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Abstract

CVD-SiC coated and uncoated ceramic matrix composites were successfully
joined to their counterparts with a pre-sintered Ti3SiCz foil using Spark Plasma
Sintering. For the first time pre-sintered TisSiCz foil was used as a joining filler. The
joining parameters were carefully selected to avoid the decomposition of Ti3SiCz
and the reaction between the joining filler and the CVD-SiC coating, which would

have deteriorated the oxidation protective function of the coating. Conformal
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behaviour of the TisSiCz foil during the diffusion joining and the infiltration of the
joining filler into the surface cracks in the CVD (3-SiC coating allowed filler to be more
integrated with the matrix material. While diffusion bonding occurred during
joining of the coated composites, a combination of both reaction and diffusion
bonding was observed for the uncoated C¢/SiC composites. This produced the lower
shear strength (19.1 MPa) when compared to the diffusion bonded CVD-SiC coated
Ct/SiC strength (31.1 MPa).

Keywords: ceramic matrix composites; joining; MAX phase; CVD-SiC coating;

Spark Plasma Sintering

1. Introduction

Advanced ceramic matrix composites (CMCs) based on a SiC matrix
reinforced either with carbon fibres (Ct/SiC) or silicon carbide fibres (SiC¢/SiC) are
materials of great interest for aerospace [1, 2, 3] and nuclear applications [4, 5, 6]
due to their superior mechanical properties, resistance against high temperatures
and their light weight. CMCs typically consist of straight or woven ceramic fibres
embedded in a ceramic matrix with a weak bond between them resulting in the
improved fracture toughness of the materials [7]. They are being used as thermo-
structural materials in different fields, such as components of heat exchangers, gas
turbines for power plants, heat shields for space vehicles (thermal protection
system), inner wall of plasma chamber of nuclear fusion reactors, aircraft brakes,
body flaps, leading edges, heat treatment furnaces, etc. [1, 2]. Since the CMCs are
used for applications operating at very high temperatures, they are usually coated

with an outer CVD-SiC protective layer to improve their oxidation and ablation
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resistance [2]. In many cases, however, their application will depend on the ability
to join them because the manufacture of these materials as large components with
complicated shapes is extremely difficult and expensive. A critical issue of the wider
use of CMCs is thus the development of inexpensive, reliable and user-friendly
joining methods to assemble them as large components in complex structures [1].

In recent years, Spark Plasma Sintering (SPS, also referred to as field-assisted
sintering technology (FAST)) has attracted considerable interest as a new advanced
technique for joining of both monolithic SiC [8, 9, 10] and CMC materials [1, 9, 11].
In this case, both a rapid heating and a short processing time allow a highly
controllable reaction of the interlayer with the materials to be joined. At the same
time, the electric field can accelerate self-diffusion, and promote the migration of
ions through the joining interface [10].

In order to develop new techniques to join advanced CMC materials that can
perform in extreme environments, a critical issue is to develop new filler materials
with high melting points and good oxidation resistance. A family of layered ternary
materials, so-called “MAX” phases (Mn+1AXn, where nis 1, 2 or 3, M is an early
transition metal, A is an A-group element, and X is either C or N) have attracted
increasing attention during the last decade. MAX phases exhibit a unique
combination of metallic and ceramic properties, such as damage tolerance,
machinability, high temperature oxidation resistance, good electrical and thermal
conductivities, thermal shock resistance, and wear resistance [12]. Moreover, they
exhibit large plastic deformation at temperatures above 1300°C [13, 14]. Since MAX
phases also possess excellent irradiation/corrosion resistance, they are regarded as

promising structural materials for fusion reactors and lead-cooled fast reactors [15].
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Among all of the MAX phase materials, Ti3SiC2 has been considered the most
promising candidate structural material for nuclear and high-temperature
applications [10]. More recently, Ti3SiCz has attracted considerable attention as a
joining filler for SiC [8, 9, 10] and CMC materials [9, 11].

Dong et al. [9] used a pre-synthesized Ti3SiC2 powder (containing ~ 10 vol.%
of TiC) to join both SiC and C¢/SiC materials using hot-pressing technology at
different temperatures from 1300°C to 1600°C with a dwell time of 30 minutes. The
flexural strength of the joints increased with increasing joining temperature and
reached a maximum value of ~ 110 MPa for SiC joined at 1600°C. However, at the
same time, the amount of Ti3SiCz decreased with increasing joining temperature,
while the amount of TiC and TiSi2 increased due to chemical reaction and
decomposition of Ti3SiCz. On the other hand, no chemical reaction took place at a
joining temperature of 1300°C, but the lowest flexural strength was measured. Zhou
et al. [10] joined pressureless sintered SiC with a Ti3SiCz tape film (made using a
commercial Ti3SiC2 powder) using SPS at temperatures from 1300°C to 1600°C with
a dwell time of 5 minutes. Similar to the previous work, flexural strength increased
with increasing joining temperature and reached a maximum value of ~ 99 MPa at
ajoining temperature of 1500°C. Again, they suggested that interface reactions were
beneficial for achieving a higher joining strength. In recent work, a Ti3SiCz tape was
also used to join C¢/C composites using SPS processing at temperatures between
1100°C and 1400°C [11]. A relatively high shear strength (~ 26 MPa) was measured
for the components joined at 1200°C and 1300°C. This was attributed to the strong
bonding between the interlayer and the matrix resulting from the reaction between

them. The reaction was the result of a partial decomposition of Ti3SiCz, followed by
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a reaction with carbon from the Cf/C matrix to form SiC and cubic TiC at the
interface. The shear strength significantly dropped when the joining temperature
was 1400°C due to almost complete decomposition of TisSiCo.

In all these works, the joining procedures relied on the reaction between the
joining filler and the matrix to obtain a good strength of the joined components.
However, decomposition of TizSiCz occurring at the joining temperatures along with
the chemical reactions with the matrices led to a decreasing amount of Ti3SiCz in the
joining area. In other words, although the Ti3SiC2 powders were used to join SiC and
CMC materials, the best results were achieved when the amount of Ti3zSiCz used
decreased due to both its partial decomposition and chemical reaction with SiC and
C. It should also be pointed out that this reaction could cause damage to the SiC
oxidation protective outer layer on the CMCs.

Although CMC materials are usually covered by a CVD-SiC oxidation
protective coating for their final applications, to the best of the authors’ knowledge,
there has been no reported study on the joining of CVD-SiC coated CMCs with Ti3SiCz
MAX phase. Therefore, the aim of the present work was to develop a technique to
join SiCt/SiC and Ct/SiC composites, both coated with an oxidation protective layer
of CVD B-SiC. In order to conduct a systematic study, two uncoated Ct/SiC
composites with different types of carbon fibres were also joined using the same
technique for the sake of comparison. Unlike the synthesized Ti3SiC2 powder [9] or
Ti3SiCz tapes [10, 11], this is the first report of using pre-sintered Ti3SiCz to join CMC
materials via solid-state diffusion bonding. The Ti3SiCz foil was pre-sintered from a
synthesized Ti3SiCz2 powder [16] (containing a small amount of impurities in the

form of TiC and TisSi3) using SPS and then ground down to 80 - 100 pm thickness.
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After the SPS sintering, the amount of impurities (TiC and TisSi3) was negligible and
the Ti3SiCz foil containing ~ 4.8 wt.% Al203 was used as a joining filler. The addition
of Al for the synthesis of Ti3SiC2 was reported to significantly decrease the quantity
of the TiC impurity [16] as well as to improve the oxidation resistance of Ti3SiCz2 [17].
Similarly, the presence of Al203 in the final synthesized Ti3SiC2 powder should
improve the hardness, strength and fracture toughness of Ti3SiC2 material [16]. The
advantages of using pre-sintered foil rather than powder and/or tape lie in the fact
that due to the solid-state diffusion bonding (no melting of joining material) there is
neither densification nor reaction required to obtain sound joints. This should rule
out the possibility of undesirable shrinkage of the joining interlayer as well as its
reaction with the CVD-SiC coated CMCs. Any reaction between the filler and the
matrix could cause damage to the external CVD -SiC layer, which would deteriorate
the oxidation protective function of the coating. Therefore, the joining parameters
were carefully chosen to avoid decomposition of Ti3SiC2 and the reactions between
the joining filler and CVD coating. Using such an approach, sound joints with a high
joining strength were obtained by diffusion bonding using SPS at a temperature as

low as 1300°C, with an external pressure of 50 MPa and a dwell time of 5 minutes.

2. Experimental procedure

2.1 Materials to be joined

Four different CMCs (all supplied by MT Aerospace, Germany) were joined
with the Ti3SiCz pre-sintered foil using the SPS. All samples were manufactured at
MT Aerospace using the standard gradient Chemical Vapour Infiltration (CVI)

process and supplied as rectangular shaped samples. As-received CMCs materials
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are summarized in Table 1. All of the CMCs materials contained characteristic
natural flaws, such as macro pores between the individual fabric layers or surface

cracks in the CVD -SiC layer; see the supplementary material, S.1.

Table 1 List of as-received CMC materials to be joined

Material Fibres Surface finish Density Dimension
[g/cm?] [mm]
SiCt/SiC Tyranno® S grade 1.6 K coated by CVD 3-SiC 2.4 10x10x3
(Ube Industries, Itd.)
C¢/SiC T300 1K (Torayca®) coated by CVD $-SiC 2.0 10x10x3
Ce/SiC T300 1K (Torayca®) uncoated 1.8 10x9x3
Ct/SiC M40] 3K (Torayca®) uncoated 1.8 10x7x3

Besides Keraman® SiC¢/SiC and Ct/SiC samples coated with a protective CVD
B-SiC layer, two uncoated C¢/SiC ceramic composites were joined and investigated
with two main aims: i) to investigate the influence of a SiC coating on the joining
process as well as the mechanical performance of the joints; ii) to investigate the
influence of different carbon fibres on the joining process and mechanical
performance of the joined components. Regarding the second point, the main
difference between the carbon fibres is their different stiffness’s. According to the
supplier, the M40] 3K carbon fibres (tensile modulus of ~ 230 GPa) are much stiffer
than the T300 1K ones (tensile modulus of ~ 135 GPa). The stiffer carbon fibres led
to a greater separation of the individual fabric layers in the initial CMC materials,
see the Figure S.1 in the supplementary material.

2.2 Material for joining filler

Details about the synthesis of the TizSiC2 powder used in this work and its

characterisation are reported elsewhere [16]. Briefly, the powder was synthesized
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from the elemental powders in the molar ratio of 1.0 Ti / 1.2 Si / 0.3 Al / 2.0 TiC in
flowing argon at 1200°C for 2 hours using in tungsten furnace. This powder was
sintered using SPS at a temperature of 1300°C with an external pressure of 50 MPa
and a dwell time of 5 minutes in vacuum. The as-sintered Ti3SiC2 bulk samples were
then ground and polished using a final diamond suspension of 3 pm to produce the
thin foils with a final thickness of 80 - 100 um. Afterwards, the pre-sintered foils
were cut into a rectangular shape to match the dimensions of the cross section of
the CMCs and then used as a joining filler.

2.3 SPS joining process

The CMC materials were top inf
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made of the same CMC. Before CMC composites

joining, the CMCs as well as the i

sice infrared pyromeler

TisSiC2 pre-sintered foils were Grapia e

ultrasonically cleaned in acetone. A

graphite punch
sketch of the joining setup is shown

n Fig. 1. The TisSiCe foil was Fig. 1 Sketch of the joining setup for the SPS process.

interposed between two CMC samples as a sandwich and inserted into a cylindrical
graphite die with a diameter of 20 mm. The external pressure was applied through
the graphite punches inserted in the cylindrical die. The graphite die was then
wrapped in graphite felt, and both the die and the felt had a small hole enabling the
temperature at the joining interface to be measured via a side-viewing infrared

pyrometer. The joining assembly was heated to the joining temperature indirectly

by Joule heating of the graphite die, which was heated by pulsed electric current in
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vacuum in an SPS furnace (HPD 25/1, FCT systems, Germany). The joining
temperature was controlled using a top-viewing infrared pyrometer (measuring the
temperature at ~ 2 mm from the top surface of the sample) while monitoring the
temperature of the joining interface using the side-viewing optical pyrometer (see
Fig. 1). The temperature difference measured using the top and side pyrometers was
negligible (les than 5°C) due to a relatively small height of the whole assembly (~ 6
mm) and uniform indirect heating via the graphite die. Therefore the joining
temperature referred hereinafter is that measured by the top pyrometer. The
joining temperature was 1300°C and the external pressure was 50 MPa. The heating
and cooling rates were 100°C/min while the holding time at the maximum
temperature was 5 minutes.
2.4 Materials characterisation

The mechanical strength of the joined samples was evaluated using a single
lap offset shear test. The tests were performed using a compression testing machine
(SINTEC D/10) at room temperature, according to a method adapted from standard
ASTM D1002-05. Before testing, Cu bars were placed on the opposite sides of the
joined assembly as an artificial step to enable the single lap offset configuration (Fig.
2). A shear load was applied by moving the cross-head at a speed of 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 (~ 100 m2). At least 3 samples of

each joined material were tested.
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Fig. 2 A schematic illustration of the mechanical testing of the joined components; a) single lap shear
test; b) single lap offset shear test.

X-ray diffraction (XRD) patterns of both the Ti3SiC2 powder and the Ti3SiCz
bulk samples were obtained with an X-ray diffractometer (Siemens D5000 using Cu
Ka radiation). Micro-XRD of the fracture surfaces of the samples after the single lap
offset shear tests was performed using a Rigaku D/max-Rapid Microdiffractometer
(The Woodlands, USA) with collimator spot area of 300 um. The CMCs before
joining, polished cross-sections of the joining areas and fracture surfaces after the
mechanical tests were characterized using Scanning Electron Microscopy (SEM) FEI

Inspect-F equipped with Energy Dispersive Spectroscopy (EDS) detector.

3. Results and discussion
3.1 SPS sintering of the Ti3SiC2 powder

The as-synthesized powder contained the main Ti3SiC2 phase, a small
amount of impurities (< 10 vol.%), such as TiC and TisSis, then intentionally added
Al203 (~ 4.8 wt.%; ~ 7.1 mol.%), and a small amount of both Al (~ 1.3 wt.%; ~ 7.15
mol.%) and Si (~ 2.6 wt.%; ~ 14.4 mol.%) [16]. The details about the synthesis of

the Ti3SiC2 were reported elsewhere [16]. The SPS sintering process at such a low
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temperature (1300°C) and a short time (5 minutes) purified the as-synthesized
powder and the amount of the impurities (TiC and TisSi3) was negligible after the
SPS sintering, see the supplementary material, S.2. Therefore the as-sintered
material, containing Al203 and a small amount of Al and Si, was further ground down
to a final thickness between 80 and 100 pm and then used as a joining foil between
pairs of CMCs. The details about the SPS sintering of the as-synthesized TisSiC2
powder along with the XRD patterns of both the as-synthesized Ti3SiC2 powder and
the bulk Ti3SiC2 sample after SPS sintering are given in the supplementary material,

Figure S.2.

3.2 Cross-section analysis of the joined CMCs coated with protective CVD 3-SiC layer

The CVD-SiC coated C¢/SiC and SiC¢/SiC composites, despite the presence of
their natural flaws, were successfully joined as in both cases, a uniform,
homogenous and defect free joining interface was obtained. Backscattered SEM
images of polished cross sections of CVD-SiC coated C¢/SiC samples joined with the
TisSiC2 pre-sintered foil are shown in Fig. 3. The microstructural features of the
cross sections of the coated SiCr/SiC joints were identical to the coated Cr/SiC joined
component.

The SEM analysis revealed several important characteristics of the behaviour
of the TisSiC2 pre-sintered foil during joining. Fig. 3a shows that the Ti3SiC: foil
exhibited a significant ductility during joining as it bent and conformed very well to
the rough surface of the CMC materials at the macro-scale (highlighted in the circles
in Fig. 3a). This is not surprising as Ti3SiCz is well known as a material that can show

large plastic deformation at temperatures = 1300°C [13, 14]. Similarly, higher
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magnifications of the cross section showed that the joining filler was conformal and
thus well copied the rough surface of the CVD-SiC layer at the micro-scale, resulting

in a wavy character of interface. Due to this conformal behaviour of the Ti3SiC: foil,

no voids, cracks or any defects were observed along the CVD-SiC/TisSiCz interface.

. - o st e
Fig. 3 Backscattered SEM images of the polished cross section of the coated Cr/SiC composites joined
with TisSiCz pre-sintered foil using SPS.

Most importantly, the Ti3SiCz joining filler penetrated into the cracks in the
CVD coating; effectively healing the surface cracks of the coating (highlighted by the
red circles in Fig. 3b, c). It is well known that these cracks are intrinsic in the CVD-
SiC layer and formed during manufacturing of CMCs due to the thermal expansion
coefficient mismatch between the SiC coating and C¢/SiC substrate [1]. It can be seen
that these cracks did not propagate during joining into the interlayer and therefore

transverse cracks across the joining area did not form in the joined components. As



Accepted 14t June, 2016

mentioned earlier, TizSiC2 shows high plastic deformation at temperatures = 1300°C
[13], so the joining temperature of 1300°C along with the pressure applied during
joining (50 MPa) allowed the joining filler to penetrate and heal the cracks in the
CVD coating. The applied temperature and external pressure enabled plastic flow of
the joining material, which was pushed into the surface cracks in the CVD-SiC during
joining. Therefore, the cracks that were not directly connected to the joining
interlayer remained unfilled; see the cracks in the CVD coating on the left side to the
interlayer in Fig. 3c. In addition, the pressure and electric current applied during SPS
joining were reported to promote diffusion of the joining filler [9, 11], so the solid-
state diffusion could also have contributed to the crack healing. Such a crack healing
allows the joining media to integrate more with the substrate, which is believed to
strengthen the joining interface.

Apart from the cracks in the CVD-SiC layer, very fine cracks were found in the
joining filler in some areas, as highlighted by the arrows in Fig. 3a, b, c. Since the pre-
sintered TisSiC2 foil was fully dense, no pores were found in the joining interlayer.
Similar small cracks in the Ti3SiC2 joining interlayer were observed by Zhou et al.
[10], but their presence did not deteriorate the mechanical performance of the
joints. These small cracks may have formed due to the internal stresses generated
and slight volume change during the cooling from the joining temperature [10, 19].
[t is also worthwhile mentioning that transverse cracks were reported to cause less
damage to the joining strength than cracks parallel to the joining interface [1, 18].

Fig. 3d shows the microstructure of the Ti3SiCz interlayer at a higher
magnification. The results of the EDS analysis of four distinct phases are shown in

the supplementary information, Figure S.3. Taking both the EDS of the joining
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interlayer (Figure S.3 in the supplementary material) and the XRD of the as-sintered
Ti3SiCz (Figure S.2 in the supplementary material) into account, it can be concluded
that the Al203 particles (Fig. 3d “B”) were homogenously distributed in the
microstructure of Ti3SiCz (Fig. 3d “A”). The Al203 particles had either plate-like or
round morphologies and their size varied from several hundreds of nanometers up
to 4 um. Besides the Al203 phase, a small amount of titanium silicide was present in
the microstructure, probably in both the forms of TisSis (light grey phase - “C” in Fig.
3d) and TiSiz (very bright areas - “D” in Fig. 3d). The presence of the titanium
silicides was not detected by the XRD analysis of the pre-sintered Ti3SiCz foil (Figure
S.2 in the supplementary material) due to fact that its content was below the
detection limit of the XRD.

It should be pointed out that the SEM analysis of the cross sections did not
reveal any signs of Ti3SiC2 decomposition or its reaction with the CVD (3-SiC coating.
No obvious transition layer was found at the interface between the Ti3SiCz interlayer
and the CVD-SiC, as is usually observed when a reaction takes place during joining
[18, 19, 11]. Moreover, the SEM/EDS analysis did not reveal any significant change
in the elementary composition of the TisSiC2 filler penetrated into the CVD-SiC
cracks when compared to the material in the middle of the joint.

In order to verify that neither reaction nor Ti3SiC2 decomposition occurred
during SPS joining, micro-XRD analysis was carried out on the fracture surfaces of
the joined components after the mechanical testing. The area of interest was
carefully chosen to investigate the crystalline phases in the TisSiC2 interlayer that
partially covered the fracture surfaces. Fig. 4 shows the micro-XRD patterns taken

from the fracture surfaces of the coated SiC¢/SiC and the coated Ct/SiC joined
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components. The micro-XRD analysis revealed the presence of Ti3SiCz as the main
crystalline phase in the interlayer. The presence of the additional SiC and C peaks is
believed to come from the CMC matrix materials. No additional phases were

detected by the micro-XRD of the TisSiCz interlayer after the joining.
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Fig. 4 Micro-XRD patterns of the TisSiCz interlayer present on the fracture surfaces of SiC¢/SiC and
Ct/SiC composites, both coated and joined with Ti3SiCz interlayer using SPS.

These results are in good agreement with the work of Dong et al. [9] who did
not observe any reaction or decomposition when monolithic SiC was joined with
Ti3SiC2 powder using hot pressing at 1300°C with a holding time of 30 minutes. Once
the reaction took place (above 1400°C), the amount of Ti3SiC2 decreased while the
amount of TiC increased. They also reported the formation of TiSiz as a result of the
reaction between Tis3SiC2 and the Si-enriched environment [9]. El-Raghy and
Barsoum [20] as well as Gao et al. [21] also reported that Ti3SiC2 decomposes into
TiCx along with an outward diffusion and evaporation of Si in a graphite-rich
environment at temperatures above 1350°C. Zhou et al. [10] found both TiCx and
TixSiy in the interlayer when SiC was joined with a TisSiC2 tape film using SPS at
temperatures above 1300°C, while the TisSiCz interlayer started decomposing from

a joining temperature of 1400°C. On the other hand, Zeng et al. [22] reported that
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the Ti3SiC2 material started to decompose after 1h at 1300°C in a furnace with
graphite heating elements. They found TiCy as the final product and TisSi3Cx as the
intermediate product, while TixSiy was not observed. These results show that
decomposition of Ti3SiC2 is a complex phenomenon and is significantly affected by
the external conditions, such as temperature, time, and environment. The common
result of all of these works was that once the decomposition of Ti3SiCz took place,
the presence of TiC phase was always found as a final product after decomposition.
However, no additional phase was found in the interlayer after joining process when
compared to the initial pre-sintered foil, and this confirms that neither
decomposition of Ti3SiCz (no TiC) nor its reaction with the matrix (no TiSiz)
occurred during the joining.

The above observations suggest that, as intended, the joining conditions in
the present work were successfully selected to prevent a reaction between the
Ti3SiCz interlayer and the CVD (-SiC in order to avoid damage to the protective
coating on the CMCs. [t can be concluded that strong, defect-free joints of the coated
CMCs were obtained due to a solid-state diffusion bonding between the Ti3SiCz and
CVD B-SiC during SPS joining process at 1300°C and 50 MPa for 5 minutes. Since the
Ti3SiCz foil did not melt, shrink or react with the CVD-SiC coating on the CMCs, the
final thickness of the joining interface was predetermined by the initial thickness of
the TisSiCz foil; what is another important advantage of this solid-state diffusion

joining process.

3.4 Cross-section analysis of the joined CMCs without a protective CVD-SiC layer
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Similar to the results for the joined CMCs coated with the CVD 3-SiC, a strong
bonding appeared to form between the TisSiC2 pre-sintered foil and the uncoated
Ct/SiC composites. Fig. 5 shows backscattered SEM images of the polished cross
section of the joined uncoated C¢/SiC with T300 1K carbon fibres. The Ti3SiCz pre-
sintered foil again showed a significant level of ductility as it conformed very well to
the rough surface of the CMCs; avoiding pores, cracks or any defects forming along
the interface. The joining interface is continuous, free of micro-defects regardless
the carbon fibre orientation (parallel or perpendicular to the surface). This result
shows that no specific preparation of the CMC surfaces to be joined is required
before joining, contrary to the previous work where polishing of the surfaces was
required to reduce the roughness and maximise the contact surface [8]. The
microstructure of the interlayer was identical to the one observed in the joints of
the coated CMCs; containing small amounts of the Al203 particles and titanium
silicide. No other phases were found in the interlayer either by SEM/EDX or by XRD
analysis.

Unlike for the joined CMCs coated with the external layer of CVD (-SiC, two
distinct interfaces were observed. The first one was between the TisSiCz interlayer
and the SiC matrix while the second one was between the interlayer and the carbon
fibres (in both parallel and perpendicular orientations to the surface as highlighted
in Fig. 5a). Interestingly, a significant difference can be seen when these two
interfaces are compared. When the Ti3sSiC2 interlayer was in contact with carbon
fibres (regardless their orientation), an additional reaction layer was found in the
interlayer (highlighted by circle in Fig. 5b). The reaction layer consisted of dark grey

particles, forming an almost continuous layer with a thickness of ~ 1 um. Fig. 6
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shows the results of the EDS mapping of the interface. It is clear that the reaction
layer is enriched with Si while depleted in Ti. As the layer also contained carbon, it
is believed that the SiC was formed at the interface as a result of the reaction
between the Ti3SiC2 and carbon fibres. The formation of such a SiC reaction layer
was also reported during the joining of Cr/C with Ti3SiCz tape [11].

On the other hand, when the interlayer was in contact with the SiC matrix, no
reaction layer was observed in the joining interlayer. The interface was identical to
the one observed between the TisSiCz interlayer and the CVD 3-SiC in the case of
joined CMCs with the protective coating. The infiltration of the joining filler into the
cracks in the SiC (shown by arrows in Fig. 5b) was again observed as occurred
during joining of the coated CMCs. The EDS mapping analysis did not reveal any
reaction layer in the TisSiCz filler at the interface between the Ti3SiCz and SiC matrix,
see Figure S.4 in the supplementary material. In good agreement with the SEM
analysis of the joints of the coated Ct/SiC, even when the TisSiC: filler penetrated

into the SiC cracks, there was no sign of any reaction with the SiC.
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Fig. 5 Backscattered SEM imlages of the pé)lished cross section of two uncoated Cs/SiC composites
(T300 1K) joined with the Ti3SiCz pre-sintered foil using SPS.

The infiltration of the joining filler into the inter-spaces of carbon fibres was
limited because of the limited number of free interspaces of Cr near the interface
(see Fig. 5a). In addition, the reaction between Ti3SiC2 and carbon fibres might also
have inhibited the infiltration of the filler into the inter-spaces of the Ct. Once SiC
formed at the interface, it acted as a barrier to inhibit further outward diffusion of
Si from the filler and inward diffusion of C from the matrix [11]. Fig. 5c shows the
fact that the SiC reaction layer may have acted as a barrier and inhibited the joining
filler penetrating further into the composites via the interspaces between the
carbon fibres. In conclusion, good, apparently strong, defect-free joints of the

uncoated Ct/SiC were obtained during the SPS joining at 1300°C and 50 MPa for 5
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minutes by the combination of both reactive and diffusion bonding when the Ti3SiC2
pre-sintered foil was in contact with Crand SiC, respectively. [t is important to point
out that both reactive and diffusion bonding occurred again (as for the joining of
coated CMCs) via solid state diffusion, i.e. without forming a liquid phase as neither

melting nor shrinking were observed in the joints.

Fig. 6 EDS mapping of the elemental composition at the interface between the TizSiCz interlayer and
carbon fibres for the uncoated Cr/SiC composites (T300 1K).
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As discussed above, the presence of TiC in the microstructure of Ti3SiCz is
always a result of Ti3SiC2 decomposition in a carbon-rich environment [9, 10, 11, 20,
21, 22]. However, TiC was again not found in the microstructure of the interlayer
either by XRD or SEM/EDS analysis. It is therefore believed that the decomposition
of Ti3zSiCz did not occur during joining of the uncoated CMCs similarly as it did not
occur during joining of the coated CMCs in this work. This is in good agreement with
the other works mentioned above that the decomposition of the Ti3SiC2 should not
take place at temperatures < 1300°C. Therefore, the SiC reactive layer was not
formed as a result of the decomposition of Ti3SiC2 (into gaseous Si and non-
stoichiometric TiC) followed by the reaction with the carbon from matrix as it
occurred in [11] while joining the uncoated C¢/C composites. It is more likely that a
small amount of free Si, which was reported [16] to be present in the as-synthesized
Ti3SiC2 powder (~ 2.6 wt.%; ~14.4 mol.%), reacted with the carbon from the Ct/SiC
matrix to form the SiC reaction layer at the interface. A small amount of free Si most
probably came from the interlayer to react with carbon fibres as the uncoated Ct/SiC

composites were manufactured using CVI process and did not contain any free Si.

3.5 Apparent shear strength of the joined CMC components

All of the joined CMC components were ready for the shear strength testing
after SPS joining. No further machining or other sample preparation was needed as
the sample misalignment was kept to a minimum during joining. Any very slight
misalignment was balanced by the articulating sample grips used in the testing jig.

[t must be pointed out that before the single lap offset test, the single lap test

was performed on the joined CMCs, Fig. 2a. However, this test was found to be
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inappropriate as delamination of the CMCs far away from the joining interface
occurred during testing; see schematic crack propagation in Fig. 2a. In other words,
the joining interface was stronger than the interlaminar shear strength of the CMCs,
and too strong for obtaining the apparent shear strength of the joints. Since the CMC
samples were not joined with any offset, before testing the Cu bars were placed on
the opposite sides of the joined assembly as an artificial step to enable a single lap
offset configuration (Fig. 2b). The crack propagated along and/or very close to the
joining interface (as schematically shown in Fig. 2b), suggesting the apparent shear

strength of the joints was obtained.

40 T T T T

30+

20+

10+

Apparent shear strength [MPa]

SiC/SiC c/sic c/sic c/sic
coated coated uncoated  uncoated
T300 1K T300 1K M40J 3K

Fig. 7 Results of the single lap offset shear test for all investigated joined CMCs.

Fig. 7 shows the result of the single lap offset shear test for all four CMCs
joined with the pre-sintered TisSiCz foil using SPS. The joined C¢/SiC coated with a
protective CVD B-SiC layer exhibited the best mechanical performance, as the
average apparent shear strength was 31.1 + 4.0 MPa. On the other hand, the
uncoated Cr/SiC with M40] 3K carbon fibres showed the lowest shear strength (5.5

+ 1.8 MPa) among all of the investigated joined components. When compared to the
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other uncoated C¢/SiC with T300 1K carbon fibres (19.1 * 2.0 MPa), this suggests
that the M40] 3K carbon fibres resulted in the lowest shear strength of the joined
components. As described in the supplementary material S.5, M40] 3K fibres are
much stiffer than T300 1K fibres and this stiff fabric structure had a tendency to
spring back during the gradient CVI process, leading to separation of the fabric
layers. Therefore, bigger voids between the fabric layers were found when the stiffer
M40] 3K fibres were used (see Figure S.1 in the supplementary material). These
separate fabric layers resulted in poor mechanical performance of the joined
uncoated Ct/SiC components with M40] 3K carbon fibres. This was further
confirmed by the fracture surface analysis after the single lap offset shear tests. Fig.
8 shows a macro view of the fracture surfaces of all of the investigated joined CMCs.
While the three other joined CMC samples always delaminated at, or very close to
the joining interface, the uncoated Cr/SiC with M40] carbon fibres samples always
delaminated in the composite, far away from the joining interface (as schematically
shown in Fig. 2a). Fig. 8d shows that the joined couple did not fail in the middle, but
one half of the joined component was much thicker than the other one after the
failure. The pre-sintered foil was far beneath the fracture surface on one part of the
composite (right hand part in Fig. 8d). This is consistent with the relatively poor
mechanical properties of this type of CMC, as the joint was much stronger than the

shear strength between the individual fabric layers of the composite.
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Fig. 8 Macro images of the fracture surfaces of all joined CMCs after the single lap offset shear test:
a) coated SiC¢/SiC; b) coated Cr/SiC; c) uncoated Ct/SiC made of T300 1K fibres; d) uncoated Cr/SiC
made of M40] 3K fibres.

For the other three joined composites the crack propagated by a combination
of two different modes: i) along the joining interface, and ii) through the composite
near the interface; as schematically shown in Fig. 2b. Crack propagation through the
interlayer leading to the delamination within the pre-sintered foil was not observed
whatsoever. Therefore, the apparent shear strength of the joined components was
influenced by both the strength of the interface and the shear strength of the
composites.

The results of the apparent shear strength test in Fig. 7 also show that the
shear strength of the joined couple of the uncoated C¢/SiC was lower (19.1 = 2.0
MPa) than that of the CVD-SiC coated C¢/SiC (31.1 + 4.0 MPa). In the case of coated
Ct/SiC, the infiltration of the joining filler into the surface cracks in the CVD-SiC
coating allowed the filler to be more uniformly integrated with the matrix all along
the interface. This resulted in a higher shear strength than that of the uncoated

joined samples. On the other hand, two significantly different interfaces (infiltration
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of the filler into the cracks in SiC matrix, while formation of the SiC reaction layer
when in contact with carbon fibres) rather than a uniform interface may have led to
the lower shear strength of the uncoated joined components. The joining filler was
not that well integrated with the CMCs as the number of cracks in SiC matrix healed
with the Ti3SiCz filler was limited and much lower than in the case of the external
CVD-SiC coating. Moreover, the infiltration of the filler into the interspaces of Cfwas
only partially observed (Fig. 5c) due to a lack of free interspace of the Cr at the
interface and the reaction between the TisSiCz interlayer and carbon fibres.
Therefore, a positive effect of the reaction bonding in the uncoated Ct¢/SiC on the

shear strength of the joined components was not observed in the present work.

Fig. 9 SEM images of the details of SiC Tyranno fibres on the fracture surfaces of: a) as-received
coated SiC¢/SiC composites; b) joined couple of coated SiCt/SiC.

According to the CMCs supplier (MT Aerospace), the shear strength of the as-
received SiCr/SiC and C¢/SiC composites is 35 - 50 MPa and 25 -35 MPa, respectively.
The average value of shear strength of the joined couple of the coated Cr/SiC
measured in this work (31.1 + 4.0 MPa) is similar to the shear strength of the as-
received composites. However, the apparent shear strength of the joined couple of

the coated SiCt/SiC was significantly lower (18.3 + 5.8 MPa) than that of the as-
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received composites. Fig. 9 shows the SEM images of the SiC Tyranno S-type fibres
observed on the fracture surfaces of the as-received coated SiC¢/SiC and the joined
coated SiCt/SiC composites, respectively. While in both cases the SiCr fibres are
detached from the SiC matrix, degradation of the Tyranno SiC fibres is obvious on
the fracture surface of the joined couple (Fig. 9b). This clearly confirms that despite
the external SiC protective coating on the SiCr/SiC composites, the joining conditions
used in the present work (SPS, 1300°C and 50 MPa) were too extreme for the SiC
fibres. The degradation of a variety of SiC fibres at temperatures above 1000-1200°C
was often reported in the literature [23, 24, 25]. Since degradation of SiC fibres is
strongly affected by temperature, time and atmosphere [24, 25], the external
pressure (50 MPa) applied during the SPS joining at 1300°C most probably
accelerated the process of degradation. This degradation of the SiC fibres resulted
in the deterioration of the apparent shear strength of the investigated joints of the
CVD-SiC coated SiCt/SiC composites.

Although the cracks propagated in a mixed mode (along the interface, and/or
through the composite) in both cases, a small difference can be seen when the
backscattered SEM images of the fracture surfaces of the coated SiC¢/SiC and the
coated Cr/SiC are compared, Fig. 10. In the case of coated SiCt/SiC, the crack
propagated through the one part of the composite and before growing into the other
part through the interlayer, the crack propagated for a short distance along the CVD-
SiC/TisSiCz interface (Fig. 10a). On the other hand, when a crack propagated from
one part of the Cr/SiC into other part, the crack path along the CVD-SiC/TisSiC2
interface was significantly larger than it was for the coated SiC¢/SiC (Fig. 10b). This

led to delamination of a significant part of the joining foil from the CVD-SiC surface.
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In addition, cracks also propagated partially along the interface between the CMC
and the CVD-SiC coating. The possible crack paths during single lap offset shear test
of different joined CMC components are schematically shown in Figure S.5 in the
supplementary material. All of this confirms that the matrix of SiCf/SiC was
significantly weaker than that of the C¢/SiC, as it was energetically more favourable
for a crack to propagate through the SiCt/SiC composite in proximity of the interface
rather than along the interface. More importantly, since the crack propagated
mainly along the CVD-SiC/TisSiCz, the apparent shear strength of the joints of coated
Ct/SiC composites (31.1 + 4.0 MPa) was probably very close to the “pure” shear

strength of the CVD-SiC/TisSiCz interface.

b= : - . ‘\-\.;‘ i xh..--. : TEH
Fig. 10 Backscattered SEM images of the fracture surfaces of joined CMCs components after single
lap offset shear test: a) coated SiCt/SiC; b) coated C¢/SiC.

Conclusions

Four different types of CMCs (coated SiCt/SiC, coated Ct/SiC and two types of
uncoated Cr/SiC with different carbon fibres) were successfully joined to their
counterparts with a pre-sintered TisSiCz foil using SPS technology at a temperature
of 1300°C, an external pressure of 50 MPa, with a dwell time of 5 minutes. For the
first time pre-sintered Ti3SiCz foil rather than the Ti3SiC2 powder or Ti3SiCz tape was

used as a joining filler. The pre-sintered foil and the joining parameters were
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carefully selected to avoid the decomposition of Ti3SiCz and the reaction between
the joining filler and the CVD coating, which would have deteriorated the oxidation
protective function of the coating.

The joints of the CVD-SiC coated Ct/SiC and SiC¢/SiC composites were
produced by solid-state diffusion bonding between the TisSiC: interlayer and the
CVD B-SiC layer. No reaction between the Ti3SiC2 and CVD-SiC was observed. The
pre-sintered Ti3SiCz foil showed a significant level of ductility during joining as it
conformed very well to the rough surface of the CMCs and/or CVD coating at both
the macro- and micro-scales. The infiltration of the joining filler into the surface
cracks in the CVD (3-SiC coating allowed filler to be more uniformly integrated with
the matrix material all along the interface. Since the Ti3SiCz foil did not melt, shrink
or react with the CVD-SiC coating on the CMCs, the final thickness of the joining
interface was predetermined by the initial thickness of the TisSiCz foil; what is
another important advantage of this diffusion joining process. The apparent shear
strength of the joined coated Ct/SiC was 31.1 + 4.0 MPa. This value is close to the
shear strength of the CVD-SiC/TisSiCz interface, as the main crack path was along
the interface rather than through the composites in proximity of the interface.

Despite the protective CVD (3-SiC coating, the degradation of SiC fibres
reduced the apparent shear strength of the joints (18.3 + 5.8 MPa). The external
pressure applied during the SPS joining most probably accelerated the degradation
of the SiC fibres.

A combination of both reaction and diffusion bonding was observed when
the uncoated Cr/SiC composites were joined. Both types of bonding occurred via

solid-state diffusion, i.e. without presence of a liquid phase as the MAX phase did not
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melt during joining. The formation of SiC reaction layer in the joining interlayer was
observed at the interface between the carbon fibres and the Ti3SiCz interlayer. When
in contact with the SiC matrix, the TisSiC2 joining filler infiltrated into the cracks in
the SiC at the interface, and no reaction between the two phases was found. The
apparent shear strength of the joined uncoated C¢/SiC with T300 1K carbon fibres
was found to be 19.1 + 2.0 MPa. The combination of both diffusion and reaction
bonding produced the lower shear strength when compared to when only diffusion
bonding occurred in the joining of the coated CMCs. The stiffer M40] 3K carbon
fibres showed a tendency to spring back during the gradient CVI process, forming
big voids between the individual fabric layers. This was the reason for the
significantly lower apparent shear strength of the joined uncoated C¢/SiC with the

M40] 3K carbon fibres (5.5 + 1.8 MPa).
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