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Flash joining of CVD-SiC coated C¢/SiC samples with a Ti interlayer was achieved using a Spark Plasma
Sintering machine. The influence of different heating powers and discharge times were investigated. The
sample flash joined at a maximum heating power of 2.2 kW (peak electric current of 370 A) within 7 s
showed the highest apparent shear strength of 31.4 MPa, which corresponds to the interlaminar shear
strength of the composites. A maximum joining temperature of ~1237°C was reached during the flash
joining. An extremely rapid heating rate of 9600°C/min combined with a very short processing time
hindered any reaction between the CVD-SiC coating and the Ti interlayer. The formation of a metallic
joint (Ti based) in the absence of any detectable reaction phase is proposed as a new joining mechanism.
For a conventionally joined SPS sample, the formation of titanium silicide phases inhibited the formation

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Ceramic matrix composites (CMCs) with a SiC matrix reinforced
with carbon fibres (C¢/SiC) and silicon carbide fibres (SiC¢/SiC)
are materials of great interest for aerospace and nuclear appli-
cations. These materials possess superior mechanical properties,
resistance against high temperatures and low density. CMCs are
usually coated with an outer SiC protective layer to improve their
oxidation and ablation resistance as they are used in extreme envi-
ronments, involving high temperatures, mechanical stresses and
oxidative atmospheres [1,2]. However, their manufacture as large
components with complicated shapes is extremely difficult and
expensive. Therefore, the application of CMCs depends on the abil-
ity to join them in order to assemble large components in complex
structures [2-4]. In many cases, CMCs are required to be joined with
metals, especially to Ti alloys for aerospace applications [5].

A number of techniques for joining of CMCs to themselves
or dissimilar materials (e.g. metal components) have been devel-
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oped. This includes brazing [6], diffusion bonding [7], transient
eutectic phase routes [8], glass-ceramic joining [9], adhesion [10],
pre-ceramic polymer routes [11], MAX phase bonding [2], and
mechanical fastening [12]. These techniques are based on pres-
sureless or pressure assisted technologies, which normally require
high temperatures and relatively long dwell times, limiting their
industrial applications.

Electrical current assisted processes have been developed for
more than a century and they have been used to consolidate par-
ticles or analogously bond together bulk materials. The first use of
resistance welding might go to James Prescott Joule when he intro-
duced the Joule heating effect (1840), and later in 1856 when he
attempted the first arc welding experiments by passing currents
through various metal wires surrounded by charcoal [13]. Elihu
Thomson is considered to be the father of resistance welding with
his work published in 1886 [14]. As stated: “All that was required
was a transformer with a primary to be connected to the lighting
circuit and a secondary of a few turns of massive copper cable”. He
perfected the process into what is now known as resistance weld-
ing [15]. In resistance welding, the heat in the components to be
joined is generated by the electric current flow. To facilitate the
formation of a strong bond and good electrical contact, uniaxial
forces are employed.

0955-2219/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Early works on electric current assisted sintering (ECAS) have
been reviewed in Refs [16,17]. The most recent evolution of ECAS
is Flash Sintering that allows the densification of particulate mate-
rials in a very short time (<60 s) under the application of an electric
field due to the localised Joule heating developed within the con-
solidating particles using a die-less configuration [18]. So far, most
of the resistive joining/welding works using a very rapid processing
(discharge time <10 s) have been limited to metals or cermet. This
is because: i) some of the ceramics may require sufficient preheat-
ing to become conductive enough to allow suitable flow of electric
current and activate the thermal runaway process seen in semi-
conductors; ii) ceramics may not tolerate the thermal shocks as
in the case of resistive welding of metals. Therefore, most of the
works to join ceramics in the presence of an electric current have
applied low voltages (1-10V) and high electric current through
electrically conductive graphite dies with the specimen under a
mechanical pressure using Spark Plasma Sintering (SPS) apparatus.
The electric current heats graphite dies and the ceramic pieces to
be joined are subsequently heated indirectly through the graphite
dies with resulting processing times of the order of few tens of
minutes. Contrary to the previously developed techniques to join
ceramics, both a rapid heating and a short processing time allow
an accelerated bonding process. SPS processing has recently been
successfully used to join both monolithic SiC [19-22] and CMCs
[2,7,23]. However, the resulting processing time was still of the
order of few tens of minutes rather than a few seconds as in the
case of flash processing.

The purpose of this work is, for the first time, to bring together
the flash processing and the joining of ceramic materials, thus
allowing flash joining of ceramics. The inherent advantage of flash
processing is the rapid temperature transition that would limit
degradation of materials susceptible to thermal degradation, such
as C¢/SiC composites. A pair of C¢/SiC materials was successfully
joined with a Ti foil using a SPS machine with a discharge time of
less than 10s.

2. Experimental procedure
2.1. Starting materials

Keraman® Cs/SiC composites containing T300 1K (Torayca®)
carbon fibres were manufactured at MT Aerospace (Germany) using
the standard gradient Chemical Vapour Infiltration (CVI) process
and supplied as disc shaped samples with a diameter of 20 mm
and a thickness of 2 mm. After the gradient CVI process, all sides of
the samples were coated with a protective CVD 3-SiC layer. After
coating, the nominal density of the samples was 2.00+0.1 g/cm3.

High purity Ti foil (99.99%) with a thickness of 130 wm (Good-
fellow, UK) was used as a joining material. The foil was cut into the
discs with a diameter of 20 mm, to match the diameter of the C¢/SiC
samples.

2.2. Flash SPS joining process

The C¢/SiC materials as well as the titanium foil were ultrason-
ically cleaned in acetone before joining. The Ti foil was interposed
between two C¢/SiC samples as a sandwich and the whole assem-
bly wrapped by a graphite felt. As usual, graphite felt was used to
thermally insulate the sample, but in this case to allow preheat-
ing of the sample as well. The sample wrapped in the graphite felt
was then placed between two graphite punches with a diameter of
30 mm and a constant uniaxial force of 5kN (16 MPa) was applied
throughout the joining process. The flash joining process was per-
formed using a SPS machine (HPD 25/1, FCT systems, Germany).
Due to difficulties in measuring the actual sample temperature dur-

ing the flash joining process, the process was controlled by limiting
the power to a preset value and the joining process was termi-
nated by interrupting the electric power after a certain time was
reach. The samples were discharged under a peak power of 2-7 kW.
Three samples were discharged using a relative power limit of 80%
and the process was interrupted at different times for each sample
(225,195, 12 s). Two samples were discharged using a power limit
of 60% and the process was interrupted after 13s and 7 s, respec-
tively. After the best joining conditions were identified, the joining
process was repeated twice to investigate reproducibility of the
process. The same joining parameters were then also applied for
samples with a K thermocouple (@ 1 mm) inserted into the joining
interface (up to~2 mm from the edge of the sample) in order to
measure maximum joining temperature of the process. In addition,
in this case a data logger (National Instruments USB-6221, UK) was
used to obtain a more accurate measurement of the electric current.
The schematic illustration of the joining set-up and the heat dissi-
pation during the joining process with the individual parameters
for each step is shown in Fig. 1.

Apart from the flash joining process, a joining assembly was
also heated up to 1250 °C using a standard SPS die set (the samples
were placed in a graphite die) with a heating rate of 100 °C/min, and
then immediately cooled down without any dwell time at the max-
imum temperature. This experiment was performed to compare
the chemical composition of the Ti interlayer after the flash join-
ing and SPS joining processes with the similar maximum joining
temperatures.

2.3. Characterisation of the joints

The polished cross-sections of the joined areas and fracture
surfaces after the mechanical tests were characterized using a
Scanning Electron Microscopy (SEM) FEI Inspect-F equipped with
Energy Dispersive Spectroscopy (EDS) detector.

X-ray diffraction (XRD) patterns of the Ti foils adhered to the
surface of C¢/SiC were obtained on the fracture surfaces after the
mechanical tests using an X-ray diffractometer (Siemens D5000
using Cu Ko radiation).

Each of the joined discs was cut into two cuboids with a
cross sectional joining area of 90 mm?2 (10 x 9 mm; middle part of
the disc) and 30 mm? (10 x 3 mm), respectively. The mechanical
strength of the joined samples was evaluated using a single lap off-
set shear test. The tests were performed at room temperature with
a compression machine (SINTEC D/10) with a cross-head speed of
0.5 mm/min, according to method adapted from ASTM D1002-05
standard. Copper bars were used as an artificial step on the joined
C¢/SiC rectangles to enable the single lap offset configuration, as
schematically shown in our previous work [2]. The maximum force
was then divided by the joining area (90 or 30 mm?) to calculate
the apparent shear strength of the joints.

3. Results and discussion

Table 1 summarises all of the flash joining parameters (SPS data)
used for the individual samples. The samples Nos. 6 and 7 were
joined using similar parameters as those for the sample No. 5. On
the other hand, the sample No. 8 was joined using the same param-
eters, but in this case the temperature and electric current were
monitored using a @ 1 mm thermocouple and an external logger,
respectively. It is believed that a heat dissipation during the flash
joining process in the SPS machine was the same as occurred during
flash SPS sintering of 3 SiC [24]. This suggests that, as schematically
shown in Fig. 1, in all cases the sample was probably preheated
through the surrounding graphite felt as the electric current passed
the punches and the side felt at the beginning of process due to their
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Fig. 1. Schematic illustration of the flash joining process using SPS with a @ 1 mm thermocouple embedded in the joining interface. In each figure the qualitative temperature
profile is sketched, and corresponding electric current, temperature (TC) and time are also provided.

Table 1
Summary of the SPS data recorded during the flash joining of C¢/SiC samples with a Ti interlayer. Summarizing remarks on the quality of the corresponding joints are also
listed.

Sample No. Relative Power limit Max. heating power Max. current Time Final resistance Remarks

[%] [kwW] (A] [s] (mOhm]

1 80 7.3 1110 22 5.9 SiC heavily damaged

2 80 6.8 1030 19 6.4 SiC heavily damaged

3 80 5.7 850 12 7.9 SiC damaged

4 60 34 570 13 103 SiC damaged

5 60 2.2 370 7 16.2 Strong joint

6 60 2.0 310 6 21.2 Weak joint

7 60 2.0 320 7 19.1 Weak joint

8 60 2.1 340 7 18.0 TC inserted in the interface

“An external @ 1 mm thermocouple and a data logger were used for this sample to more accurately monitor both the temperature and the electric current, respectively (the

results are shown in Fig. 2).
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Fig. 2. The temperature and electric current measured during the SPS flash joining
process of the C¢/SiC sample No. 8 using a @ 1 mmK thermocouple and the exter-
nal data logger, respectively (not SPS data). The heating rate was determined to be
~9600°C/min (160°C/s), while the cooling rate from the maximum temperature
was ~6000°C/min (100°C/s).

lower resistance compared to the C¢/SiC joining couple. According
to the data logger results for sample No. 8 (Fig. 2), this might have
happened after approximately 0.5 s from the start of the discharge.
At this point, the electric current was starting to stabilize at an
almost constant value of ~112 A for a very short time (~0.5s), see
Fig. 2. The current then continued increasing, and a more significant
increase of the current was observed after ~4s. It is believed that
at this point the current started passing through the sample, as the
sample became conductive enough at this temperature (~700°C;
~175A). This is in accordance with the previous work of Grasso
et al. on flash sintering of o and (3-SiC who reported that (3-SiC
became conductive enough at 500-600 °C during the flash sintering
[24]. The CMCs investigated in the present work contained a signif-

icant amount of (3-SiC, which is the reason why similar behaviour
could be expected. As the flash joining process continued, the resis-
tance of the sample decreased rapidly, and at this point there was
maximum heat dissipation in the sample as its resistance was sig-
nificantly lower than the resistance of the felt. This allowed the
sample to be heated up to a sufficient temperature to enable dif-
fusion bonding of the C¢/SiC samples with the Ti interlayer. In the
final stage, the resistance of the samples further decreased with the
increasing processing time, while the maximum current increased
(Table 1).

The external logger allowed us to monitor electric current more
precisely than the SPS machine due to its faster response (0.1s
versus 1s for the logger and the SPS, respectively). A maximum
current of 354 A was recorded using a data logger after 7.7 s from
the start of the discharge, which resulted in a maximum joining
temperature of 1237°C (Fig. 2). This current was slightly higher
than the current recorded by the SPS machine for the same sample
(340A; see sample No. 8 in Table 1). This was caused by the fact
that both the heating power and the sample resistance changed
rapidly during the flash joining process; see Fig. 3 for both 80%
and 60% of power limit. Therefore, even a slight difference in the
processing time (fraction of second) had a significant effect on
the final measured heating power and the resistance of the sam-
ples. Fig. 3 also shows that the sample resistance decreased more
rapidly when the higher power limit was used. The drop in resis-
tance is due to the semiconductor behavior of 3-SiC [24]. As shown
in Fig. 2, the average experimentally recorded heating rate was
~9600°C/min (160°C/s), while the cooling rate from the maximum
temperature was around 6000 °C/min (100 °C/s). At present, the SPS
machine employed is able to control the set program within a unit
of seconds. The rapid variation of resistance/temperature made it
difficult to precisely control the maximum output power, which
was in the range of 2-2.2 kW. This caused a variability of the final
resistance/temperature for the samples No. 5-8.
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Fig. 3. The heating power and the resistance of the C¢/SiC samples recorded during
the flash joining process in the SPS machine for different power limit used (80%
versus 60% for the sample No. 1 and the sample No. 5, respectively). These results
were recorded by the SPS machine.

3.1. Cross-section analysis of the flash joined Cy/SiC samples with
a Ti interlayer

In all cases, the samples were joined after the joining process,
and survived cutting and polishing. However, a significant thermal
degradation of SiC resulted in the sublimation of SiC in the sam-
ples joined using a relative power limit of 80%. Moreover, melting
accompanied by a significant infiltration of Ti into the pores of both
halves of the C¢/SiC composites was also observed. Similar features
were observed for all the samples joined using the same power
limit of 80%, the only difference was in the extent of the damage
(for details, see Supplementary material, S.1).

Therefore, for the further investigations the relative power limit
was reduced to 60% and the joining process was interrupted after
either 13 or 7 s. Fig. 4 shows back-scattered SEM images of the pol-
ished cross sections of these samples. Despite lowering the power
limit, a heating power of 3.4 kW (electric current of 570 A) was still
slightly higher than the optimum value when the joining process
was interrupted after 13 s. This resulted in the joining temperature
being sufficiently high to melt the Ti foil (T, 1668 °C), which then
infiltrated into the pores of the C¢/SiC (Fig. 4a). The infiltration led to
a significant shrinkage of the joining interface and a porous inter-
layer (Fig. 4b). On the positive side, no decomposition of either the
CVD-SiC or SiC in the matrix was found in the cross sections (no
formation of nanopores in the SiC). The interface between the Ti
interlayer and the CVD-SiC coating was not smooth, but there was
some sign of nanoinfiltration of Ti into the CVD-SiC. This suggests
that there were some reactions between the Ti and CVD-SiC, fol-
lowed by a slight dissolution of CVD-SiC and infiltration of Ti over
a small distance from the joining interface.

On the other hand, a lower heating power (with a maximum
electric current of 370 A) was reached after a processing time of 7 s;
and this resulted in a uniform, crack/pore-free joining interface (Fig,
4cand4d). According to Fig. 2, these parameters led to a final joining
temperature of ~1250 °C. In this case only, the final thickness of the
Ti interlayer matched the initial thickness of the Ti foil (~130 pwm).
This confirms that the joining temperature was not high enough
to melt the Ti (T, 1668 °C) foil and no long-distance infiltration
of Ti was therefore observed. Moreover, there was no sign of any
reaction between the Ti foil and the CVD-SiC. The interface between
these two was without any visible reaction zone or nanoinfiltration
of Ti into the CVD-SiC (Fig. 4d). On the contrary, the joining temper-
ature was high enough to allow plastic deformation of the Ti foil to
conform to the rough surface of the CVD-SiC (Fig. 4c and d), and/or

Table 2

Apparent shear strength of the C¢/SiC samples joined with a Ti interlayer within ~7 s
using SPS flash joining with a maximum current in the range of 310-370 A. Samples
labeled as a were cut from the middle of the joined discs while the sample labeled
b were cut from the edge of the joined discs.

Sample No. Apparent shear strength [MPa]
5a 314

5b 18.1

6a 33

6b N/A®

7a 8.4

7b N/A

“N/A - non-applicable; the sample delaminated during testing shortly after a load
was applied.

to fill the surface cracks that are always present in CVD-SiC coatings
on C¢/SiC composite (due to the different thermal expansion coef-
ficients of the coating and the matrix). The cracks were filled up by
the Tiinterlayer due to the so-called hot forging effect (see the inset
in Fig. 4c). On the other hand, despite a difference between ther-
mal expansion coefficients of Ti and CVD-SiC, neither parallel nor
perpendicular cracks were observed in the Ti interlayer (Fig. 4c and
d). The most plausible explanation of the absence of these cracks
is that the metal was still ductile and the stresses were distributed
within the material forming dislocations. Further work is required
to confirm this hypothesis. The present work indicates that, when
the right processing conditions are applied, a solid-state diffusion
bonding could be obtained within 7 s during the flash joining of
C¢/SiC composite with the Ti foil at a maximum temperature of
~1250°C+100°C.

3.2. Apparent shear strength of the flash joined Cy/SiC samples

The apparent shear strength was not measured for the samples
with significant damage detected by the SEM analysis of the cross
sections in the previous steps. Therefore, the shear strength was
measured for the samples Nos. 5-7. Two cuboids were cut out of
each disc after joining; one from the middle of the disc (labeled as
a) while the other one from the area close to the edge of the disc
(labeled as b). The other parts of the discs were used for both SEM
and XRD analysis.

The results of the apparent shear strength measurements
(Table 2) show two important facts: i) in all cases, the middle
part of the flash joined samples was stronger than the edge part
(aversus b); ii) strength was strongly affected even by a very slight
change in the maximum current and/or the sample resistivity. The
first point reveals that the joining temperature was not homoge-
nous throughout the sample. This is in agreement with modelling
results presented in Ref. [24], where the sintering temperature was
not homogenous in a radial direction and a maximum temperature
was localised in the centre of the samples because the heat was
radiated radially. In addition, this also means that the maximum
joining temperature in the middle of the joints might have been
slightly higher than that detected by the thermocouple (1237 °C),
as this was inserted right into the interface up to ~2 mm from the
edge of the joining couple. A higher temperature in the middle of
the joints resulted in greater plasticity of the Ti foil, which allowed
the foil to be more conformed to the C¢/SiC surface, allowing the
filling up of the surface cracks (Fig. 4c). This then led to a higher
shear strength of the joints measured for the middle part of the
flash joined discs. Regarding the second point, although all three
samples were flash joined in approximately the same time (~7s)
even a slight difference in time (fraction of seconds) led to a rather
significant difference in the final heating power and the sample
resistance reached. The highest apparent shear strength (31.4 MPa)
was measured for the middle part of the sample flash joined with
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CVD-SiC

Fig. 4. Back-scattered SEM images of the polished cross sections of the flash joined C¢/SiC with a Ti interlayer using a power limit of 60% for: a), b) 13's; c), d) 7s. A porous
interlayer with some reaction between the Ti foil and CVD-SiC and infiltration of Ti into the pores of C¢/SiC were found after 13 s. On the other hand, a uniform, crack or
pores-free joining interface was defected after 7s (with a maximum current of 370 A). A diffusion bonding with the filled up surface cracks of the CVD-SiC coating on the

C¢/SiC was observed (shown by arrows in Fig. c) and in the inset).

the maximum electric current/power and the lowest resistivity
among all of the three investigated samples (sample No. 5: 2.2 kW,
370A, 16.2 mOhm). On the other hand, two other samples that
were joined using the flash-SPS process with a lower heating power
(2.0kW) showed a significantly lower apparent shear strength. In
both cases, the Ti foil completely delaminated from one side of the
coated C¢/SiC, while it remained strongly attached to other side
(bottom piece of the SPS joining assembly); this was most likely
caused by the Peltier effect, which produces an asymmetric temper-
ature distribution with respect to the sample mid-thickness plane
described in Ref. [25]. The poor strength of these two joints was
further confirmed by the fact that the pieces cut from the area
closer to the edge of the joined disc delaminated shortly after a
load was applied. The lowest strength was measured for the sam-
ple flash joined using the lowest electric current (310 A), resulting
in the highest resistivity (21.2 mOhm) among all three samples.
This all indicates that the final strength of the joints was signifi-
cantly affected by the maximum current/heating power reached.
The higher the heating power the higher the temperature and the
lower the resistivity of the samples.

Unlike a complete delamination of the Ti foil from one part of
the C¢/SiC observed for the samples Nos. 6 and 7, a mixed crack
propagation was observed after the mechanical test of the sample
No. 5, i.e. a crack propagated along the Ti/CVD-SiC interface and

through the C¢/SiC composite (Fig. 5). Fig. 5a shows that the frac-
ture surface is partially covered by the CVD-SiC coating with a Ti
layer, while a significant part of the fracture surface shows typical
interlaminar composite failure. In addition, Fig. 5b shows a higher
magnification of the fracture surface area shown by the rectangle
in Fig. 5a. The conformal behaviour of the Ti foil can be seen as the
morphology of the Ti foil reproduced the rough surface of the CVD
coating. Interestingly, after the failure the Ti foil remained strongly
attached to the CVD-SiC coating in the valleys of the rough sur-
face, while it was partially detached from the other parts. Fig. 5b
also shows that the CVD coating was cracked (shown by arrows)
during the testing and the presence of a Ti layer had no effect on
the crack propagation. It can be concluded that the flash joining
parameters, such as the heating power of 2.2 kW, and the electric
current of 370 A, were the optimal parameters to obtain a sound
joint. Using the SPS apparatus and the joining set up as shown in
Fig. 1, such conditions could be reached in ~7 s. The corresponding
joining temperature was ~1250°C. When a lower heating power
was used (samples Nos. 6 and 7) the maximum joining temper-
ature was not sufficient to enable a strong diffusion bonding. On
the other hand, when a higher heating power was used (samples
Nos. 1-4), the corresponding maximum temperature was too high,
resulting in melting of the Ti and a significant infiltration of Ti into
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Fig. 5. SEM images of the fracture surface of sample No. 5, the flash joined C¢/SiC with a Ti interlayer using a heating power of 2.2 kW (an electric current of 370 A) for 7s.
a) A mixed crack propagation (along the interface and through the composite) was observed on the fracture surface. b) A higher magnification of the fracture surface area
highlighted by the rectangle in a. After the mechanical test, the Ti foil was strongly adhered to the SiC-CVD coating in the valleys of the rough surface. The CVD coating was

cracked during the testing as shown by arrows in b).

the pores of C¢/SiC composites, as well as a decomposition of the
CVD-SiC coating and SiC matrix (see Supplementary material, S.1).

3.3. Flash joining mechanism and the flash joining potentials

It is well known that a Ti/SiC interface is thermodynamically
unstable and reacts at elevated temperatures (~600°C) to form a
diffusion reaction zone that is dominated by the presence of tita-
nium silicides (mainly Ti5Si3), titanium carbide (TiC) and, under
certain conditions, a ternary phase (Ti3SiC,)[26,27]. It was reported
that Ti reacts with SiC even at a temperature as low as 700 °C if they
are in contact for a sufficiently long time (71 days) [26]. Recently,
Yang et al. showed that Ti reacted with pressureless sintered SiC
to form TiC even during SPS joining at a temperature of 600°C
for 5min [27]. They reported that the reaction always starts with
the formation of TiC, followed by the formation of Ti5Si3 (>900°C)
and finally Ti3SiC, (>1000-1100°C), depending on the joining tem-
perature. Similarly, the formation of titanium silicide (TiSiy), TiC,
and Ti3SiC, was found in the interlayer after joining of C¢/SiC sam-
ples with a Ti foil using the SPS process at 1700 °C for 3 min [7]. In
addition, multicomponent phases (TiC, TisSi3Cx, and Ti3SiC;) were
formed in the Ti interlayer after the reactions with the SiC matrix
during hot pressing at the temperatures between 1400 and 1600 °C
in the SiC-Ti-Re sandwich joints [28]. In all cases, the presence of
the reaction phases was easily detected by the different contrast on
the back-scattered SEM images and/or EDS and XRD analysis.

Contrary to these previous works, no obvious reaction layer was
found on the cross section of the flash joined C¢/SiC with a Ti inter-
layer within 7 s (Fig. 4d). The XRD pattern of the Ti foil adhered to
the surface of coated C;/SiC after the mechanical test of the sample
flash joined in 7 s (No. 5) is shown in Fig. 6. When compared to the
fracture surface of the composite (second pattern in Fig. 6), the only
difference was the presence of Ti (besides hexagonal/graphitic car-
bon and cubic 8 SiC from the matrix). No other secondary phases
(no possible reaction products) were found in the Ti interlayer.
In addition, the EDS analysis performed on the same sample (EDS
elemental maps are shown in Supplementary material, Fig. S.2) con-
firmed there was no significant diffusion of the elements and/or any
visible reaction layer at the joining interface. Nevertheless, the EDS
point analysis revealed a small amount of Si (~0.30-0.40 wt.%) in
the Ti interlayer very close (up to 15 wm) to the interfaces with the
CVD-SiC coating of a pair of the C¢/SiC joined together. Similarly, a
small amount of C (~5.00 wt.%) was detected uniformly across the
Ti interlayer (this must be considered with caution as EDS is not a
reliable technique to detect such a light element). This clearly con-

L 'ATi Vp-SiC mC|
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Fig. 6. XRD patterns of the Ti interlayer adhered to the fracture surface of the flash
joined C¢/SiC using a heating power of 2.2 kW for 7 s (sample No. 5) and the fracture
surface of the same composite without the Ti layer adhered to the surface. Except
Ti, no other secondary phases were detected in the Ti interlayer (no evidence of the
possible reaction products). JCPDS cards No.: Ti (hexagonal, 01-089-4893); 3-SiC
(cubic, 01-075-0254); C (hexagonal, 00-008-0415).

firms some diffusion of both Si and C into the Ti interlayer during
the flash joining, but the concentration of these two was not high
enough to enable the formation of a reaction zone or phases. This
all indicates that the coated C¢/SiC samples were joined with the
Ti foil in a very short time (~7s) via solid state diffusion bonding
and the Ti interlayer did not react with the CVD-SiC coating of the
CMCs.

A different situation occurred when the same joining assem-
bly (the Ti foil interposed between the two C¢/SiC samples) was
heated to the same corresponding temperature of 1250°C using
standard SPS processing with a heating rate of 100 °C/min. Unlike
the die-less flash SPS process, this time the sample was placed in
a graphite die and an external load of 5kN (16 MPa) was applied
through the graphite punches. Similarly to the flash joining, the
sample was cooled down immediately after reaching the final tem-
perature without any dwell time. It must be pointed out that the
samples were not joined after this SPS joining process, and the Ti
interlayer delaminated from both parts of the coated C¢/SiC sam-
ples. The SEM analysis of the cross-section of the delaminated Ti
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foil revealed a layer of titanium silicides (up to ~10 wm from the
edge) present in the Ti interlayer at both interfaces adjacent to the
CVD-SiC coating of the C¢/SiC composite. The SEM images of the
cross section along with the results of EDS analysis are given in
Supplementary material, Fig. S.3 and Fig. S.4. This result of the SPS
joining experiment confirmed that when heated relatively slowly
(~100°C/min), the Ti interlayer reacts with the CVD-SiC coating at
a temperature as low as 1250°C despite the fact that there was no
dwell time at the highest temperature.

On the other hand, when the same CVD-SiC coated C¢/SiC
samples were joined with a Ti interlayer using flash joining, the
diffusion of both Si and C into the Ti interlayer was suppressed due
to both arapid heating rate (~9600 °C/min) and a rapid cooling rate
(6000°C/min). This avoided an oversaturation of Si and C in the Ti
interlayer to form either silicides or carbides or ternary phases. The
fact that Ti remained Ti, with the absence of any possible reaction
products that would have prolonged the necessary time for dif-
fusion bonding, was the main reason why such a metallic kind of
bonding was obtained in such a short time by flash joining. Our
analysis was mostly done on the length scale comparable with the
foil thickness and the temperature was probed using a @ 1 mm
thermocouple. The interfacial electrochemical phenomena occur-
ring between TiO, covering the foil and SiO, covering the SiC are
not understood in the present work and further investigation is
needed. A simplified hypothesis is that the oxides phases might
have been electrochemically reduced by the application of an elec-
tric field [18]. The electrochemical reduction might have been also
enhanced by the preferential heating occurring at the interfaces in
combination with the presence of carbon in SiC.

The demonstration that a sound joint can be obtained for C¢/SiC
within 7s using the SPS flash joining process (current passes
through sample) is the main result of the present work. The SPS
flash joining process as developed and outlined in this work has
some difficulties in reproducibility and obtaining a homogenous
temperature throughout the joining assembly. However, this is
the first work reporting the possibility of joining the industrially
very important materials, ceramic matrix composites, in just 7s.
In addition, such a joint may possess a relatively high apparent
shear strength (31.1 MPa), which matches the interlaminar shear
strength of the composites (in the range of 25-35 MPa, accord-
ing to the supplier MT Aerospace, Germany). It must be pointed
out that this apparent shear strength of the flash joint was higher
when compared to the apparent shear strength of the Cy/SiC joints
when joined with Ti(both 30 and 130 pm) using a standard SPS pro-
cess at 1700°C with a heating rate of 150-200°C/min and a dwell
time of 3 min [7]. Moreover, the apparent shear strength of this
joint was in the same range as the average shear strength value of
the coated C¢/SiC joined with a Ti3SiC, interlayer at 1300 °C using
a standard SPS process (31.14+4.0 MPa), reported in our previous
work [2]. In both works, the overall apparent shear strength of the
joints was predetermined by the interlaminar shear strength of the
C¢/SiC composites (in both cases the joints were stronger than the
initial composites). This is the reason why almost the same appar-
ent shear strength of the joints was measured in both works. In the
present work, the C¢/SiC samples were joined with the Ti interlayer
within 7s compared with more than 45 min (whole SPS process)
in [2,7], and at a temperature corresponding to ~1250°C rather
than 1700°C for the same Ti foil [7] or 1300 °C for Ti3SiC; foil [2].
This constitutes a significant reduction in a processing time and
the maximum temperature required, which in turn leads to energy
savings and potentially higher industrial interest in the process.
More importantly, as the quality of the joints strongly depends on
the heating power used, all the drawbacks of the current joining
set-up may be easily diminished using a more appropriate appara-
tus than SPS offers. This includes the use of a machine with better

power control and operating with AC current instead of DC, and
more accurate temperature measurement at the joining interface.
The present work shows, for the first time, that it is possible
to obtain sound joints within 7 s using the current joining set-up
(using SPS) when the right processing conditions are applied. How-
ever, further work, including a detail analysis of the interface and
the interlayer is needed to fully understand the flash joining mecha-
nism. All drawbacks of this joining set-up (related to reproducibility
and obtaining a homogenous temperature throughout the samples)
might be diminished using a more appropriate apparatus than SPS.
The potential of flash joining has been clearly demonstrated here,
and it could be an inspiration for future work. The present flash join-
ing approach is not only limited to C¢/SiC materials, but due to the
rapid temperature transition, it is also suitable for other materials
susceptible to thermal degradation, such as CVD-SiC, etc.

4. Conclusions

The Flash joining process was developed to join CVD-SiC coated
Cg/SiCsamples with a Tiinterlayer using an SPS apparatus. The sam-
ples to be joined were wrapped in graphite felt, which acted as
thermal insulation, but more importantly, it produced preheating
of the joining samples in the initial stages of the process. Differ-
ent heating powers were achieved using different power limits
and discharge times. The following joining parameters were found
to be the optimal ones: heating power of 2.2 kW, electric current
of 370A. The samples (each having a diameter of 20mm and a
height of 2 mm) were joined within 7 s from the start of the dis-
charge. The corresponding temperature, ~1237 °C, was measured
using an external thermocouple inserted into the joining interface.
An extremely rapid heating rate (9600 °C/min) was achieved, and
a very short processing time prevented any reaction between the
CVD-SiC coating and the Ti interlayer from occurring. No reaction
phases were found in the Ti interlayer after the flash joining, and the
interlayer only contained some elemental C while a trace amount
of Si (~0.30-0.40 wt.%) was also detected up to 15 um from the
interface with the CVD-SiC coating of C/SiC. Therefore, a sound
joint was obtained by forming a metallic kind of joint (Ti-based)
at the joining temperature, in which the absence of any reaction
phases (titanium silicides, carbides or ternary phases) significantly
shortened the time necessary for the solid-state diffusion bonding.
The maximum apparent shear strength of the joints was 31.4 MPa,
which matches the interlaminar shear strength of the C¢/SiC com-
posites. This indicates that the joint was stronger than the initial
composites.
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