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ARTICLE INFO ABSTRACT

Keywords: This work focuses on the joining processes of oxide-based ceramic matrix composites (AloO3zs /Alz03-ZrO3),
Glass which are used as radiant tube furnace components in the steel industry. These components have to operate in
Gl§s§-ceramics harsh environments, and under high temperatures, and they therefore have to resist corrosion, humidity, and
‘é‘:):lﬁi tes combustion. Two glass-ceramics systems, which have Y,Ti;O7 as their main crystalline phase, as well as specific

and optimized properties to withstand severe operating conditions, including temperatures of 900 °C, are here

proposed as joining materials. The adhesion of the glass-ceramics to the composite was found to be excellent after
mechanical and thermal tests in which they were in direct contact with a 900 °C flame and thermal cycling of

between 400 °C and 900 °C.

1. Introduction

Over the last few years, the ecological transition of the steel industry
has been a major subject of interest. One of the main goals of this energy-
intensive sector is to improve the relevant production processes to lower
carbon emissions, and to decrease the associated energy input by using
renewable energy sources. Thus, radiant tube furnaces are increasingly
being manufactured with innovative and high-performance materials,
such as ceramic matrix composites (CMCs), in order to obtain environ-
mentally and economically sustainable steel production.

Because of their exceptional properties, ceramic matrix composites
are currently being used as high-performance materials for applications
under severe conditions, including high temperatures, corrosive envi-
ronments, high levels of humidity and other demanding requirements
[1-4]. Oxide/oxide ceramic matrix composites (Ox-CMCs), which
belong to this class of materials, are composed of oxide fibers with an
oxide matrix. Oxide/oxide CMCs are characterized by their intrinsic
oxidation resistance, good thermal shock resistance, lower density and
lower cost than non-oxide CMCs [5]. Their applications range from the
production of furnace components, flame tubes and hot gas distributors
[5] to aero-engines [6,7]. CMCs can be used to substitute metallic
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components in all the aforementioned applications, as metallic compo-
nents may fail to operate under such challenging conditions.

This work focuses on the joining of oxide/oxide CMCs, which are
used in the energy-intensive steel industry for radiant tube furnaces. The
main goals have been to increase the lifetime of the tubes, to improve
their energy efficiency and to reduce CO; emissions by using clean and
renewable energy. Oxide/oxide CMCs are chosen to substitute the
Inconel/stainless steel alloys that are currently used to manufacture
comparable components. Establishing the joining capability of these
composites is essential to validate the possibility of using oxide/oxide
CMCs in radiant tube furnaces. The successful joining of oxide/oxide
CMCs at high temperatures (up to 800 °C) with glass-ceramics and
brazing alloys was reported in previous studies, from both the me-
chanical and thermal stability points of view [8-10]. The joined CMCs
showed good adhesion and uniform interfaces after thermal aging, with
higher flexural strength of the joints after heat treatment, and good
oxidation resistance when joined with glass-ceramics.

A sustainable steel production requires very high temperatures (up to
900 °C). Furthermore, in such a production, the components are in
contact with green fuels that contain mixtures of hydrogen and biogas.
Therefore, the joints may need to endure excessive wear and corrosion,
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Table 1 Table 2
Chemical compositions, in weight percentages, of the T1 and T2M glasses. Joining processes performed for the T1 and T2M joints.
T1 T2M Glass T1 T2M
Si0, [Wt%] 30.91 30.91 Heat treatment ® 1300 °C, 10 min + ® 1250 °C, 10 min +
Al,03 [wt%] 20.60 20.60 (heating and 855 °C, 30 min under 960 °C, 30 min under
TiOy [wt%] 20.60 15.60 cooling rate of flowing Ar flowing Ar
Y,05 [wt%] 15.46 11.70 10 °C/min) @ 1200 °C, 10 min +
CaO [wt%] 5.15 9.53 855 °C, 30 min under
NayO [wt%] 5.15 2.13 flowing Ar or air
K20 [wt%] 2.13 9.53

hydrothermal attacks, and degradation after long exposure times. The
joining materials should have a similar coefficient of thermal expansion
(CTE) to that of oxide/oxide CMCs, and they should be thermodynam-
ically stable. Moreover, they should be thermo-mechanically and
chemically compatible with the oxide/oxide CMCs and show good
wettability on the composites [8].

Several studies have reported on the use of glass-ceramics as joining
materials for ceramics and CMCs, for example, for Nextel™ 610/Al;03-
ZrO, CMC [8,9], Nextel™ 610/YAG-ZrO; CMC [10],
alumina-to-alumina and mullite-to-SiC joints [11], SiC/SiC and C/SiC
joints [12], SigN4-to-porous SigNy4 joints [13], and sealants in solid oxide
fuel/electrolysis cell stacks [14,15]. They have also been used as envi-
ronmental barrier coatings for non-oxide and oxide/oxide CMCs [16,
17].

Glass-ceramics are often chosen as joining materials because of their
tunable chemical composition and properties. These properties include
their characteristic temperatures, CTE, and crystalline phases, as well as
their ability to join complex geometries and to resist severe environ-
ments. They can be used as self-healing materials when operating at
temperatures above the softening temperature, since they can repair
cracks generated during the service life [12,18]. Their production con-
sists of melting raw powders of a tailored composition, and then casting
the thus obtained molten glass. Subsequently, the as-cast glass un-
dergoes a thermal treatment whereby the process of
sinter-crystallization occurs, and a glass-ceramic material is obtained.
The crystallization process can in particular improve the refractoriness
and creep resistance of the glass-ceramics [19].

In this work, two silica-based glass-ceramic systems have been
characterized in depth as joining materials of oxide/oxide CMCs that can
be used as radiant tubes in the steel industry.

2. Materials and methods
2.1. Oxide/oxide ceramic matrix composites

The oxide/oxide ceramic matrix composite was supplied by the Chair
of Ceramic Materials Engineering at the University of Bayreuth, Ger-
many. It consisted of an alumina-zirconia matrix (75 wt% alumina and
25 wt% zirconia) reinforced with eight layers of Nexte]™ 610 alumina
fiber fabric DF-19 (8 Harness Satin, 3000 denier). The oxide/oxide CMC
had a fiber volume content of about 42% and a porosity of around 27%.
The CMC was manufactured by means of a prepreg process, using
glycerol to adjust the water content and the tack of the prepregs, a
process that has already been described in detail [20,21]. The inter-
laminar shear strength (ILSS) of this system was in the 12 MPa range,
with a 3-point flexural strength of around 400 MPa, and a tensile
strength of about 300 MPa. The coefficients of thermal expansion (CTE)
were: 8.2 « 10 °C! (125-500 °C) and 8.6 e 10 °C! (125-1200 °C).

2.2. Glass-ceramics and joining processes

The composition of the two glass-based joining materials was
designed by resorting to the SciGlass 6.6 software database. The thermal
expansion and the glass transition temperature (T,) predicted by the
software were the main parameters that were considered. The glass
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referred to as T1 had previously been developed by D’Isanto et al., and it
had been used as an oxidation protective coating for a titanium suboxide
thermoelectric material [22]. The glass referred to as T2M contained the
same oxides as T1, but with different weight percentages, although the
same TiOy/Y,03 ratio was kept to obtain Y,Ti»O7 as the main crystalline
phase after the devitrification process. Starting from the known T1 glass
composition and properties, the T2M glass was designed to obtain lower
characteristic temperatures so as to allow joining to take place at lower
temperatures.

The compositions of the T1 and T2M glasses are summarized in
Table 1.

SiO2 (99.5%, Sigma Aldrich), AlyO3 (99.9%, Alfa Aesar), TiOy (>
99%, Sigma Aldrich), Y203 (99.99%, Sigma Aldrich), CaCOs (99%,
Sigma Aldrich), NazCOs (99.5%, Sigma Aldrich) and KoCO3 (99.5%,
Sigma Aldrich) were used as high-purity grade precursors. They were
weighed and mixed on a roller shaker for 1 day. The powders were first
melted in a platinum-rhodium crucible at 1500 °C for 1 h before they
were heated to 1550 °C for 30 min in an electric furnace (Nabertherm
GmbH, Germany). They were then air quenched on a brass plate, ac-
cording to the procedure described in Reference [22]. To obtain the
glass powders, the as-cast glasses underwent milling and sieving pro-
cesses, which yielded a final maximum particle size of less than 38 pm.

Both glass powders were characterized using differential thermal
analysis (DTA 404 PC, Netzsch, Germany) and heating-stage microscopy
(HSM, Hesse Instruments, Germany) with an image analysis system (EM
301, Hesse instruments, Germany). The DTA was carried out in air using
alumina powder as a reference, starting from room temperature and
going up to 1300 °C, at a heating rate of 10 °C/min.

The HSM was carried out in air by placing the glass pellet on an
alumina plate and heating it from room temperature up to 1300 °C, at a
heating rate of 10 °C/min.

In this work, the joining technique consisted of a slurry deposition.
For this purpose, the T1 and T2M glass powders (70 vol%), respectively,
were dispersed in ethanol (30 vol%) and placed between two oxide/
oxide CMC pieces, using a spatula. A flat-joint and a butt-joint config-
uration were used as two different setups to evaluate the infiltration of
the glass-ceramic in regard to the orientation of the composite fibers.
Two different joining processes were carried out for the T1 glass. The
first one consisted of a heating step at 1300 °C for 10 min, followed by a
heat treatment at 855 °C for 30 min under an Ar flow, at a heating and
cooling rate of 10 °C/min. The second joining process was carried out at
1200 °C for 10 min, followed by a heat treatment at 855 °C for 30 min
under flowing Ar or air, at a heating and cooling rate of 10 °C/min. T2M
underwent a joining process at 1250 °C for 10 min, followed by a heat
treatment at 960 °C for 30 min under flowing Ar, at a heating and
cooling rate of 10 °C/min. The joining processes performed for T1 and
T2M are summarized in Table 2.

Fig. 1 shows the typical joints that were obtained, and indicative
dimensions of the two different joining configurations, where the
average thickness of the glass-ceramic layer was around ~200-300 um.

The crystalline phases that formed within the glass T1 and T2M
during the joining processes were analyzed by means of X-ray diffraction
(XRD) with a Malvern PANalytical X’Pert PRO diffractometer and the
support of X-Pert HighScore Software. Morphological and compositional
characterizations of the joints and the glass-ceramics were conducted
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Fig. 1. The two different joining configurations for the glass-ceramic joined oxide/oxide CMCs: (a) flat-joint configuration and (b) butt-joint configuration.
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Fig. 2. Single lap offset (SLO) test.

using scanning electron microscopy (SEM, JCM-6000Plus, JEOL) and
field emission scanning electron microscopy (FE-SEM, Merlin electron
microscope, ZEISS, Germany). Energy dispersive X-ray spectrometry
(EDS) was utilized for the elemental mapping (Supra TM 40, ZEISS,
Germany) of the glass-ceramic crystalline phases. The coefficients of
thermal expansion of T1 and T2M were investigated for both the as-cast
glasses and glass-ceramics, after the joining process, using dilatometry
(DIL, 402 PC, Netzsch, Germany) in air up to 1300 °C at a heating rate of
5 °C/min.

The apparent shear strength of the glass-ceramic joined oxide/oxide
CMCs was measured on three samples for each glass-ceramic by means
of a compressive single lap offset (SLO) test. The SLO test was carried out
at room temperature, using a universal testing machine (SINTEC D/10).
A 50 kN load cell was utilized and the crosshead speed was set at
0.5 mm/min. The maximum force was recorded, and the apparent shear
strength was calculated by dividing the maximum force by the joining
area (Fig. 2). Further information on the SLO set-up is available in
Reference [10].

The flexural strength of the as-received and of the heat-treated at the
joining conditions oxide/oxide CMCs was measured in a 3-point bending
test adapted from the ASTM C1341-13 standard at room temperature,
using a universal testing machine (MTS Criterion MODEL 43, US) with a
crosshead speed of 0.2 mm/min. The used sample measured
50 mm x 5 mm x 3 mm, and the support span was 40 mm.

Furthermore, two thermal tests were conducted, by means of direct
flame exposure, at the University of Bourgogne Franche-Comté , France,
to evaluate the behavior of the glass-ceramics and glass-ceramic joined
oxide/oxide CMCs in the combustion environment.
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Table 3
Thermal tests conducted on the T1 and T2M glass-ceramic pellets (Test 1) and
joints (Test 2). The conditions and the duration of the tests are reported.

Thermal tests conducted by means of direct flame exposure

TEST 1 TEST 2

CoH,/0, flame at 900 °C
for 30 min on T1 and T2M glass-
ceramic pellets

CyH,/0, flame at 900 °C for 30 min
+ 10 cycles 400 °C — 900 °C on T1 and
T2M joints

~
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Fig. 3. Estimated heat flux generated by the flame on the surface of the samples
during the flame test.

The goal was to investigate whether this environment could affect
the morphology and thermomechanical properties of the joining mate-
rial, i.e., thermomechanical stress on the samples, and any possible re-
actions at the interface between the oxide/oxide CMC and the joining
material. Table 3 summarizes the conditions of the direct thermal flame
exposure tests conducted on the T1 and T2M samples. In the first test, a
T1 glass-ceramic pellet (sintered at 1300 °C, 10 min; 855 °C, 30 min, Ar,
to test the most challenging conditions) and a T2M glass-ceramic pellet
(sintered at 1250 °C, 10 min; 960 °C, 30 min, Ar) were positioned
directly in front of an oxy-acetylenic CoH2/02 900 °C flame (stoichio-
metric ratio) for 30 min. By assuming the combustion reaction was
complete at the point of impact of the flame with the sample, the partial
pressure of water vapor can reach up to 30 kPa. The distance between
the flame and the sample was adjusted to reach a surface temperature of
900 °C, which was controlled by a thermal camera (Flir systems). Under
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Fig. 4. Microstructure of the Nextel™ 610 Al,03 ¢ /Al;03-ZrO, CMC obtained
from the scanning electron microscopy. It is possible to distinguish both the
matrix and the fibers of the composite.

these conditions, the heat flux generated by the flame on the surface of
the samples was estimated, using a home-made calorimeter, as being
around 0.33 MW/m?, as depicted in Fig. 3.

The second test was conducted to evaluate the behavior of the glass-
ceramic oxide/oxide CMC joints under thermal cycling. A flat-joint
configuration, with one side exposed to the flame, was used to be
representative of the application. After a dwell time of 30 min in front of
a CaH/042 900 °C flame, 10 cycles were performed between 400 °C and
900 °C, with average heating and cooling rates of around 10-12 °C/s,
followed by natural air cooling. The treated samples were analyzed by
means of scanning electron microscopy, whereas the XRD analyses were
carried out on the flame-tested T1 and T2M glass-ceramic pellets used in
Test 1.

3. Results and discussion

A cross-section showing the microstructure of the oxide/oxide CMC
is depicted in Fig. 4. The Alp03-ZrO, matrix and Nextel™ 610 Al,O3
fibers can be observed.

The T1 glass system was fully characterized as a coating material in a

Journal of the European Ceramic Society 43 (2023) 3621-3629

previous study [22], and its DTA and HSM curves are reported in Fig. 5
for comparison with the ones obtained for the as-cast T2M.

The dilatometric analyses showed that the as-cast T1 had a CTE of
8.6 e 10° °C! (200-500 °C) and a dilatometric softening point at
~792 °C [22], while the CTE of the as-cast T2M glass was 10.4 o 10©
oc! (200-500 °C), and the dilatometric softening point was ~834 °C.

The joining temperatures of the two systems were selected consid-
ering the results of the DTA and HSM analyses in order to perform the
joining processes at the lowest possible temperature to avoid any ther-
mal degradation of the oxide/oxide CMCs.

3.1. T1 glass-ceramic

Two different joining heat treatments were used for the T1 glass, as
reported in the Materials and Methods section. The two sintering pro-
cesses were carried out on the T1 powder pellets (~ 5 mm thickness and
10 mm diameter). It was found, from the dilatometric analyses of the
two sintered T1 glass-ceramic pellets and the as-cast T1, that the CTE of
T1 increased slightly after the heat treatments, i.e., from 8.6 ¢ 10 °C!
t0 9.4 ¢ 10 °C'! (200-500 °C) for sintering at 1300 °C, and t0 9.6 ¢ 10
Jon (200-500 °C) for sintering at 1200 °C. As previously observed [22],
the dilatometric softening temperature increased significantly from
792 °C, for the parent glass, to ~1110 °C for the glass-ceramics.

The XRD patterns of the T1 glass-ceramic sintered at 1300 °C
(already reported and discussed in Reference [22]) and at 1200 °C are
shown in Fig. 6a-b. Along with the residual glassy phase, the cubic
pyrochlore Y,TizO7 phase was the main crystalline phase that was pre-
sent after both thermal treatments, whereas CaAl,Si;Og (anorthite) and
Y,TiOs were detected as secondary phases in both samples. The com-
parison shows a very good match between the two patterns for the
different treatments, and the same crystalline phases can be observed.

Fig. 7a shows the cross-section of the T1 butt-joint obtained from the
heat treatment at 1300 °C under flowing Ar, i.e., above the T1 melting
point. The glass-ceramic presented homogeneously distributed crystal-
line phases and low porosity, which were in agreement with the previ-
ously reported microstructure [22]. Furthermore, it was possible to
observe an infiltration of T1 into the oxide/oxide CMC porosity, which
can be noticed by a dark contrast at the T1/composite interface. For this

T r r : : : 110 Fig. 5. The DTA and HSM curves obtained for the as-
0104 Tn ——DTAT2M cast T1 [22] and T2M glasses with a particle size
’ fme e e —m ST ——DTAT1 || 400 < 38 um. The characteristic DTA temperatures are re-
C - :gm IfM ported: glass transition temperature (Tg), crystalliza-
0.05 L 90 tion temperature peak 1 (Tp;). crystallization
' temperature peak 2 (Tpp), crystallization temperature
80 peak 3 (Tps3), and melting temperature (Tm). The
> 0,00 xX characteristic points obtained from HSM are reported
£ o in ascending order: first shrinkage temperature (TFS),
>1 - 70 % maximum shrinkage temperature (TMS), deformation
:(" -0,05 E temperature (DT), spherical temperature (ST), hemi-
E - 60 % spherical temperature (HT), and flow temperature (FT).
1Y
\
-0,10 \ - 50
\
L]
L - 40
-0,15 -
1 Fad
T T r T T T T T T T 30
400 600 800 1000 1200 1400
Temperature [°C]
Glass T, T Ty Tws Tw | TFS | TMS | DT ST HT FT
T1 | 752°C | 852°C | 919°C | 1097°C | 1271°C | 835°C | 1080°C | 1126°C | 1294°C | 1342°C  1394°C
T2M | 765°C | 867°C | 955°C | 1103°C | 1226°C | 820°C | 976°C | 1055°C | 1294°C | 1318°C | 1352°C
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Fig. 6. Comparison between the XRD patterns for the T1 glass-ceramic heat-
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ceramic heat-treated at 1200 °C, 10 min + 855 °C, 30 min under flowing Ar
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heat treatment, the microstructure of the glass-ceramic (Fig. 7d) was
characterized by the presence of small uniform grains (~0.8-1 pm) of
the main crystalline phase, Y,Ti;O7, which were incorporated and sur-
rounded by the amorphous phase.

The cross-section of a T1 butt-joint, obtained from the heat treatment
at 1200 °C under flowing Ar (T < T1 melting temperature), is shown in
Fig. 7b. The infiltration of the glass-ceramic at the oxide/oxide CMC
surface was very limited and, despite the similarity of the XRD patterns
(Fig. 6a-b), the T1 microstructure appeared quite different. The T1 glass-
ceramic that sintered at 1200 °C showed large pores, which were non-
homogeneously distributed, as well as the presence of a large amount
of the residual glassy phase and areas where a phase separation of the T1
glass was clearly detectable (brighter areas in Fig. 7e). Moreover, the
compromise that was adopted for the process temperature between the
viscosity of the glass-ceramic and pore coalescence might have influ-
enced the formation of gas bubbles. Because of the intrinsic oxidation
resistance of the oxide/oxide CMCs, the joining process at 1200 °C was
also conducted in static air. The cross-section of the joints manufactured
in static air (Fig. 7c) revealed a high porosity and a lack of adhesion at
the T1/ composite interface, while the microstructure (Fig. 7f) was the
same as that of the heat treatment up to 1200 °C under flowing Ar. It has
been speculated that the joining process carried out under flowing Ar led
to a lower porosity than that formed when processing in air, because the
gas entrapped in the glass powder and/or due to the oxide/oxide CMC
degassing at high temperature was more easily transported from the

(Glass:ceramic’ = .-

Glass-ceramic

Fig. 7. SEM cross-sections of the butt-joint configuration for the T1 glass-ceramic oxide/oxide CMC joints heat-treated under different conditions: (a, d) 1300 °C,
10 min + 855 °C, 30 min under flowing Ar, (b, e) 1200 °C, 10 min + 855 °C, 30 min under flowing Ar, (c, f) 1200 °C, 10 min + 855 °C, 30 min in air. Images a, b,
and c show the joining area with the glass-ceramic layers, while images d, e, and f show the microstructure of the glass-ceramics near the interface under a higher
magnification. Images a and d are obtained in SE mode, while images b, c, e and f are obtained in BSE mode.

Gla§s-<;el'amic

N

Glass-ceramic

Fig. 8. SEM cross-sections of the flat-joint configuration for the T1 glass-ceramic oxide/oxide CMC joints heat-treated under different conditions: (a) 1300 °C, 10 min
+ 855 °C, 30 min under flowing Ar, (b) 1200 °C, 10 min + 855 °C, 30 min under flowing Ar, (c) 1200 °C, 10 min + 855 °C, 30 min in air. Images a, b, and ¢ show the

joining area with the glass-ceramic layers and are obtained in BSE mode.
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K

Fig. 9. EDX elemental maps of the T1 glass-ceramic pellet heat-treated at 1200 °C, 10 min + 855 °C, 30 min under flowing Ar.

surface by the Ar flux. The cross-sections of the T1 flat-joints presented
in Fig. 8 show no significant differences between the butt-joint and flat-
joint configurations. Regardless of the fiber orientation in the CMC, the
joint interfaces exhibited the same morphology, and no cracks were
detected in the glass-ceramic joining material, which demonstrates the
good CTE match between the T1 glass-ceramic and the oxide/oxide
CMC.

EDS elemental maps of the T1 glass-ceramic pellets obtained after
the two heat treatments at 1300 °C and 1200 °C were acquired to further
investigate the difference in the glass-ceramic microstructure. After the
heat treatment at 1300 °C, it was possible to identify small grains of the
Y5TizO;7 pyrochlore phase. The Ca rich elongated crystals can be
attributed to the CaAl,Si;Og anorthite phase, and they were identified
by means of XRD, TEM and SAED analyses in Ref. [22]; a residual

Infiltratic;n at
the surface

il
- AR

J &
QGIass@mig?

100 pm
I

amorphous phase remained. Fig. 9 shows a magnification and the
related elemental maps of the T1 glass-ceramic sintered at 1200 °C,
where a darker region with small Y,TizO7 grains embedded in the glassy
matrix surrounds a region of glass-phase separation, which probably
caused the formation of glass droplets. Primary Y,Ti»O7 crystals formed
in these glass droplets, in a similar way to what was previously discussed
for the as-cast T1 [22-24].

On the basis of the above results, 1300 °C for 10 min, followed by a
heat treatment at 855 °C for 30 min (heating and cooling rate of 10 °C/
min) under flowing Ar were chosen for joining heat treatment for the T1
joined oxide/oxide CMCs.

Glass-ceramic

Fig. 10. SEM cross-sections of the butt-joint (a) and flat-joint (b) configurations for the T2M glass-ceramic oxide/oxide CMC joints heat-treated at 1250 °C, 10 min
+ 960 °C, 30 min under flowing Ar. Images a and b show the joining area with the glass-ceramic layers, while image c reports the microstructure of the glass-ceramic.

Images a, b and c are obtained in SE mode.
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Fig. 11. 3-point bending tests for the oxide/oxide ceramic matrix composites
for the two different treatments: as-received (green curve) and after the heat
treatment at 1300 °C, 10 min + 855 °C, 30 min under flowing Ar (orange
curve). The two characteristic curves reported in the figure were obtained for
the two different conditions.

3.2. T2M glass-ceramic

Considering the DTA and HSM results, a sinter-crystallization pro-
cess at 1250 °C for 10 min, followed by a heat treatment at 960 °C for
30 min under flowing Ar was selected for T2M. The same heat treatment
was used for the joining process of the oxide/oxide CMCs with T2M.
Similarly to T1, T2M showed a CTE increase after the sinter-
crystallization heat treatment (from 10.4 10°°C! t012.3 ¢ 100 °C!
between 200 °C and 500 °C) and a significant increase in its refractori-
ness, with a softening point at ~1165 °C, which was more than 300 °C
higher than that of the T2M parent glass.

The XRD pattern of the T2M glass-ceramic heat-treated at 1250 °C
for 10 min, followed by 960 °C for 30 min under flowing Ar, is depicted
in Fig. 6¢, where a slight change, compared to the XRD patterns of the T1
glass-ceramic, can be noticed for a few peaks. However, this glass-
ceramic still contained Y,Ti;O; as the main crystalline phase, while
the other crystalline phases that were present were CaAlySioOg, KAl-
Siz0g (leucite) and CaTiOs.

The CMC/T2M/CMC joints heat-treated at 1250 °C for 10 min, fol-
lowed by 960 °C for 30 min under flowing Ar, were obtained for the
T2M glass, and the micrographs of the cross-sections are reported in
Fig. 10a-b for the butt-joint (a) and flat-joint (b) configurations. The
T2M/CMC interface was continuous, and the good wettability of the
glass-ceramic allowed it to infiltrate into the porosity of the oxide/oxide
CMC. The T2M microstructure in Fig. 10c appears homogeneous and has
a low porosity. In this case, though, the higher CTE value of the T2M
glass-ceramic, compared to those of the oxide/oxide CMC, may explain

(a)

5 mm

Journal of the European Ceramic Society 43 (2023) 3621-3629

the presence of some vertical cracks that can be observed along the
glass-ceramic layer.

3.3. Mechanical characterizations

In order to evaluate the effect of the joining heat treatment on the
mechanical properties of the composite, three-point bending tests were
carried out on the as-received and heat-treated oxide/oxide CMCs. The
oxide/oxide CMCs were heat-treated by means of the same joining
process as T1 (1300 °C for 10 min followed by 855 °C for 30 min, Ar),
but at a higher temperature than the T2M process. Two of the typical
load-displacement curves that were obtained are shown in Fig. 11. The
flexural strength of the as-received and heat-treated oxide/oxide CMCs
was 245 + 26 MPa and 309 + 8 MPa, respectively, and the quasi-ductile
behavior of the composite was preserved after the thermal treatment.
The higher flexural strength of the heat-treated samples suggested that
densification of the alumina-zirconia matrix might have occurred during
the heat treatment.

Furthermore, single lap shear offset tests were performed on the T1
and T2M joints for the CMC/glass-ceramic/CMC flat configuration. This
test is recommended when comparing the joining strength of a set of
samples [10]. The measured values of the apparent shear strength were
18 +£ 5 MPa and 12 + 5 MPa for the T1 joints and T2M joints, respec-
tively. These values are comparable with the interlaminar strength of the
oxide-based composite, which is around 12 MPa [20]. The fracture
surfaces of the T1 and T2M joints, after the single lap shear offset tests,
are depicted in Fig. 12. It is possible to notice the delamination of the
oxide/oxide CMC for the T1 joints (Fig. 12a), while the failure mode for
the T2M joints is partially cohesive within the glass-ceramic, and
delamination of the composite can be observed (Fig. 12b). Thus, the
micrographs prove the higher bonding strength of T1 joints than of T2M
joints.

As aresult of the mismatch of the T2M and oxide/oxide CMC thermal
expansion, the joining process created higher stresses in the T2M joints
than in the T1 joints. These stresses then caused the formation of the
cracks observed in the glass-ceramic (Fig. 10), which were able to coa-
lesce and propagate during the lap shear test, thus reducing the strength
of the T2M joined components.

3.4. Direct flame exposure tests

Two different thermal tests were conducted, by means of direct flame
exposure, to evaluate the behavior of the glass-ceramics and glass-
ceramic joined oxide/oxide CMCs in a combustion environment.

Test 1 was performed by placing T1 and T2M glass-ceramic pellets
directly in front of a 900 °C C3H2/0O; flame for 30 min. The T1 pellet
showed no change in mass after Test 1, whereas the T2M pellet exhibited
a mass loss of 0.3 mg. Test 2 was aimed at analyzing the behavior of the
glass-ceramic oxide/oxide CMC joints under thermal cycling to check

(b)

5mm

Fig. 12. Single lap shear offset tests for the (a) T1 and (b) T2M joints. The T1 joint shows delamination of the oxide/oxide CMC, while the T2M joint shows mixed

adhesive-cohesive failure.
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Glass-ceramic

Ox-CMIC
Flame-Side

Fig. 13. Cross-sections of the T1 oxide/oxide CMC joints and the T2M oxide/oxide CMC joints before (a, c) and after (b, d) the flame post-treatment (Test 2),
respectively. In the SEM images, it is possible to notice some cracks across the T2M joints, while no cracks are observed on the T1 glass-ceramic layer. Images a and ¢

are obtained in SE mode, while Images b and d are obtained in BSE mode.
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Fig. 14. Comparison between XRD patterns of T1 glass-ceramic pellets heat-
treated at 1300 °C, 10 min + 855 °C, 30 min under flowing Ar, before (a),
after flame test with oxy-acetylenic flame (b), and XRD patterns of T2M glass-
ceramic pellets heat-treated at 1250 °C, 10 min + 960 °C, 30 min under flow-
ing Ar, before (c), after flame test with oxy-acetylenic flame (d).

whether the evolution of the joining material could promote cracks
under thermomechanical stress. Under these conditions, the joined
samples were subjected to thermo-mechanical stress resulting from the
gradient temperature between the two faces of the samples. After the
treatments, some cracks appeared on the outer surfaces of the compos-
ites, especially in the area in contact with the flame, but no delamination
was observed. The cross-sections of the oxide/oxide CMC surfaces
directly in contact with the flame, as observed by means of SEM, are
shown in Fig. 13 before (Fig. 13a-c) and after the treatment (Fig. 13b-d)
of the T1 and T2M joints, respectively. The T2M joints show vertical
cracks across the glass-ceramic layer, which are not observed for the T1
joints, thus indicating an excellent thermal cycling resistance of the T1
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glass-ceramic under the extreme conditions of this test.

XRD analyses were carried out on the T1 and T2M glass-ceramic
pellets after the first flame test with the oxy-acetylenic flame. The
XRD patterns did not show any change for either glass-ceramic after the
tests, when compared with the as-sintered pellets (Fig. 14). No modifi-
cation in the crystalline structure of the glass-ceramics was detected
with this technique when the sample was treated in a combustion
environment.

4. Conclusions

Two glass-ceramics have been designed to join an Al;037/Al;03-ZrO;
composite that operates at temperatures of up to 900 °C in combustion
environments. The heat treatments that were selected for the joining
processes led to glass-ceramics with improved refractory properties, e.g.
an increase of ~300 °C in the dilatometric softening temperature was
observed after devitrification of both parent glasses.

Furthermore, the mechanical tests on the as-received and heat-
treated oxide/oxide CMCs confirmed that their mechanical properties
were not affected by the thermal treatments of the joining processes. The
T1 joints showed an apparent higher shear strength than the interlam-
inar shear strength of the composites, which led to failure of the com-
posites during the single-lap offset tests.

Preliminary direct-flame and thermal cycling tests were carried out
on both the glass-ceramics and joined samples. Neither the T1 nor the
T2M glass-ceramics showed a relevant mass loss, and no delamination
was observed at the glass-ceramics/ oxide/oxide composite interface
after exposure to such relevant conditions as flame tests at 900 °C and
thermal cycling between 400 °C and 900 °C. An excellent thermal
cycling resistance was observed of the T1 glass-ceramic joined com-
posites between 400 °C and 900 °C.
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