depending on
experimental parameters and ceramic conditions [38]. It was reported
that the contact angle of molten Cu and Ag on the surface of ZrB, was
80° and 130°, respectively [39,40]. Passerone et al. reported the wetting
angles of 91° and 115° for the wetting of TiBs by molten Cu and Ag,
respectively [41]. Frage et al. also reported non-reactive wetting for
molten Cu (contact angle ~ 90°) and Ag (contact angle ~ 120°) on TiC
substrates [42]. The addition of active metals, such as Ti, into pure
metals is an efficient way to improve wettability [43,44]. Zhang et al.
demonstrated that adding 50 at.% Ti into Cu reduced the contact angle
with ZrB, substrates from 80° to < 10° [44]. Muolo et al. reported a
contact angle of 25° for the molten AgCuTi alloy on the surface of ZrB,
[45]. Additionally, AgCuTi on the surface of SiC exhibited good wetting
with a contact angle < 15° [46]. In this light, AgCuTi could be consid-
ered a promising filler for brazing boride and carbide ceramics.

The aim of the present work was to join (HfNbTaTiZr)B, HEB and
(HfNbTaTiZr)C HEC ceramics to themselves using AgCuTi as the brazing
filler. These two ceramics were selected because they are the most
widely studied representatives of the HEB and HEC groups. While both
ceramics share the same metallic elements, they differ in their structures
and chemical bonding, which may result in distinct wetting and inter-
facial reaction behaviour. To provide a comprehensive understanding of
brazing high entropy UHTCs with a common brazing filler (AgCuTi),
both materials were investigated in the present study. First, the wetta-
bility and interfacial layer of pure Cu and AgCuTi alloy on the surface of
ceramics were investigated using the sessile drop technique. The wetting
study of pure Cu was conducted to provide a baseline for understanding
the fundamental wetting behaviour of the ceramics without the influ-
ence of Ti, the active element in AgCuTi. This helps to quantify the
effectiveness of Ti in overcoming the inherent wetting challenges asso-
ciated with high-entropy ceramics. Subsequently, AgCuTi alloy was used
to braze the ceramics using pressure-less Field Assisted Sintering Tech-
nique, which helps to minimize interfacial reactions and prevent sub-
strate dissolution due to the shortened processing time and rapid
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heating. This is the first systematic study on the wetting behaviour and
interfacial reactivity of Cu and AgCuTi alloy in contact with high en-
tropy ceramics, followed by successful brazing using AgCuTi filler.

2. Materials and methods
2.1. Materials

The (HfTaZrNbTi)B, HEB and (HfTaZrNbTi)C HEC ceramics for
wetting and brazing experiments were prepared using FAST process, as
described in [47] and [48], respectively. Briefly, the oxide powders (all
from ThermoFisher Scientific), such as TiO5 (~ 325 mesh, anatase,
99.6%), ZrO, (~ 325 mesh, 99.7%), HfO, (~ 325 mesh, 99%), Nb,Os (~
325 mesh, 99.9%), Ta;Os (~ 325 mesh, 99.85%) were mixed with the
B4C (d50 = 0.5 pm, Grade HD20, H.C. Starck) and carbon black (~ 325
mesh, Vulcan PF, CS Cabot) powders in the molar fraction of
1/1/1/0.5/0.5/3.125/5.95 to synthesise pure HEB phase via bor-
o/carbothermal reduction. The pressure-less synthesis was performed in
a FAST machine (DSP 507, Dr. Fritsch) at 1800 °C for 1 hour in a vac-
uum. Then, the as-synthesised powder was filled up in a graphite die
with an inner diameter of 20 mm, and sintered under argon at 1900 °C
for 10 min using the uniaxial pressure of 70 MPa. On the other hand,
HEC was prepared using a one-step synthesis/sintering process. The HfC
(99.5 %, ~ 325 mesh, Alfa Aesar), ZrC (99.5 %, ~ 325 mesh, Alfa Aesar),
TaC (99.5 %, ~ 325 mesh, Alfa Aesar), NbC (99 %, < 10 pm, Alfa Aesar),
and TiC (99.5 %, typically ~ 2 pm, Alfa Aesar) powders were mixed in
an equimolar ratio. The powder mixture was placed in a graphite die
with an inner diameter of 20 mm and sintered by FAST in argon at the
temperature of 2050 °C for 7 min using the uniaxial pressure of 70 MPa.

After sintering, the samples were cut to a rectangular shape with the
dimensionsof 12 x 12 x 3 mm3, and the surface of the samples (12 x 12
mm?) was polished up to the final 3 ym diamond suspension. The surface
roughness (Sa) of the polished ceramics was measured using a non-
contact confocal profilometer (Sensofar S-Neox) over an area of 875 x
659 pm?, resulting in the values of less than 30 nm for all ceramic sur-
faces used for wetting and brazing experiments.

A commercial pure Cu metal (purity: 99.999%, Koch-Light) and a
commercial AgCuTi alloy (Ag: 70.5, Cu: 26.5, Ti: 3.0 wt%, Degussa) in
the form of foil with a thickness of 100 pm were used as the raw ma-
terials for wetting studies and brazing of high entropy ceramics.

2.2. Wetting studies

The wetting experiments were designed based on the sessile-drop
technique. The setup consists of two concentric, horizontal alumina
tubes connected to the high vacuum rotary and turbo-molecular pump
system [27]. To avoid oxygen contamination and remove any species
adsorbed to the alumina chamber, the setup was maintained at a high
vacuum (4 x 107* Pa) at 800 °C for 24 h prior to the wetting experi-
ments. Subsequently, the furnace was heated to the final wetting tem-
perature, and an Ar + 5% Hy gas mixture was introduced into the reactor
at a flow rate of 8.33 x 1077 m®/s. The system was held at the temper-
ature for 10 min to reach a physicochemical equilibrium. After equili-
bration, the metal/ceramic couple, surrounded by a zirconium foil getter
to further reduce potential oxygen contamination around the drop, was
positioned in the high-temperature zone through an external manipu-
lator. An S-type thermocouple under the alumina support constantly
monitored the experiment temperature. A high-resolution CCD camera
was used to record the isothermal wetting process by capturing images
every second. After 5 min, the metal/ceramic couple was removed from
the furnace hot zone within 20 s and cooled down to room temperature.
The ad hoc designed ASTRA View image analysis software was
employed to obtain contact angle (0) data during each experimental run.
The wetting experiment of pure Cu and AgCuTi alloy on high entropy
ceramics was performed at 1100 °C and 950 °C, respectively. For
adequate melting, the wetting temperature for Cu was set 15 °C above its
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melting point. On the other hand, the wetting temperature for AgCuTi
alloy was chosen based on thermodynamic calculations [49], which
highlighted the role of Ti activity in determining contact angles and the
interaction between two liquid phases within the miscibility gap
(910-950 °C) during the wetting process.

2.3. Bragzing procedure

The brazing assembly was achieved by placing the AgCuTi foil with a
thickness of 100 um between two high entropy ceramic substrates (12 x
12 x 3 mm®) in a graphite die having a diameter of 20 mm. The samples
were joined along the 12 x 12 mm? surface with an offset (the deliberate
misalignment of their edges, with one sample shifted 3 mm laterally
relative to the other), corresponding to the joining area of 9 x 12 mm?2.
The brazing was performed at 950 °C for 5 min in an Ar atmosphere
using a FAST machine (DSP 507, Dr. Fritsch), where any necessary
contact pressure was applied to the graphite die, while no pressure was
applied to the brazing assembly. The heating and cooling rates were kept
constant at 100 °C/min and 20 °C/min, respectively.

2.4. Characterisation

The phase compositions of the as-sintered HEB and HEC ceramics
were characterised using X-ray diffraction (XRD; Panalytical Empyrean,
Cu Ka radiation). The microstructure and chemical compositions of the
as-sintered materials were investigated using a Scanning Electron Mi-
croscope (SEM; AURIGA Compact, Zeiss), while the interfacial layers of
the ceramic/metal couples after wetting and brazing were characterised
by SEM (Lyra 3 XMU FEG, Tescan) equipped with an Energy Dispersive
Spectroscopy (EDS, Ultimmax, Oxford Instruments) detector.

The strength of the brazed samples was evaluated by a single lap
offset shear test, using a universal testing machine (SINTEC D/10) at
room temperature [50]. A shear load was applied by moving the
cross-head at a speed of 0.5 mm/min. The test configuration and the
geometry of the fixture are reported in Ref. [51]. The apparent shear
strength was obtained by dividing a maximum force by the brazing area
(~ 9 x 12 mm?) and the average value of at least three measurements
was reported. The results of the mechanical tests were expressed as
mean + standard deviation.

3. Results and discussion
3.1. Characterisation of HEC and HEB ceramic substrates

Fig. 1 shows the Secondary Electron SEM images (SEM-SE) of the
microstructure of the sintered (HfTaZrNbTi)B, HEB and (HfTaZrNbTi)C
HEC ceramics, along with their XRD patterns. The XRD results
confirmed that the sintered (HfTaZrNbTi)B, HEB crystallised into a
hexagonal phase, while the sintered (HfTaZrNbTi)C HEC exhibited a
single-phase solid solution with a rock-salt structure. Additionally, the
SEM images of the microstructures of HEB (Fig. 1a) and HEC (Fig. 1b)
confirmed that the sintered high entropy ceramics were nearly fully
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dense. The single-phase final microstructure was confirmed for both the
HEB and HEC by XRD, as shown in Fig. lc. Detailed information
regarding the development and characterisation of HEB [47] and HEC
[48] ceramics was provided in our previous works.

3.2. Wetting of pure Cu on HEB and HEC ceramics

Figs. 2a and 2b illustrate the wetting behaviour of pure Cu on
(HfTaZrNbTi)B, HEB and (HfTaZrNbTi)C HEC ceramic substrates,
respectively, while Figs. 2c and 2d show the SE-SEM images of the cross-
sections of the metal/ceramic couples. This experiment was conducted
at 1100 °C, which is 15 °C above the melting point of copper (1085 °C).
The laplacian curvature observed in the shape of the droplets confirmed
that melting had occurred. It can be observed that pure Cu exhibited
poor wettability on both ceramics, reaching final contact angles of 120°
and 126° for HEB and HEC, respectively. For the 300 s of liquid-solid
contact, the contact angle remained constant. The present results are
in good agreement with some previous works reporting the poor
wettability of molten pure Cu on boride and carbide ceramics [39,41,42,
44]. The weak interfacial bonding and the lack of chemical reactions at
the interface mainly cause the poor wetting of molten Cu on boride and
carbide ceramics. Pure Cu does not form strong bonds or interfacial
compounds with these relatively stable ceramics, which prevents the
surface energy reduction needed for good wetting. As a result, strong
atomic bonds in carbide and boride ceramics leads to a high contact
angle, even at elevated temperatures [39,41,42].

3.3. Wetting of AgCuTi alloy on HEB and HEC ceramics

Fig. 3 presents the time-dependent changes in the contact angle
during the wetting of molten AgCuTi alloy on HEB and HEC ceramic
surfaces. This also shows the macro images of the ceramic/molten metal
couples captured at various time intervals, ranging from O s to 300 s. It is
clear that in comparison with Cu, AgCuTi showed a good wettability on
the surface of both the HEB and the HEC ceramics with the final contact
angle of < 17° after 300 s. In both cases, the wetting kinetics suggest that
liquid spreading on the substrates was driven by interfacial interactions.
In the case of HEB ceramics, the wetting angle rapidly decreased to ~
50° within the initial 50 s. Subsequently, the molten alloy continued to
spread, with the contact angle gradually decreasing to a final value of <
17° over the following 240 s. Similarly, in the case of HEC ceramics, the
wetting angle sharply dropped to ~ 60° in about 40 s, followed by a step-
wise reduction in the contact angle over time. The final contact angle of
17° was reached after approximately 180 s, which then remained stable
until the end of the test. This slightly different evolution of contact angle
observed for the two high-entropy ceramic substrates can be attributed
to the slightly enhanced reactivity of the molten alloy with the HEC
substrate, as will be discussed later. It should be pointed out that
somewhat different kinetics did not influence the final contact angle and
overall spreading behaviour of the molten alloy on the two ceramic
substrates, as clearly shown in Fig. 3.

N
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50 60 70 80

40
20 [degree]

Fig. 1. SEM-SE microstructure of the sintered HEB (a) and HEC (b) used for wetting and brazing experiments. XRD patterns confirmed the formation of a single-

phase solid solution in both ceramics (c).
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Fig. 2. Macro images of molten Cu on the surface of HEB (a) and HEC (b). SEM-SE image of the interface between the solidified Cu and HEB (c) and HEC (d) surfaces

after wetting at 1100 °C for 5 min.
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Fig. 3. Contact angle as the function of time during the wetting experiment of
molten AgCuTi alloy on the surface of HEB (in red) and HEC (in blue) per-
formed at 950 °C.

3.4. Microstructure, interfacial reactions, and brazing of HEB ceramics

Fig. 4 shows the back-scattered SEM (SEM-BSE) images of the cross-
section of the AgCuTi/HEB couple (Fig. 4a) and the detailed interfacial
microstructures at different magnifications (Fig. 4b-4d) with the corre-
sponding EDS line analysis after the wetting experiment at 950 °C
(Fig. 4e). Table 1 shows the EDS results recorded at different regions of
the sample interface (shown as A - D in Fig. 4c and 4d) to identify the
individual phases. The AgCuTi alloy solidified with a typical eutectic
microstructure, along with the formation of elongated Cu-Ti interme-
tallic compounds. The bright matrix consisted of Ag-rich phase (A),
while three distinct Cu-Ti phases were observed in the interfacial re-
gions. The Cu-rich Cu-Ti phase (B) was formed close to the interface with
the ceramics (Cu: 76.1 at.%, Ti: 21.9 at.%; likely Cu4Ti), and some
needle-like Cu-Ti grains (C) with a lower amount of Cu (Cu: 54.3 at.%,
Ti: 43.7 at.%,; likely CuyTi3) were embedded in this reaction zone. Be-
sides this, the black particles of different shapes (D) were identified as

Ti-rich Cu-Ti phase (likely CuTis). The formation of the same phases as
reported in Table 1 has been previously reported in the literature
[52-54]. At the interface with ceramics, a Ti-rich continuous interfacial
reaction layer with a thickness of ~ 1 pm was observed (Fig. 4d, dark
region), also confirmed by the EDS line analysis (Fig. 4e). This is pre-
sumably Ti-B phase, but boron cannot be reliably detected by EDS
analysis. Additionally, a Ag-rich layer (bright phase in Fig. 4d) with a
thickness of ~ 1.5 pm was observed along the interface above the Ti-B
layer, as confirmed by the EDS line analysis (Fig. 4e).

The formation of a Ti-rich reaction layer across the ceramic/metal
interface indicates that Ti, as an active element in the brazing alloy,
played a significant role in improving the wettability of the AgCuTi on
the HEB substrate. This behaviour, leading to the formation of Ti-B re-
action layer, was previously reported in the studies focused on single
diborides [37,38]. The SEM analysis also revealed the presence of some
cracks in the ceramic part, which were caused by the thermal expansion
coefficient (CTE) mismatch between HEB (the available CTE value is for
(Ti,Zr,HN)By ~ 8.7 x 10 K') [55] and AgCuTi alloy (CTE ~ 18 x 107°
K'! [49]). The rapid quenching of the samples (within ~ 50 s) after the
wetting experiment could exacerbate the effect of the CTE mismatch,
leading to the significant formation of cracks due to the residual stresses.

A low contact angle, combined with a strong interaction between
AgCuTi alloy and HEB, indicated that AgCuTi is a promising filler for
brazing of HEB ceramics. Fig. 5 shows the backscattered SEM images
and the corresponding EDS elemental mapping of HEB ceramics brazed
with the AgCuTi interlayer at 950 °C within 5 min. The HEB samples
were successfully brazed without any defects either in the filler or at the
interfacial layer. Contrary to the significant cracking during the wetting
experiments, a crack-free joint was achieved due to a relatively slow
cooling rate from the brazing temperature in a FAST machine (20 °C/
min).

The presence of active element (Ti) within the AgCuTi alloy led to the
partial dissolution of the HEB ceramics. Consequently, Hf and Ta were
released and incorporated into the filler, forming a Cu(Hf,Ta) solid so-
lution with a minor concentration of Ti (Fig. 5). Notably, the interaction
between Ti and the (HfTaZrNbTi)B, ceramics at the ceramic interface
resulted in the development of a (Ti,B)-rich phase. In contrast, the
metallic interface exhibited the formation of a relatively thick layer
composed of Ti-Cu intermetallic compounds, which aligns with the
aforementioned wetting results. The Ag-rich layer, as observed after
wetting, was not detected at the joint interface, indicating that the
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Fig. 4. SEM-BSE images of the cross-section of AgCuTi/HEB couple after wetting at 950 °C for 300 s at different magnifications (a-d). e) EDS line analysis recorded

along the arrow in Fig. 4d.

Table 1
EDS analysis (at.%) recorded in the solidified alloy as shown in Fig. 4c and 4d.

EDS points Ag Cu Ti Possible phases
A 88.1 11.9 - Ag (s,s)

B 2.0 76.1 21.9 CuyTi

C 2.0 54.3 43.7 CuyTis

D 0.8 32.2 67.0 CuTi,

prolonged exposure to elevated temperature during brazing promoted
elemental interdiffusion and the evolution of more homogeneous solid
solutions.

Thermodynamic calculations confirmed that Hf tends to dissolve in
liquid Cu and form stable phases [56,57]. Turchanin et al. measured the
standard enthalpies of solutions of Ti, Zr, and Hf in liquid Cu and
demonstrated that the Cu-Hf compound is more stable than Cu-Ti or
Cu-Zr compounds [58]. The dissolution of Ta below 1084 °C in molten
Cu is negligible and does not form any intermetallic compounds [59,60],
and its solubility behaviour is affected by the presence of impurities or
other refractory metals [61]. The present results indicate that the
presence of other elements, such as B, or Hf, significantly affected the
solubility of Ta in liquid Cu, resulting in the formation of Cu(Hf,Ta,Ti)
solid solution (see Fig. 5).

3.5. Microstructure, interfacial reactions, and brazing of HEC ceramics

Fig. 6 shows the back-scattered SEM images of the cross-sectioned
AgCuTi/HEC system (Fig. 6a), and the interfacial microstructures at
different magnifications (Fig. 6b-6d) with the corresponding EDS line
analysis after the wetting experiment at 950 °C (Fig. 6e). Moreover,
Table 2 shows the results of EDS point analysis of the different phases, as
shown in Fig. 6¢ and 6d. The solidified alloy exhibited the characteristic
eutectic microstructure of AgCuTi, consisting of a Ag-rich matrix
(labelled “A” in Fig. 6¢) and Cu-Ti intermetallic phases. Near the inter-
face, three distinct Cu-Ti intermetallic phases were observed. A Ti-rich
Cu-Ti intermetallic phase (labelled “D”) formed an almost continuous
layer directly at the interface. Adjacent to this, a core-shell structure of
Cu-Ti intermetallic phases with varying Ti and Cu content in the core
(“C™) and the shell (“B”) was observed. Consistent with the HEB/AgCuTi
system, the formation of Cu(Hf,Ta,Ti) solid solution within the solidified
alloy (indicated as C) was confirmed by EDS line scan (Fig. 6e) and point
analysis (Table 2). EDS analysis (Fig. 6d, Table 2) further confirmed that
Ti acted as active element, reacting significantly with the HEC substrate
to form a continuous Ti-rich reaction layer (labelled “E”) containing a
significant amount of Ta and Nb. This suggests that a complex carbide
phase was formed. Notably, this reaction layer was thicker (2.5 — 3 um)
compared to the HEB/AgCuTi system, indicating a higher reactivity of
the alloy with the HEC surface. The resulting “rougher” interface likely
contributed to the step-like evolution of contact angles observed during
wetting experiments on the HEC substrates (Fig. 3). At the same time, a

Fig. 5. SEM-BSE image of the cross-section of HEB/AgCuTi/HEB joint (a) and the corresponding EDS mapping (b).
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Fig. 6. SEM-BSE images of the cross-section of AgCuTi/HEC couple after wetting at 950 °C for 300 s at different magnifications (a-d). e) EDS line analysis recorded

along the arrow shown in Fig. 4d.

Table 2
EDS analysis (at.%) recorded at the points reported in Fig. 6¢ and 6d (carbon was
excluded from the analysis).

EDS Ag Cu Ti Hf Ta Zr Nb Possible
points phases

A 785 122 22 1.7 28 1.4 1.2 Ag (s,8)

B 17.3 550 183 23 44 1.4 1.3 -

C 2.8 49.5 402 19 3.6 0.9 1.2 -

D 9.1 183 606 25 38 27 31 -

E 1.6 3.8 637 45 11.0 3.3 122 (TiNb,Ta)Cy

significantly lower amount and a smaller size of Cu-Ti intermetallic
phases was formed in the HEC/AgCuTi system.

Fig. 7 shows the microstructure of the HEC samples joined with the
AgCuTi filler at 950 °C, along with the corresponding EDS elemental
mapping. Similar to the HEB/AgCuTi system, a Ti-rich layer was formed
at the metal/ceramics interface. It has already been reported that when
AgCuTi alloy is in contact with carbide ceramics, active Ti within the
alloy reacts with the ceramic substrate to form carbide phases [30].
Moreover, analogous to the wetting experiment, a Ti reaction layer, also
containing Nb and Ta, was detected at the ceramic part of the interface.
This reaction layer (containing (Ti,Nb,Ta)Cy phases) exhibited a greater
thickness (2.5 — 3.0 pm) in the HEC/AgCuTi system when compared to
the TiBy reaction layer found in the HEB/AgCuTi system (1.0 — 1.5 pym).
This finding aligns with the wetting results presented in Fig. 3. As pre-
viously discussed for the HEB/AgCuTi system, Hf and Ta from the
ceramic substrate dissolved into molten Cu to form a Cu(Hf,Ta) solid

solution, which also contained a minor amount of Ti (Fig. 7). In agree-
ment with the wetting results, the HEC/AgCuTi/HEC joints exhibited a
significantly smaller amount of Ti-Cu intermetallic phases at the
metallic part of the interface (Fig. 7) when compared to the HEB/Ag-
CuTi/HEB joints (Fig. 5).

3.6. Mechanism of brazing

The brazing mechanism of HEB and HEC ceramics with AgCuTi
alloy was determined through chemical composition and microstruc-
tural analysis, revealing a three-stage process: i. Melting of the AgCuTi
alloy and initial contact, ii. Atomic diffusion and interfacial reactions,
and iii. Precipitation of new phases and joint formation. While both
ceramics exhibited similar initial behaviours with the molten AgCuTi
alloy, their distinct chemical compositions and bonding led to differ-
ences in phase formation and reaction layer thickness.

i. Melting of AgCuTi alloy and initial contact: Upon heating, the
AgCuTi alloy melts and wets the ceramic substrates. Titanium in the
alloy plays a crucial role in enhancing wettability by its reaction with
the ceramic surfaces, facilitating initial contact. This observation is
consistent with other ceramic brazing systems, such as SiC [30],
SigNy4 [43] and ZrB, [44], where Ti addition improved wettability
and initial contact.

ii. Atomic diffusion and interfacial reactions: As brazing pro-
gresses, Ti atoms diffuse from the AgCuTi filler towards the ceramic
interfaces, initially reacting at grain boundaries. In both HEB and
HEC systems, Hafnium and Tantalum from the ceramics dissolve into

Fig. 7. SEM-BSE images of the cross-section of HEC/AgCuTi/HEC joint (a) and the corresponding EDS mapping (b).
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the molten Cu, forming Cu(Hf,Ta) solid solutions [56-58]. However,
the strong metal-boron covalent bonds and high thermodynamic
stability of HEB limit Ti interaction and boride dissolution, resulting
in slower interfacial reaction kinetics and a thinner reaction layer
compared to carbide-based ceramics [45,62]. Despite this limitation,
Ti reacts slightly with available boron at the HEB interface, forming
TiBy phases, similar to observations in CuTi/TiB, [63] and
AlMgB14-TiBy/AgCuTi [64] systems. Conversely, the high reactivity
of Ti with carbon in HEC promotes significant interfacial reactions,
increasing material dissolution and enriching the molten alloy with
transition metals. This enhanced reactivity leads to the enrichment of
transition metal elements from the ceramic in the molten alloy,
facilitating their incorporation into the interfacial Cu-Ti reaction
zone. As a result, a higher amount of elemental interdiffusion is
observed, influencing the interfacial chemistry and microstructural
evolution. This behaviour aligns with studies on brazing of SiC [29],
ZrC-SiC [33] ceramics, where Ti reacts with carbon to form carbide
phases.

iii. Precipitation of new phases and joint formation: As the alloy
and interface stabilize during cooling, the elements reprecipitate,
forming complex intermetallic phases at both interfaces: borides at
the HEB/AgCuTi interface, and carbides at the HEC/AgCuTi inter-
face. Solidification of these in-situ formed metallic, intermetallic and
ceramic phases significantly affect mechanical bonding by reducing
interfacial energy [37,39,44]. In the HEB/AgCuTi system, a thin (~1
pm) Ti-B reaction layer precipitates, with minimal Ag-rich layer
formation, indicating the dominance of the Ti-rich reaction layer in
bonding. In contrast, the HEC/AgCuTi system exhibits a thicker
(~2.5 — 3 pm) reaction layer composed of complex (Ti,Nb,Ta)Cx
carbide phases. The presence of Ta and Nb in HEC contributes to the
thickness and complexity of the reaction layer, enhancing interfacial
bonding. It should be noted that Nb and Ta tend to form carbide
reaction layer at the interface.

In summary, while both HEB/AgCuTi and HEC/AgCuTi brazing
systems share common behaviours, such as the formation of Ti-rich re-
action layer and the dissolution of Hf and Ta into the molten Cu to form
stable Cu(Hf,Ta) solid solutions, key differences arise due to the distinct
chemical compositions and bonding of the individual ceramics. HEB
forms thinner (~1 pm) TiBy phases, whereas HEC forms a thicker (~2.5
- 3 pm) interfacial layer with more complex (Ti,Nb,Ta)Cy phases. These
differences in reaction layer thickness and composition significantly
influence the mechanical properties of the brazed joints.

3.7. Shear strength of the brazed HEB and HEC ceramics

Fig. 8 shows the apparent shear strength of HEB and HEC ceramics
brazed with the AgCuTi alloy at 950 °C. Due to the crack-free, homog-
enous interlayer, a relatively high apparent shear strength of 116 + 38
MPa and 176 + 39 MPa was measured for the HEB/AgCuTi/HEB and
HEC/AgCuTi/HEC joints, respectively. It should be pointed out that in
all cases, the failure of the joints occurred in the base materials and not
in the joining interlayer, or along the interface. Since the base materials
crashed and fragmented into many small pieces, a higher number of
specimens or the specimens with a reduced joining area would be
needed to provide more reliable shear strength of the joints, followed by
the fractography. However, the present results clearly revealed that the
final shear strength of the joints was pre-determined by the intrinsic
strength of the base materials, i.e. (HfTaZrNbTi)B2 and (HfTaZrNbTi)C.
Although a direct comparison between the two high-entropy ceramic
substrates is limited by the different intrinsic properties of both mate-
rials, the shear strength of the HEC joints was still higher when
compared to the HEB joints.

Various strength values for the ceramics brazed with AgCuTi alloy
have been reported. Song et al. brazed the SiC samples using AgCuTi
filler reinforced with graphene nanoplatelets, achieving a shear strength
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Fig. 8. Apparent shear strength of HEB and HEC ceramics brazed with AgCuTi
at 950 °C.

of 38 MPa [30]. Zhou et al. reported a shear strength of 70 MPa for the
SiC joints with AgCuTi alloy prepared using flash joining technique [29].
Yang et al. reported a shear strength of 146 MPa for the ZrB,-SiC joints
with TiB-reinforced AgCuTi alloy [65]. These reported values confirmed
that the strength of the ceramic brazed with AgCuTi is strongly related to
the thickness, composition, and microstructure of the interlayer, as well
as the intrinsic properties of the base materials.

Therefore, the relatively high shear strength achieved in this work
can be attributed to the well-densified, single-phase HEB and HEC
ceramic substrates, along with the formation of crack-free reaction
layer. Specifically, a TiBy-rich layer formed in the HEB/AgCuTi/HEB
joint, while a (Ti,Nb,Ta)Cx-rich layer developed in the HEC/AgCuTi/
HEC joint, both contributing to the enhanced mechanical performance.
In addition, the Cu-Ti intermetallic compounds are well known as brittle
phases and their presence leads to the deterioration of the strength. In
the present work, the formation of these brittle intermetallic compounds
was partially inhibited, particularly in the case of HEC joints, which
could also significantly contribute to the higher strength of the joints.

4. Conclusion

The wettability and interfacial interaction of molten Cu and AgCuTi
alloy on the surface of (HfTaZrNbTi)B, HEB and (HfTaZrNbTi)C HEC
ceramics were investigated for the first time, allowing to draw the
following conclusions:

1) Pure Cu exhibited a poor, non-reactive wetting on both the HEB
(contact angle of 120°) and HEC (contact angle of 126°) substrates,
indicating poor interfacial adhesion. In contrast, the AgCuTi alloy
exhibited significant reactive wetting on both substrates (contact
angle < 17°), making it a suitable filler for brazing of HEB and HEC
ceramics.

2) The high-temperature interaction between the molten AgCuTi alloy
and the HEC ceramic substrate resulted in the formation of a thicker
(Ti,Nb,Ta)Cx reaction layer (2.5 — 3.0 um) when compared to the
thinner TiBy reaction layer (1.0 — 1.5 pm) observed at the interface
with the HEB substrate. This difference highlights the distinct
interfacial reactivity of the AgCuTi alloy with the two ceramic types.

3) The apparent shear strength of HEC and HEB joints was 176 + 39
MPa and 116 + 38 MPa, respectively. In all tested joints, failure
consistently occurred within the base ceramic materials, which
showed extensive fragmentation. This failure mode suggests that the
measured shear strength of both joints was limited by the inherent
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mechanical strength of the HEB and HEC ceramics themselves, rather
than the integrity of the brazed interface.

4) This study provides a fundamental understanding for the develop-
ment of effective joining methodologies for these novel high-entropy
boride and carbide ceramics. The demonstrated ability of brazing
with AgCuTi alloy opens avenues for their integration into advanced
technological applications requiring robust performance in extreme
service environments.
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