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A B S T R A C T

In this work, a Ti-based high-entropy alloy was used to join Al2O3f / Al2O3-ZrO2 ceramic matrix composites, 
intended for use as radiant tube furnace components in energy-intensive industries such as steelmaking. The 
brazing cycle was conducted in a vacuum tubular furnace up to 1050 ◦C. The brazing material consisted of 
brazing alloy powders mixed with a water-based binder. Process parameters studied included the weight per
centages of the binder, the pressure applied on the joints, and additional heat treatments to obtain successful 
brazed CMCs. Morphological characterizations were conducted to analyze the brazed joints and the micro
structure of the filler metal. Mechanical shear tests at room temperature were performed to assess the apparent 
shear strength of the brazed joints, measuring 49 ± 8 MPa of apparent shear strength for butt-configuration joints 
with failure mode caused by the delamination of the composite. Additionally, direct-flame exposure tests were 
conducted to evaluate the brazed joints in combustion environments.

1. Introduction

In recent years, ceramic matrix composites (CMCs) have gained 
significant importance in industrial applications compared to mono
lithic ceramics due to their unique properties. They are characterized by 
high heat resistance, hardness, corrosion resistance and high damage 
tolerance [1,2]. These characteristics enable them to maintain excellent 
thermo-mechanical properties in challenging conditions that can be 
found in industries such as aerospace [3], automotive [4], concentrated 
solar power [5], as well as in the energy-intensive steelmaking sector, 
where CMCs can replace standard materials used for radiant tubes, such 
as Inconel alloys and stainless steel. The main drawback of stainless steel 
is that it cannot withstand the required operating conditions in modern 
steelmaking due to the presence of biogas mixtures. However, biogas is 
necessary to employ cleaner production technologies and to reduce CO2 
emissions. Furthermore, materials with higher corrosion resistance are 
necessary in steelmaking to increase the processing efficiency and to 
extend the life of the components.

Successful solutions for joining ceramic matrix composites are 
essential since the manufacturing of large and complex CMC 

components is difficult and expensive [6–8]. Among different joining 
methods for CMC, brazing [9–11], glass-ceramic joining [12], the 
application of a partial transient liquid phase [13], diffusion bonding 
[14] and reaction forming [15] can be listed as some of the most widely 
investigated methods. In the case of oxide-based CMCs, to the best of the 
authors’ knowledge, not many solutions can be found [16–18]. Partic
ularly, high-entropy alloys (HEAs) were proposed as joining and brazing 
materials for CMCs [5,19–24]. HEAs applied for joining are character
ized by a relatively low brazing temperature while maintaining a high 
operating temperature [25]. This makes them suitable for the joining of 
superalloys, refractory metals and carbon fiber composites in many in
dustrial applications [26–28].

Apart from their beneficial processing, HEAs are used as joining 
materials due to several advantageous properties they possess [29]. 
HEAs often exhibit superior mechanical properties such as high strength, 
hardness, toughness and thermal stability. This makes them ideal for 
joining applications where the joint needs to withstand significant me
chanical loads. This is also particularly important in high-temperature 
applications, where the joint material must endure thermal cycles 
without degrading. Thus, HEAs are good candidates as joining materials 
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for CMCs since they typically exhibit enhanced resistance to corrosion 
and oxidation, ensuring that the joints are more durable and reliable in 
harsh environments. Additionally, the composition of HEAs can be 
tailored to achieve specific properties, allowing for customization based 
on the requirements of the joining application. Nevertheless, the design 
of the composition of HEAs should result in a homogeneous element 
distribution and uniform microstructure to optimize their mechanical 
properties, corrosion resistance, and structural integrity [30,31].

Previous studies demonstrated the potential of HEAs containing ti
tanium as a joining material for advanced brazing applications. One 
noteworthy study [32] explored the use of a high-entropy TiZrHfNbMo 
alloy for brazing Si3N4 ceramics. It was demonstrated that the 
TiZrHfNbMo alloy forms robust metallurgical bonds with the ceramic, 
resulting in strong joints. The interfacial microstructure typically 
included layers such as Ti5Si3 and various Cu-Ti intermetallic com
pounds. Optimal brazing temperatures were found to be around 
820–840 ◦C and the shear strength of the joints reached up to 86 MPa. 
Another research work [33] involved designing a TiZrCuNiAg brazing 
filler metal for titanium alloys, highlighting the versatility of titanium in 
brazing applications, which showed promising results for creating 
strong joints.

In this work, a titanium-based high-entropy alloy was used to braze 
oxide-based CMCs, which are required to resist operating temperatures 
up to 900 ◦C and face combustion, with a minimum joint strength of 
15 MPa. Brazing process parameters were optimized to obtain success
fully brazed CMCs. The microstructure of the joints was characterized by 
scanning electron microscopy and they were mechanically tested at 
room temperature to measure the apparent shear strength and failure 
mode. Direct flame exposure tests with C2H2/O2 flame were also per
formed at 900 ◦C on the brazed joints in both flat- and butt- 
configurations to replicate in-service conditions present in combustion 
environments.

2. Materials and methods

2.1. Oxide-based ceramic matrix composites

Oxide-based ceramic matrix composites (oxide/oxide CMCs) used in 
this work consisted of an alumina-zirconia matrix reinforced with eight 
layers of Nextel™ 610 alumina fiber fabric DF-19 (3 M, USA). This 
oxide/oxide CMC is characterized by a high flexural strength, chemical 
stability at high temperatures thanks to its intrinsic oxidation resistance, 
and considerable fracture toughness due to the crack deflection mech
anisms typical of weak matrix composites. The oxide/oxide CMC was 
provided in the form of a 100 mm × 100 mm × 3 mm plate. It was 
manufactured following the process described in a previous study [34]. 
The plate was cut using a precision cutting machine to obtain oxide/
oxide CMC substrates of around 15 mm × 10 mm × 3 mm for the sub
sequent joining experiments. The interlaminar shear strength (ILSS) of 
the oxide/oxide CMC was 12 MPa. The coefficient of thermal expansion 
of the composite was determined with 8.3⋅10− 6 K− 1 (200◦C – 600◦C) 
[35].

2.2. Titanium-based brazing alloy as filler metal

The brazing alloy used in this work was a high-entropy alloy with the 
tradename TiBraze200Nb, which was supplied by Titanium Brazing Inc., 
USA. This alloy was supplied in the form of powders with particle size of 
– 140 mesh (maximum particle size dimension of 106 µm) with a water- 
based gel binder. The TiBraze200Nb powder was manufactured as a 

mixture of the TiBraze200 brazing alloy from the same company with 
the addition of Nb powder [27], a refractory element that is added to 
increase the heat resistance of the brazed joints [36,37]. Important 
metallurgical properties of the TiBraze200Nb brazing alloy are sum
marized in Table 1.

Before the brazing process, the oxide/oxide CMCs were cleaned with 
ethanol and sonicated in an ultrasonic bath to remove any impurities or 
contaminants on the surface. A clean brazing surface is crucial before 
joining to promote capillary attraction, since any contamination on the 
surfaces may lead to gaps between the brazing and the substrate, which 
decrease the joint properties. The preparation of the brazing paste 
consisted of selecting the optimal weight percentage of the water-based 
gel binder to add to the brazing powder. 16 wt% binder was mixed with 
the TiBraze200Nb powders to obtain a paste with homogeneous con
sistency and uniform spreadability on the CMC’s surface, while still 
remaining a low amount of binder to avoid porosity formation caused by 
the debinding during the subsequent heat treatment. The paste obtained 
was spread with a spatula onto one of the oxide/oxide substrates, while 
another CMC substrate was placed on top afterwards, thus obtaining a 
sandwich-like structure. As can be seen from Fig. 1, flat-joint and butt- 
joint configurations were chosen as the two configurations of brazed 
joints, distinguished by the different orientations of the CMC’s surface in 
relation to the brazing area.

The flat-joints were characterized by having the 2D fiber architecture 
parallel to the brazing area, while the butt-joints had fiber bundles 
perpendicular to the brazing area, providing information about the 
behavior of the brazing alloy along the alumina fibers. After preparing 
the samples, they were held at room temperature for around 15–20 h to 
let the brazing paste dry. The assembled samples were then subjected to 
an optimized thermal treatment conducted in a vacuum tubular furnace 
(RHTH 70–150/16, Nabertherm, Germany) equipped with a rotary 
pump and a turbomolecular pump, reaching a vacuum pressure of 10− 5 

mbar for the whole duration of the brazing cycle. The typical thickness 
of the brazing seam obtained was in the range of 300–400 µm. The 
brazing process consisted of four steps. Fig. 2 shows the brazing cycle 
performed, which was recommended by the brazing alloy manufacturer, 
with subsequent optimization of the parameters (temperatures and 
times) to find the most suitable compromise.

The first dwell time of 20 min at 750 ◦C, reached with a heating rate 
of 480 K/h, ensured an even temperature distribution inside the vacuum 
chamber and minimized the decrease of the vacuum that occurs between 
400-650 ◦C due to evaporation of the binder degradation products. The 
second dwell time of 10 min was set at the brazing temperature of 1050 
◦C, which was above the liquidus temperature of the alloy. This was 
followed by an annealing at 900 ◦C for 2 h, which was conducted to 
promote the Nb diffusion along the brazing seam to improve the heat 
resistance of the resulting brazed joints. Finally, to release thermo- 
mechanical stresses, thereby avoiding the formation of cracks in the 
brazed joints, a last dwell step was conducted at 700 ◦C for 20 min, 
followed by a cooling to room temperature with a cooling rate of 300 K/ 
h.

To verify the compatibility between the TiBraze200Nb brazing alloy 
and the oxide/oxide CMC, preliminary joints were prepared with the 
brazing cycle shown in Fig. 2 using monolithic Al2O3 substrates (HESSE 
Instruments, Germany) without any applied pressure.

Subsequently, the effect of the applied pressure on the oxide/oxide 
CMC joints during the brazing cycle was investigated. In particular, 
tungsten weights were placed on top of the assemblies and they were 
adjusted to give 2 kPA for both butt- and flat-configuration joints. They 
were used to provide compression during heating and brazing and to 

Table 1 
Properties of TiBraze200Nb brazing alloy used as filler metal to join oxide/oxide CMCs [27].

Tradename Composition [wt%] Solidus temperature [◦C] Liquidus temperature [◦C] Brazing temperature [◦C]

TiBraze200Nb Ti− 17Zr− 17Cu− 17Ni− 17Nb 848 1020 1030–1100
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improve the adhesion at the interface of the TiBraze200Nb brazing paste 
with the two CMC substrates.

The microstructure and the elemental analysis of the joints obtained 
were characterized using high-resolution field emission scanning elec
tron microscopy, together with energy dispersive X-ray spectrometry for 
quantitative analysis and elemental mapping (FESEM Supra TM 40, 
ZEISS, Germany).

Mechanical characterization using single lap offset (SLO) tests under 
compression was performed to measure the apparent shear strength of 
joints obtained in flat- and butt-configuration. These SLO tests were 
carried out at room temperature using a universal testing machine 
(SINTEC D/10, Germany), according to a method adopted from standard 
the ASTM D905–08, with a crosshead speed of 0.5 mm/min and a 50 kN 
load cell. The apparent shear strength of the joints was measured by 
dividing the maximum load by the brazing area, and the mean value 
± standard deviation was reported. The set-up for SLO testing was re
ported in previous studies [35]. For these tests, the joined area was 
determined on the fractured joint surfaces after the SLO measurements 
and resulted in around 10 mm × 10 mm for flat-joints and around 
10 mm × 3 mm for butt-joints. Furthermore, X-ray computed tomog
raphy (CT-scan, Fraunhofer IKTS, Germany) with an open microfocus 
X-ray tube (filament voltage 180 kV, current 90 μA, exposure time 1 s, 
0.2 mm Cu filter) was performed on a flat-joint to study and evaluate the 
interface of the brazing alloy to the composite, especially regarding the 
formation of porosities in the brazing seam.

To simulate the behaviour of the brazing material in a combustion 

environment, the joints were exposed to an acetylenic oxy-fuel flame 
with a stoichiometric composition, as illustrated in Fig. 3. The distance 
between the flame and the side exposed to the combustion gases was 
adjusted to achieve a temperature of 900 ◦C on the samples’ surface. 
This temperature was monitored by a two-colour pyrometer and a 
thermal imaging camera directed toward the area of the brazed joints. 
For the flat- and butt-joint configuration, direct flame exposure tests 
were carried out at the edge of the joints to test directly the joining 
material between the two composite components. In this configuration, 
the temperature of 900 ◦C was reached on the face exposed to the flame, 
although a thermal gradient was present in the depth of the samples, 
minimizing the thermal effect on the brazed joint.

3. Results and discussion

Preliminary brazed joints were prepared with monolithic Al2O3 and 
a binder percentage between 14 and 16 wt%, and their cross-section is 
shown in Fig. 4.

The SEM cross-section showed a good and homogeneous interface 
proving an excellent compatibility of the TiBraze200Nb brazing paste 
and the alumina substrate. Even so, some pores were present along the 
brazing seam.

The brazing cycle was subsequently performed on the oxide/oxide 
CMCs in both joint configurations placing a tungsten weight during the 
brazing heat treatment.

The cross-sections of the typical brazed flat-joint obtained are shown 

Fig. 1. Schematic representation of flat-joint (a) and butt-joint (b) using brazing alloy paste as filler metal.

Fig. 2. Brazing cycle for oxide/oxide CMCs joined with TiBraze200Nb brazing paste as filler metal.

Fig. 3. Direct flame exposure test on flat configuration joint.
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in Fig. 5, in which some large pores were detected along the brazing 
seam. In particular for flat-joint samples, the interface between the 
brazing material and the alumina fibers appeared better than the 
interface between brazing material and the composite matrix, which 
seemed slightly detached. In Fig. 4b it can be noticed that the brazing 
alloy infiltrated the composite matrix porosity due to capillarity.

For the butt-configuration, the cross-sections of a typical brazed joint 
obtained are shown in Fig. 6. The composite/braze interfaces were 
continuous, no detachments were observed, and the braze had a 

homogeneous microstructure and a relatively low porosity. The infil
tration of the brazing alloy can be seen along the fibers perpendicular to 
the joined area, which was much more pronounced compared to the flat 
joint counterpart. This indicated the formation of an interlocked struc
ture which can promote adhesion at the braze/composite interface and 
increase the mechanical strength.

The mechanical interlocking created between the alumina fibers and 
the alloy provided a very sound joint. Even though, the challenging 
preparation of the joints in this configuration due to the associated 
smaller joint area (Fig. 1b) resulted in an uneven thickness of the brazing 
seam across the joint, as shown in Fig. 6a.

The microstructural analysis revealed that the interface between the 
TiBraze200Nb and the base material was particularly good in fiber 
bundle areas (Fig. 6). The poorer wetting behavior of the brazing alloy at 
the interface with the composite in flat-joint configuration (Fig. 5) is 
speculated to be attributed to the presence of ZrO₂ in the composite 
matrix, which exhibits poor wettability by molten Ti, Ni, and Cu [38, 
39].

EDX elemental mapping was performed to study the microstructure 
of the brazing alloy after the brazing cycle. The maps obtained are re
ported in Fig. 7.

All the elements of the HEA were widely distributed across the joint 
seam. The FESEM magnified view of the joint area as reported in Fig. 7a 
displays the microstructure of the brazing seam. In the images are 
indicated by four different areas (A, B, C and D) that were found in the 
TiBraze200Nb microstructure. In the brazing paste, niobium is the 
element with the highest atomic weight, which resulted in the bright 
niobium-rich phase (Fig. 7f). The role of Nb was previously studied in 

Fig. 4. Brazing of Al2O3 bulk substrates with TiBraze200Nb paste as the 
brazing filler metal. The interface with the alumina substrate appears 
homogeneous.

Fig. 5. Cross-sections of the oxide/oxide CMCs joined with TiBraze200Nb brazing paste in the flat-configuration. Image (a) shows the overall view of the brazed 
joint, while (b) depicts the interface with the oxide/oxide CMC. Both images were obtained in BSE mode.

Fig. 6. Cross-sections of the oxide/oxide CMCs joined with TiBraze200Nb brazing paste in the butt-configuration. Image (a) shows the overall view of the brazed 
joint, while (b) depicts the interface with the oxide/oxide CMC. Both images were obtained in BSE mode.
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ref. [40], where in a (CoCrFeMnNi)100-xNbx brazing system the presence 
of Nb increased the yield strength but decreased the fracture strain. In 
ref. [41], Nb improved the plasticity and the thermal stability of the 
Mo0.25V0.25Ti1.5Zr0.5Nbx alloy thanks to the high melting point, but 
decreased the hardness. The effect of Nb on the corrosion resistance of 
the alloy was not studied. In ref. [42], Ni and Cu were used as 
melting-point depressants for Ti-based alloys, while the introduction of 
Nb eliminated the formation of joint cracks caused by thermal stress.

The light grey phase in area B consisted of a Nb-rich phase alloyed 
with titanium, indicating the formation of a titanium-niobium phase, 
due to the dissolution of Nb in Ti. In this regard, ref. [43] reported a 
TiZrCuNi alloy that was joined to a Nb substrate. A formation of a (Ti, 
Nb) solid solution phase was observed in the brazing seam, which had a 
low elastic modulus and good ductility.

The dark grey phase (area C) was attributed to a titanium-rich phase 
alloyed with Ni as well as lower contents of Cu and Zr contents, while 
area D could also be attributed to a titanium-nickel-based phase, with 
higher amounts of copper and zirconium than in area C, as indicated in 
ref. [26]. A TiZrCuNi filler system and its microstructure were previ
ously studied [44] based on the different compositions of the alloy. In 
particular, for a Ti–20Zr–20Cu–20Ni system, three distinctive phases, a 
Ti-rich phase alloyed with low Cu, Ni, Zr contents, a Cu–Ni-rich Ti phase 
and a Cu–Ni–Zr rich Ti phase, were found. Moreover, the amount of both 
the Cu–Ni-rich and Cu–Ni–Zr-rich Ti phases decreased with increasing 
the brazing temperature [26]. The phases obtained after the brazing 
cycle created a heterogeneous microstructure of the brazed joint, which 
can be observed by EDX analysis.

High-entropy alloys significantly outperform conventional brazing 

Fig. 7. EDX elemental maps showing the microstructure of the TiBraze200Nb brazing seam obtained with the brazing cycle described. Image (a) shows a high- 
resolution image of the area of interest, while images (b-f) report the elemental maps of Ti, Zr, Cu, Ni, and Nb respectively.

Fig. 8. XCT cross-sections and 3D views of oxide/oxide CMC brazed joint in flat-configuration (a) and in butt-configuration (b). The presence of some voids along the 
brazing seam can be observed, while the infiltration of the brazing alloy into the CMC is evident in the case of the butt-joint.
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alloys by providing refined microstructures, able to minimize cracking 
and enhance joint integrity as demonstrated in the butt-configurations 
discussed.

X-ray computed tomography was used to analyse the interface be
tween the brazing alloy and the oxide/oxide CMCs and to investigate the 
porosity along the brazing seam. A typical joint obtained and the cross- 
section of the 3D flat-joint sample are reported in Fig. 8a. A few pores are 
observed within the brazing seam, which can be attributed to the 
debinding process of the binder in the brazing paste. During debinding, 
the binder decomposes or evaporates, leaving some voids, which can 
affect the quality and integrity of the brazed joints. X-ray CT was also 
performed on the 3D butt-joint sample and the cross-section is shown in 
Fig. 8b, where the infiltration of the brazing alloy into the composite is 
clearly visible, promoting the interlocking effect.

The mechanical strength of the joints was evaluated with single-lap 
offset tests under compression in both flat and butt-configuration 
joints. Fig. 9 shows the representative shear strength load- 
displacement curves and the apparent shear strength values obtained 
for the TiBraze200Nb brazed joints in flat and butt configuration. In the 
case of butt-joints, the curve showed the pseudo-ductile fracture 
behavior typical of CMCs, which occurred due to the toughening 
mechanisms of crack bridging and deflection.

For the flat-configuration, the apparent shear strength of the joints 
was only 4 ± 2 MPa, while for the butt-configuration the apparent shear 
strength of the joints was 49 ± 8 MPa.

The value of the apparent shear strength for the flat-joints was lower 
than the ILSS of the composite (12 MPa), confirming that the worse 
performance of the flat-joints was caused by the poor adhesion between 
the brazing alloy and the composite matrix. The worst cohesion was 
probably caused by the presence of ZrO2. The flat-joints failed with an 
adhesive fracture that propagated along the interface with the com
posite. On the contrary, in butt-joints, the failure was caused by 
delamination of the upper edge of the composite. The differences in the 
apparent shear strength mean values and failure mode for the two 
configurations were likely related to the much better infiltration, 
excellent wetting and the interlocking between the brazing alloy and the 
composite along the alumina fibers in the case of butt-joints (Fig. 6b).

The apparent shear strength of brazing alloys as joining materials for 
oxide/oxide CMCs is relatively little studied. SLO shear tests were per
formed using AgCuTi, AgCuSnTi, ZrNiTiHf and TiCuAl as brazing alloys 
for oxide/oxide CMCs (Nextel™ 610/YAG-ZrO2). In the case of flat- 
joints, the average shear strength measured was reported between 2 
and 5 MPa [16], which was similar to the one measured in this work. For 
comparison, in ref. [16] a glass-ceramic system was also used to join the 

oxide-based composite in flat-configuration, achieving an apparent 
shear strength of 15.4 ± 1.2 MPa.

In another study, two glass-ceramic systems were used to join the 
same oxide/oxide CMCs employed as in the present study, the apparent 
shear strengths of flat-joints were measured to be 18 ± 5 MPa and 12 
± 5 MPa, respectively [35]. Compared to glass-ceramics, brazing alloys 
allow the joining process to be carried out at lower temperatures, i.e. 
1050◦C with brazing alloys vs. up to 1300◦C with glass-ceramics.

To replicate the in-service conditions of the radiant tubes, direct 
flame exposure tests were carried out on flat and butt-joints, as shown in 
Fig. 10a for butt-joint configuration. In the case of the flat-joints, the 
flame treatment duration was 60 min. No damage was observed during 
the flame test. However, after cooling, the two substrates of the oxide/ 
oxide composites did not adhere to each other, and the joint in this 
configuration failed to fulfill its function. Due to the failure observed in 
the previous test, the test duration was reduced from 60 min to 30 min 
in the case of the butt-joint. It was found that the brazing material was 
not altered by the flame treatment. Only a slight colour change to black 
was noted. The bond between the two parts was not affected by the 
treatment either, and the joint in this configuration survived the test. 
The cross-section of the butt-joint after the test is shown in Fig. 10b. The 
failure observed in the flat-configuration joint could be therefore a 
consequence of the defects initially present at the interface of the 
composite matrix and the brazing alloy.

To summarize, the oxide/oxide CMCs brazed with TiBraze200Nb 
brazing alloy with a binder content of 16 wt%, obtained with the 
brazing cycle reaching up to 1050 ◦C, resulted into having successful 
brazed joints, when the butt-configuration is used. They reached a very 
high value of apparent shear strength and, consequently, delamination 
of the composite instead of a cohesive or adhesive failure.

4. Conclusions

The application of a titanium-based high-entropy alloy was investi
gated for brazing oxide/oxide CMCs. The brazing heat treatment was 

Fig. 9. Representative load-displacement curves obtained from SLO mechani
cal tests on the oxide/oxide CMCs joined with TiBraze200Nb brazing paste at 
room temperature in flat-configuration (black curve) and in butt-configuration 
(red curve). The values of apparent shear strengths obtained are also reported.

Fig. 10. Direct flame exposure test set-up for the butt-configuration joint (a), 
and the cross-section of the butt-joint after the flame test (b). The joint survived 
the test and didn’t show modifications in terms of interface adhesion and 
brazing alloy microstructure.
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performed under vacuum (10− 5 mbar) at temperatures reaching 1050 
◦C. The TiBraze200Nb alloy, with 16 wt% of binder showed suitable 
brazeability, resulting in a good joining behavior for oxide-based com
posites. FESEM imaging showed a good interface and an interlocked 
structure at the brazing alloy/CMC interface for the butt-joint configu
ration. Mechanical tests indicated that the brazed butt-joints exhibited 
higher apparent shear strength compared to the flat-configuration 
counterparts. Finally, flame tests highlighted the superior performance 
of butt-joints over the flat-joints when directly exposed to a C2H2/O2 
flame at 900 ◦C.

CRediT authorship contribution statement

Carla Malinverni: Writing – original draft, Investigation, Data 
curation. Valentina Casalegno: Writing – review & editing, Concep
tualization, Supervision. Pierre Bertrand: Investigation, Writing – re
view & editing. Georg Puchas: Resources, Writing – review & editing. 
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