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Abstract: The carbon/carbon (C/C) composites and T2-copper were joined via thermo-compensated
resistance brazing welding (RBW) with AgCuTi filler powder. The effects of the Ti content in AgCuTi
filler powder on the interfacial microstructure and mechanical properties of resistance brazed joints
were discussed in detail. The experiment results indicated that the interface structure of welded joints
with composite filler metal was C/C composites/(TiC + TiCu) intermetallic compounds/Cu(s,s)/T2-
copper. TiC and Ti-Cu were likely generated at the interface according to thermodynamics. When Ti
content in the composite filler metal was 6 wt.%, the thickness of the reaction layer at the interface
reached 4.2 um, and the maximum shear strength of the joints reached 14.68 Mpa, which was the
largest compared to other Ti contents. The EDS and XRD results of the fracture surfaces indicated that
the TiCu and TiC IMCs were generated at the interface. Combined with the fracture morphologies,
the fracture partially occurred in the TiC + TiCu layer, and partially occurred in the base metal of the
C/C composites and the Cu alloy.

Keywords: carbon/carbon composites; T2-copper; resistance brazing welding; shear strength

1. Introduction

Carbon/Carbon (C/C) composites have the feature of low density and a small co-
efficient of thermal expansion, and especially excellent mechanical properties at high
temperature, which was supposed to be the alternative to other thermal structural materi-
als and could be applied widely in the aerospace field [1-4]. T2-copper possesses excellent
features such as electrical conductivity, thermal conductivity, and corrosion resistance,
which also attracted widespread attention in the aerospace field [5-7]. The implementation
of the C/C composites/T2-copper hybrid structure could integrate the characteristics of
C/C composites and T2-copper, which improved the electrical conductivity effectively.
Hence, it is necessary to achieve an effective connection between C/C composites and
T2-copper by the appropriate welding method. Among a series of welding methods, braz-
ing and diffusion welding attracted great attention from domestic and foreign scholars
and they were extensively used in order to determine how to join C/C composites and
other materials [8-11]. However, as we all know, there was poor wettability between
the C/C composites and the T2-copper. It wasdifficult to obtain higher strength joints
of the two materials directly. Ag-based filler metal, as an interlayer, also joined the C/C
composites successfully and the high strength joint could finally be achieved. For example,
C/C composites and copper were successfully joined with AgCuTi filler metal by vacuum
brazing [12]. Moreover, Zhou et al. [13] achieved the joining between C/C composites and
TC4 alloy using nano-Al,O3 strengthened AgCuTi composite filler via vacuum brazing
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and the effect of the temperature and addition of nano-Al,O3 on the brazed joint was
investigated. Guo et al. [14] joined the C/C composites to TC4 alloy with the AgCu foil as
the filler metal by vacuum brazing and the microstructure and bonding of the brazed joint
were discussed. Liu et al. [15] realized that the brazing joining between C/C composites
and the TC4 alloy using the graphene nanosheets reinforced AgCuTi composite filler metal,
and the maximum shear strength of the brazed joint was about 23.3 MPa. Zhang et al. [16]
utilized diamond particle strengthened Ag-Cu-Ti brazing alloy joining C/C composites
to stainless steel and the effects of the volume percentage of diamond particles on the
brazed joints were studied. Furthermore, the relevant research verified that Ti, as the
filler metal, reacted with the C/C composite matrix and other materials to form a robust
bonding [17,18].

The above-mentioned methods could better achieve C/C composites and metals, but
some necessary conditions were essential such as a long welding time, a high welding
temperature, and even additional welding pressure, which greatly reduced welding effi-
ciency. Hence, developing a fast and effective joining method was significant in joining
C/C composites and other metals. Resistance spot welding, a welding method joining
welding materials through welding pressure, large welding current, and short welding
cycle time, was widely used. For example, the maximum tensile-shear strength of dissimilar
DP600 and DC54D steels was obtained under 14 cycles of welding time by Yuan et al. [19].
However, due to the direct contact of dissimilar materials in the traditional resistance spot
welding process, the welding defects such as cracks and pores, and the brittle intermetallic
compounds were produced at the welded joints because of the differences in physical-
chemical properties between materials, which was detrimental to the mechanical properties
of the joints [20]. The high-quality welded joint could be obtained by resistance brazing
welding, which relies on the melted filler material at the interface only. Meanwhile, the
method also integrated the high-efficiency characteristics of traditional resistance spot
welding, which is a significant joining method in the automotive industry [21,22]. Zhang
et al. [23] studied the microstructure and interfacial reaction of the Ti/steel welded joints by
the resistance brazing method and indicated that the filler materials had a significant effect
on the microstructure of the resistance brazed joint. The interfacial metallurgical behavior
was changed and the generation of brittle Ti-Fe intermetallic compounds was inhibited
effectively, which improved the mechanical properties of the welded joints. Voda et al. [24]
presented resistance brazing stainless steels with Ni-based amorphous alloys as the filler
metal and indicated that the required temperature for the resistance brazing process was
lower than that of the resistance spot welding with the advantage of avoiding structural
changes in the parent material.

Hence, C/C composites and T2-copper were joined by resistance brazing welding
(RBW) using the AgCuTi powder with different Ti contents. The effect of Ti contents in the
filler metal on the interfacial microstructure and mechanical properties of the welded joints
were discussed in detail.

2. Experiment
2.1. Materials

C/C composites with the dimension of 9 mm x 9 mm x 8 mm and T2-copper with the
dimension of 18 mm x 18 mm x 2.5 mm were employed in this experiment by wire cutting.
Before the formal experiment, C/C composites and the T2-copper were ground by 400, 600,
800 and 1000 grit silicon carbide paper in turn and then cleaned ultrasonically in acetone
for 10 min. Subsequently, these welded samples were dried by the blower. Then these speci-
mens were cleaned with acetone and alcohol again. The microstructures of the pretreatment
C/C composites and Cu alloy are depicted in Figure 1a,b, respectively. Ag-26.7Cu-4.5Ti
(wt.%) powder with a particle size of 200 mesh and Ti powder (<99.5 wt%) with a particle
size of 300 mesh were chosen as filler metal to join copper and C/C composites, respectively.
Ti powder was obtained by the hydrogen-dehydrogenation method. Table 1 listed the
chemical composition of the Ti powder. Based on the relevant research [25-27] and the
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prior experiment results, Ti powder was added to AgCuTi powder and the composite fillers
were milled by the QM-SB planetary ball mill (Changsha Tianchuang Powder Technology
Co., Ltd., Changsha, China) with six hours. The Ti content in the composite fillers was
6, 7.5 and 9% (wt.%), respectively. The XRD patterns of AgCuTi composites filler metal
with different Ti contents (illustrated in Figure 2) could prove whether the metallurgical
reactions occurred during the ball milling process. The peaks of Ag, Cu, and Ti only were
detected, which indicated that no metallurgical reaction occurred in the ball milling process.

Figure 1. Microstructures of the base metal: (a) C/C composites, (b) Cu alloy.

Table 1. Chemical composition of Ti powder (<wt.%).

Ti Si Mn Mg o C N cl H
99.5 0.02 0.01 0.05 0.30 0.02 0.03 0.04 0.02
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Figure 2. XRD patterns of AgCuTi composite filler with different Ti contents.

2.2. Equipment

The actual image and schematic diagram of the welding process of thermo-compensated
resistance brazing welding joining C/C composites and T2 copper is shown in Figure 3a,b.
Figure 3¢ shows that the filler metal was embedded between the sample of C/C composites
and the T2 copper. Besides, the generated heat in both the upper electrode and the lower
electrode was low, which meant that it was difficult to achieve the ideal and stable welding
process by depending on this heat only. A cylindrical graphite block with the dimensions
of 20 x 10 mm was applied as the conductive electrode due to its high resistivity char-
acteristics, and this was placed in the middle of the upper electrode and T2-copper in the
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welding process, which is known as a thermo-compensated RBW process. Hence, it was
considered that resistance heat was mainly produced by graphite and C/C composites.
The heat was calculated as follows:

Q=IRt 1)

R=pL/S, )

where Q, I, R, t, p, L and S were the heat, welding current, resistance, time, resistivity, the
length of resistance, and the cross-section of resistance, respectively.

Welding current

Graphite
Upper electrode / E
Oullel T2-cnpper

| —»Argon

(b)

T2 copper Filler metal
C/C composites .—_—-4”/

Inlet ™

Shiclding gas cover CiC

Lower electrode

Figure 3. (a)The actual image of the RBW welding process, Schematic diagram of (b) the welding
process, and (c) the welding specimens.

Based on the aforementioned formulas, the characteristics and properties of the materi-
als directly affected the amount of resistance. Therefore, the shape and size of the electrodes
and welding materials should be equal throughout the whole experiment. To ensure the
constant resistance as much as possible, the upper electrode and the lower electrode were
also ground by 400, 600, 800 and 1000 grit silicon carbide paper in turn and then cleaned
ultrasonically in acetone for 10 min. Subsequently, these welded samples were also dried by
the blower, then cleaned with acetone and alcohol again. Based on the schematic diagram
of the RBW welding process in Figure 3b, after all the samples were assembled in the upper
and lower electrodes, pure argon (>99.99%) as shielding gas was protected during the
entire welding process. Because of the oxidizability of welding materials, shielding gas was
immediately injected into the cover in the pre-welding preparation. Furthermore, shielding
gas was stopped to inject the whole welding process until the welding specimens were
cooled to room temperature. Meanwhile, the RBW process was achieved by the DB-165
direct resistance spot welding machine.

2.3. Microstructural Analysis and Shear Strength Test

The microstructural samples were also sectioned perpendicular to the welding surface
via wire cutting. The microstructures, elemental distributions, and fracture morphology of
the welding specimens were analyzed and identified via a scanning electron microscope
(SEM, MERLIN Compact, ZEISS, Stuttgart, Germany) equipped with an energy-dispersive
X-ray spectrometer (EDS, OCTANE PLUS, EDAX, Mahwah, NJ, USA). The generated
intermetallic compounds of the fracture surface were confirmed by X-ray diffraction (XRD,
DX-2700,Dandong Haoyuan Instrument Co., Ltd., Dandong, China). The surface temper-
ature at the interface was obtained by an infrared thermal imaging camera (FLIR A315,
FLIR, Wilsonville, OR, USA). The schematic diagram of the compressive shear test setup
was shown in Figure 4. Shear strength was tested by a universal strength testing machine
(Instron 5967, Instron, Boston, MA, USA) with a constant speed of 0.5 mm/min at room
temperature. Furthermore, at least three complete shear samples were tested for every
welding parameter and the average value of all samples was obtained as the final result of
shear strength.
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Figure 4. (a)The actual image of the shear test setup, (b) Schematic diagram of the shear test setup.
3. Results and Discussion
3.1. The Effect of Ti Content in the Composite Filler Metal on the Joint

The optimal welding parameters are listed in Table 2 based on the preliminary or-
thogonal experiment, and the welding current with five pulses was utilized in the welding
process. The following experiments were carried out under this parameter.

Table 2. Optimal welding parameters.

Welding Current Welding Pressure Welding Time
8 kA 0.1 MPa 60 ms

The macroscopic joints of the composite filler metal with different Ti contents via RBW
are shown in Figure 5. When the Ti content was 4.5 wt.% and 6 wt.%, respectively, the
melted filler metal was extruded under the action of welding pressure and there was no
obvious defect in the joints. Because the resistivity of Ti was more than Ag and Cu, the
generated heat was improved with the increase of Ti content if the welding current was
all the same according to Equations (1) and (2). When the Ti content was 7.5 wt.%, the
generated heat and melted metal were improved further, which caused the spillage of
filler metal under the action of welding pressure as shown in Figure 5c. However, when
the Ti content was raised to 9 wt.%, the generated heat and melted metal were increased
greatly, which means that the C/C composites were pressed into the T2-copper under
the action of pressure and then a few spatters were generated, as shown in Figure 5de.
Furthermore, large holes were found on the back surface at this Ti content, as shown in
Figure 5f. The reason may be that the spattered Cu couldn’t be replenished in the cooling
process, so it formed the shrinkage cavity in the slowest cooling location from the center of
the back weldment.
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Figure 5. Schematic diagram of macroscopic joint forming of composite filler metal with different Ti
contents at the optimal parameter. (a) 4.5 wt.%, (b) 6 wt.%, (c) 7.5 wt.%, and (d) 9 wt.% with fracture
morphology (e) and back-welding shape (f).

The strength-displacement curves of the welded joints with composite filler metal
with different Ti contents are shown in Figure 6a—d. Figure 6e depicts the variation of the
average shear strength of joints with different Ti contents. As shown in Figure 6e, the shear
strength of joints first increased and then decreased with the increase of the Ti content.
When the Ti content in filler metal was 6 wt.%, the shear strength of the joint was the largest
and reached 14.68 MPa. As Ti content continued to increase, the shear strength gradually
decreased, which was attributed to the interface structure. In addition, when the Ti content
in the filler metal increased to 9 wt.%, the shear strength of the joint was still very high, and
this is attributed to the C/C composites pressing into the T2-copper. Therefore, SEM and
EDS analyses were achieved only in the other three Ti contents due to this problem.
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Figure 6. Schematic diagram of shear strength with different Ti contents: The strength-displacement
curves of the welded joints with (a) 4.5 wt.% Ti, (b) 6 wt.% Ti, (c) 7.5 wt.% Ti, (d) 9 wt.% Ti, and (e) the
comparison results of the average strength.
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Figure 7a depicts the interface structure between C/C composites and T2 copper via
composite filler metal with 4.5 wt.% Ti by RBW. Figure 7b shows the corresponding element
mapping image in Figure 7a. As shown in Figure 7b, there was a thinner reaction layer at
the interface and only 3% of the Ti elements were detected at the interface. The result of
the EDS line-scan in the red line in Figure 7a is depicted in Figure 8. Less Ti element was
located at the interface and formed TiC with C element due to the strong affinity, as shown
in Figure 8. Meanwhile, the diffusion layer between C and Cu elements was generated at
the interface in Figure 8, which mainly determined the mechanical properties of the welded
joints. The composition and thickness of the interfacial reaction layer had a significant effect
on the mechanical properties of dissimilar materials joints [28-31]. Therefore, the joint
strength was the lowest when the Ti content in the filler metal was 4.5 wt.%. Figure 9a,b
shows the interface structure between C/C composites and the T2 copper via composite
filler metal with 6 wt.% Ti and 7.5 wt.% Ti, respectively. As shown in Figure 9a,b, there
was an obvious separate reaction layer when the Ti content was 6 wt.% and 7.5 wt.%. The
EDS analysis results of each spot marked in Figure 9 are shown in Table 3. It was inferred
that the TiC and TiCu IMCs were formed at the interface reaction layers. The EDS results
on element distribution along the red lines indicated in Figure 9 are shown in Figure 10.
The element distribution in Figure 10 indicated element aggregation at the interface. It
was again proved that the reaction layer has Cu(s,s), TiCu, and TiC IMCs. According
to the element distribution, the possibility of generating Cu(s,s), TiCu, and TiC IMCs in
the reaction layer was again demonstrated in terms of atomic ratios. Therefore, it was
inferred that the interfacial structure was mainly C/C composites/TiC + TiCu IMCs/Cu
(s,5)/ T2-copper when Ti contents were 6 wt.% and 7.5 wt.% Ti. However, the thickness
of the reaction layer was 4.2 um when the Ti content was 6 wt.% in the filler metal. This
proved the filler metal with 6 wt.% Ti formed a better joining between C/C composites and
copper, improving the strength of the welded joints. When the Ti content was 7.5 wt.% in
the filler metal, the thickness of the reaction layer was only about 1.2 pm. Consistent with
Figure 5, with the increase of Ti content, the increase of the generated resistant heat led to
the overflow of the melted filler metal at the interface under the same welding parameters.
Therefore, the thickness of the interface reaction layer decreased, reducing the strength of
the welded joints.

B 48% C
6% Ag
B 3%Ti

'JIOum

Figure 7. (a) the interfacial structure of the welded joints with 4.5 wt.% Ti, (b) the relevant element
mapping image in (a).

Table 3. EDS results of marked points in Figure 9 (at.%).

Element C Ag Ti Cu Possible Phase
Al 28.15 0.49 31.93 39.43 TiC + TiCu
A2 84.29 0.04 7.66 8.01 C +less TiCu

A3 35.11 0.36 26.62 37.91 TiC + TiCu
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Element distribution(at.%)

Figure 8. The results of the EDS line-scan in the red line in Figure 7a.
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Figure 9. The interfacial structure of different Ti contents at the optimal parameters. (a) 6 wt.%,
(b) 7.5 wt.%.
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Figure 10. The results of EDS line-scan in the interlayer of welded joint with different Ti contents.
(a) 6 wt.%, (b) 7.5 wt.%.
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The fracture surfaces of the resistance brazed joint of 6 wt.% Ti content with C/C
composite side and Cu side are depicted in Figure 11a,d, respectively. To investigate
the fracture mechanism, the magnified images of A, B, C, and D areas are shown in
Figure 11b,ce/f, respectively. The relevant EDS results of points (1-11) denoted in Figure 11
are illustrated in Table 4. C, Cu(s,s), TiC and TiCu IMCs were generated at the fracture
surface coupled with the EDS results, as shown in Table 4. Meanwhile, combined with the
fracture morphology, it was concluded that the melted filler metal formed a good bond
with a part of the base metal of C/C composites and Cu alloy under the action of resistance
heat. Hence, the fracture partially occurred in the TiC + TiCu layer, and also partially
occurred in the base metal of C/C composites and the Cu alloy. Figure 12a,b indicates that
the XRD results from the fracture surface with the welded joint of 6 wt.% Ti content with
the C/C side and Cu side, respectively. The TiCu and TiC IMCs were also detected at the
interface, which was consistent with that of the aforementioned EDS results.

Figure 11. The fracture surfaces with the welded joints: (a) C/C composites side, (b) the magnified
image of A area, (c) the magnified image of B area, (d) Cu side, (e) the magnified image of C area,
(f) the magnified image of D area.

Table 4. EDS results of marked points in Figure 11 (at.%).

Element C Ag Ti Cu Possible Phase

1 66.93 3.02 521 24.83 C

2 99.37 0.02 0.36 0.24 C

3 86.76 0.70 6.26 6.28 C

4 18.38 2.28 3.47 75.88 Cu (s,s)
5 45.75 9.12 14.54 30.59 TiC + TiCu
6 78.81 5.64 6.54 9.02 C

7 64.86 2.72 2.76 29.66 C

8 99.88 0.01 0.01 0.10 C

9 19.08 0.73 2.80 77.38 Cu (s,s)
10 78.59 8.62 3.15 9.65 C

11 18.41 14.56 46.28 20.75 TiC + TiCu
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Figure 12. XRD results of the fracture surface of the welded joints: (a) C/C side, (b) Cu side.

Figure 13 depicts the interface temperature between C/C composites and T2-copper
with the second section of welding parameters in Table 2 measured by the infrared thermal
imaging camera. It was found that the initial temperature of the surface temperature at the
interface between C/C composites and T2-copper reached 180 °C. This was attributed to the
resistance heat generated in the first stage with the welding parameters (welding current of
5 kA, welding time of 30 ms, and welding pressure of 0.01 MPa). Meanwhile, filler metal at
the interface would be softened and the tiny plastic deformation therefore occurred under
the function of temperature and pressure. As a result, the contact area between the filler
metal and base metal on both sides was increased, and then the resistance at the interface
was decreased according to Equation (2), which provided a condition and preparation
for the second section of welding parameters to heat the filler metal. Subsequently, the
maximum temperature of the surface increased to 948.9 °C in the second stage, as shown
in Figure 13b. Generally, the welding nugget was generated inside the workpiece due to
the instantaneous resistance heat in the traditional resistance welding process, meaning
that the internal temperature of the workpiece was higher than the surface temperature.
Therefore, the internal temperature of the workpiece may reach the melting point of the
Cu parent metal in this method. Hence, as the temperature increased, the degree of Cu
element from Cu parent metal diffusion to the interface increased, resulting in the increase
of the content of Cu at the interface in Tables 3 and 4, too.
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Figure 13. The temperature measurement at the interface of the joint. (a) schematic diagram of
equipment, (b) temperature variation curve of point A at the interface.
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3.2. Thermodynamic Analysis and Microstructure Evolution of the Welded Joint

Above all, TiC and TiCu IMCs were generated at the interface between C/C com-
posites and Cu alloy. The Gibbs free energy of TiC, TiCu, and Ti;Cu are presented in
Equations (3)—(5) as follows [16,32,33]:

C+Ti— TiC, AG1 = —183.1 + 0.01 T (kJ/mol) 3)
Ti + Cu — TiCu, AG2 = —17,069 + 4.887 T (J/mol) 4)
Ti +1/2Cu — 1/2Ti,Cu, AG3 = —17,130 + 5.708 T (J/mol) ®)

From the standpoint of thermodynamics, the obtained largest Gibbs free energy (AGI,
AG2, AG3) from the forming of TiC, TiCu, Ti;Cu calculated by Equations (3)-(5) was less
than zero and negative for temperatures from 900 °C to 1500 °C. Therefore, the reactions of
Equations (3)-(5) must occur spontaneously in the welding process. The actual interfacial
maximum temperature in the welding process was located in this region based on the
maximum temperature of the surface. Assuming the maximum temperature reached
1200 °C, the Gibbs free energy is all negative, and the Gibbs free energy (AG1, AG2,
AG3) from forming TiC, TiCu, TipCu calculated by Equations (3)—~(5) was —168,370 J/mol,
—9870.449 J /mol, —8722.116 ] /mol. Compared to AG2 and AG3, there was a lower Gibbs
free energy of TiCu than Ti;Cu. Hence, the TiCu phase was generated earlier than the Ti,Cu
phase at the interface. This further proved that TiC and TiCu IMCs could be generated at
the interface, which was consistent with the abovementioned results.

The actual RBW welding process contained three stages with individual welding
parameters. Therefore, the bonding process of welded joints could be divided into three
stages according to three sections of welding parameters, as shown in Figure 14. Figure 14a
depicts the original interface of the welded joints before the formal welding. Consistent
with Figure 13b, the temperature was formed at the interface with the first welding process.
The results were that the filler metal at the interface would be softened and the tiny
plastic deformation occurred under the function of temperature and pressure. Meanwhile,
elements diffused to a certain extent at the interface under the action of temperature in
Figure 14a. Under the action of the second section of welding parameters in Table 2, a lot of
resistance heat was produced at the interface between the C/C composites and T2-copper.
Based on the temperature in Figure 13b, the generated heat might havenot only melted
the filler powder but also the T2-copper, which integrated the filler metal with T2-copper
effectively. Moreover, the degree of element diffusion at the interface increased, as shown
in Figure 14c. The result was that the Cu content in the molten filler metal was increased
markedly. Under the action of the third section of the welding parameter (welding current
of 5 kA, welding time of 30 ms, and welding pressure of 0.01 MPa), the welding process
could be kept at a high temperature for a period of time. Therefore, the molten filler
metal had a long time to diffuse and react with the base metal. Figure 14d depicts the
forming process of the reaction layer and atomic diffusion at a high temperature. As
shown in Figure 14d, the activity of C was activated at the high temperature, then diffused
to filler metal under the action of driving force due to the concentration gradient of the
solid-liquid interface on both sides. Furthermore, there was a great appeal between C and
Ti [34], meaning that Ti from the molten filler metal was spread and generated rapidly in
the direction of the C/C composites. TiC was generated on the side of C/C composites
according to the Gibbs free energy of the reaction between Ti and C. Meanwhile, the Cu
content in the molten filler metal was increased signally due to the diffusion of the Cu
element from the Cu parent metal, which could inhibit the activity of Ti [35]. As a result,
the reaction between Ti and C can’t be carried out quickly. and Cu also reacted with a
large amount of Ti on the side of C/C composites to generate TiCu IMC. Therefore, the
composite reaction layer of TiC and TiCu IMC was formed at the interface.
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Figure 14. Schematic diagram of interface evolution model. (a) the interface before the formal
welding, (b) the interface during welding, (c) atomic diffusion at the interface, and (d) the ultimate
reaction layer at the interface.

4. Conclusions

The interface structure and mechanical properties of the welded joints between C/C
composites and T2-copper via the thermo-compensated RBW were studied in this paper
and the relevant conclusions were drawn as follows. It was inferred that the interface
structure of welded joints with different Ti contents in the composite filler metal was C/C
composites /TiC + TiCu IMC/Cu (s,s)/ T2-copper. TiC and TiCu IMC were likely generated
according to thermodynamics. When the Ti content was 6 wt.%, the obtained welded joints
were formed well and the thickness of the reaction layer at the interface reached 4.2 um,
which was the largest compared to other Ti contents. Meanwhile, the joint performance
with 6 wt.% Ti was the best in this parameter, and the maximum shear strength of the
welded joints reached 14.68 MPa. The fracture morphologies indicated that the TiCu and
TiC IMCs were generated at the interface based on the EDS results. The XRD results of
fracture surface with the welded joint of 6 wt.% Ti content also detected TiCu and TiC
IMCs at the interface. Hence, the fracture partially occurred in the TiC + TiCu layer and
partially occurred in the base metal of C/C composites and Cu alloy combined with the
fracture morphologies.
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