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Abstract

A 2D C/C composite with a high porosity (low strémgand a 3D C/C composite with a
low porosity (high strength) were investigated ftissimilar joining to Ti6AI4V via
reactive spot welding. It was determined that irdtion of melted metal into the composite
and formation of a continuous thin TiC layer at itierface of the joints were the dominant
joining mechanisms. The 2D C/C composite with & $larface was successfully joined to
Ti6Al4V due to the infiltration of the melted Ti6AYV into its porous content. On the other
hand, it was necessary to drill rectangular groogato the surface of the 3D C/C
composite to facilitate the infiltration of the rredl Ti into the composite, which produced
high-strength joints. Surface patterning was deit@eth to be necessary to join the
components with mismatching coefficients of therrmapansion. The strength of the 2D
C/C composite and Ti6AI4V joints was found to bBPa, while the maximum strength of
the groove-patterned 3D C/C composite and Ti6Aldits reached 46 MPa.

Keywords: C/C composite; Titanium alloy; Dissimilar joinintfiltration; Interfacial

microstructure; Shear strength



1. Introduction

C/C composites are well-known, promising materiaishigh-temperature applications due
to a number of desirable properties and their girat advantages, such as a low density,
small coefficient of thermal expansion (CTE), hitgfermal stability, good ablation and
thermal shock resistances, and a high strengtheighw ratio at elevated temperatures [1-
6]. These composites have been investigated far titiézation in automotive, aerospace
and other industries to manufacture turbine engiomponents, heat shields, brakes,
nozzles, hot press dies, and high temperature damg, 7-13]. One of the most essential
requirements for implementing C/C composites ah liggnperatures is to package or join
them to other materials, such as TiAl, copper, @tAl4V [8, 14-21]. In many advanced
applications, C/C composites must be joined to T4&A which is extensively used to
construct high-temperature components due to s density, outstanding mechanical
strength, and excellent chemical stability at higlmperatures [14, 17-19, 22]. In recent
years, in order to integrate C/C composites to rottmmponents, a variety of joining
approaches have been developed, such as brazimggiael bonding and diffusion bonding
[2, 9, 11, 14, 22-26Joining the C/C composites via brazing and adhdsoreling usually
produces joints that cannot withstand a high teatpee [2, 10, 22]. For instance, brazing
materials normally have low melting points and eigree mechanical instability at high
operating temperatures [2, 22]. On the other hdifidision bonding usually requires a long
processing time and a high operating pressure amgdrature (up to 1700 °C). It was
reported that treatment of C/C composites undeh standitions may result in the

deterioration of their mechanical and chemical props [2, 22].

To avoid the shortcomings of the aforementionedifg techniques, integrating the C/C
composites and metal substrates without employilogvamelting-point braze interlayer is
considered preferable. Nevertheless, directly jajra C/C composite to another component
via conventional fusion welding techniques is aading for two reasons: i) the C/C
composite does not melt at the welding temperatuesto the high melting point of carbon,

and ii) a high residual thermal stress is inducetha interface of the joint caused by the



different CTE of the joint components. Thereforke tproduced joints have a strong
tendency to crack along the interface of the jointdhich consequently leads to a
deterioration and failure of the joints [11, 27-3B]is therefore desirable to develop a new
approach that can successfully address these wohallie Among the multiple research
efforts on brazing C/C composites, it has beennteddhat, while the braze alloys contain
Ti as the reactive element, the reaction betweeanti solid carbon results in a robust
bonding between the braze material and the C/C ositgp[2, 10, 31-39]. In terms of the
residual stress at the interface of the joint, @svsuggested that infiltration of the melted
metal into the pores of the C/C composite is beraffor increasing the joining strength
via the interlocking mechanism [10, 11, 28, 40,. Ajrthermore, previous studies on the
joining of dissimilar materials indicate that tharface patterning techniques, such as
surface puncturing and wave patterning, are pramgiapproaches for releasing the thermal
residual stress at the joining interface [11, 27480D44]. The patterned interface decreases
the residual shear stress and induces the compeeassimal stress at the interface of the
joints. This type of stress field is beneficial feuppressing the interfacial cracks. In
addition, the patterned surface causes an enlagfitige joining area and helps interlock
the interface of the joints, which are favorabletfte mechanical strength of the joints [11,
27-30, 42-44]. The same approach can be employedligsimilar joining of the C/C
composite to Ti6AI4V using the reactive spot wetdtechnique. The solid-liquid reaction
between the melted titanium and solid carbon cam f@ chemical bond at the interface of
the joint, which further increases the joining sg#n. Lastly, infiltration of the melted
metal into the porosity or groove-patterned surfateghe C/C composites can form a
mechanical occlusion between the joint componewits;h tightly pins the interface of the

joints.

This study introduces a reactive resistance splimgetechnique to develop an innovative
and user-friendly method for dissimilar joining ©fC composites to Ti6Al4V. Ti powder

was used as the interlayer, whose melting temperaiti 1668°C is comparable to the
melting point of Ti6AI4V (1604-1660°C). This procesas been found to be incredibly
feasible, cost-effective, very fast (in the milisad range), and easy to scale up for



industrial mass production. In the case of joinihg 2D C/C composite, the feasibility of
directly joining the flat surface of the 2D C/C cposite to Ti6Al4V was investigated.
Regarding the joining of the 3D C/C composite am@AI4V, rectangular grooves were
machined on the surface of the 3D C/C composifadititate the infiltration of the melted
Ti into the 3D C/C composite. The effects of thmeinsions of the rectangular grooves on

the joining strength and fracturing modes of thatpwere elucidated.

2. Experiment

The two different C/C composites used in this stuaye an inexpensive 2D woven C/C
composite with a high porosity content (low stréngind a comparatively expensive 3D
C/C composite with a low porosity content (higheatgth). The 2D woven composite was a
laminate with a thickness of 2 mm (6 laminas) andnéerlaminar shear strength of 8 MPa
(provided by Cera Materials). It had a density &11g/cni and an open porosity content of
14.8%, which resulted from a polymer infiltrationdapyrolysis (PIP) process. The 3D C/C
composite had a thickness of 5 mm and a densityl.86 g/cni (provided by

HTMAGROUP) and an open porosity content of 4.1%.isThigh-strength 3D C/C

composite was densified via a combination of chamiapor infiltration (CVI) and resin

impregnation process. These C/C composite paneks eug into 25 mm x 30 mm slices for
microstructural analysis and 50 mm x 30 mm sliagsshear strength testing. The 1 mm
thick Ti6AI4V sheets were cut into 25 mm x 30 mragas for the microstructural analysis

and shear strength testing.

To join with the 2D C/C composite, the melted me&tak expected to be infiltrated into its
high-porosity content. Moreover, our primary expernts showed that the surface
patterning on the 2D C/C composite caused the fiiomaof significant cracks and a
deterioration of its mechanical properties. Thusflaksurface 2D C/C composite was
directly joined to Ti6Al4V. For the 3D C/C compaest with a low porosity content, the
melted metal was not expected to be infiltrated it low porosity content. It was
therefore necessary to drill a number of rectarrggtaoves on its surface to facilitate the

infiltration of the melted Ti into these groovesheTlfabricated grooves were filled with the



Ti powder interlayer (purity > 99%, particle size44 um). During joining process, the Ti
powder embedded in the grooves was expected to farmmdentations, which would

produce a mechanical interlocking between the pgncomponents. Our study on the
effects of the grooves dimensions on the joinimgrgjth determined the width of the
grooves to range from 0.7 to 1 mm and the deptiange from 1 to 3 mm. The schematic

of the groove-patterned 3D C/C composite is preskimt Fig. 1(a).

Prior to the joining process, the surfaces wereigrdo 600 grit using silicon carbide paper
and were ultrasonically cleaned in acetone for 3@utes. The joining task was conducted
using a DC spot welding machine. The flat coppelding electrodes were RWMA Class
II, with a diameter of 16 mm. The C/C composite aigAl4V were held in place between
two flat electrodes which were used to apply a D&ldimg current as well as the clamping
force during the joining process. The clamping éowas set at 2 kN, and a single 200 ms
current pulse was used for the weld cycle for gfleziments. The hold time was 5 s, and
the cooling water flow rate was 4 L/min. The wefliourrent for joining the 2D C/C
composite varied from 4 kA to 8 kA in order to istigate the effects of the current on the
strength of the joints. For welding currents lowban 4 kA, Joule heating was not
sufficient to make a bonding between the joint congnts. When the current was set to 8
kA, Joule heating was excessive and caused arggickithe 2D C/C composite surfaces to
the copper electrodes. For the 3D C/C composgagesistance was lower than the 2D C/C
composite as a result of a low porosity contenthaf 3D C/C composite. Therefore, a
higher current was necessary to produce adequate Heating in order to manufacture a
joint. A current of 12 kA was the optimized weldiraurrent according to previous
experiments. Hence, the current of the joints lier ¢case of joining 3D C/C composite was
fixed at 12 kA, and the effects of the rectanggiaove dimension on the joining strength

were investigated. A schematic diagram of the jggrassembly is shown in Fig. 1(b).

The cross-sections of the joints and fracture sedawere investigated via an optical
microscope and scanning electron microscope (SEMipped with an energy-dispersive
X-ray spectroscopy detector (EDS). In addition, grgzincidence X-ray diffraction

(GIXRD) was utilized to identify the chemical congition at the joining interface. Single-



lap compressive shear strength tests of the wekte when performed with a universal
testing machine at a constant cross head spee® ofid/min, and five replicates of shear
tests were conducted for each joining conditiorscAematic of the single-lap compressive
shear test setup is provided in Fig. 1(c). Theslagar strength of the joints was calculated
as the ratio of the maximum force to the area efjtint surface. The area of the joint was
considered to be the area where the C/C compadsitk ®n the Ti6Al4V side and was

measured by ImageJ software.
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Fig. 1. Schematic of (a) the top view of the fabtéd rectangular groove-pattern on the
surface of the 3D C/C composite, (b) the setugdiming the groove-patterned 3D C/C
composite to Ti6Al4V, and (c) the single-lap congsige shear test setup.

3. Resultsand discussion

3.1. Characterization of the microstructures before and after joining

Fig. 2 depicts the surface microstructures of thea®d 3D C/C composites. Minor cracks
and less porosities were observed on the surfattee D C/C composite (Fig. 2(b)), while
a higher content of macro cracks and porositiegwbserved on the surface of the 2D C/C
composite (Fig. 2(a)). Fig. 3(a-d) shows the SEMrostructure of the produced Ti6Al4V-
2D C/C composite joints with welding currents of54,6 and 8 kA, respectively. It was
observed that with these applied currents, thefates between the Ti6Al4V and 2D C/C

composite were microstructurally sound and were o€ any major interfacial defects,



such as micro voids, pores, and cracks. It candbermhined from Fig. 4 that the melted
Ti6Al4V infiltrated the pores and cracks existing the as-delivered 2D C/C composite.
The high open porosity content of this composi &%) indeed facilitated the infiltration
of the melted Ti6Al4V into its inner structure bycapillary effect [11, 45-47]This process

is typical and preferable as it increases the obné@ea between the composite and
Ti6Al4V, which subsequently improves the joining adjity. It was suggested in the
literature that such an infiltrated structure hdipsn a mechanical occlusion between the
joint components, which tightly pins up the intedaof the joint and consequently

contributes to the enhanced joining strength [10,2B, 40, 41].

Fig. 2. Optical images of the surface of (a) the@ composite and (b) the 3D C/C
composite.



Fig. 3. (a) the interface between the 2D C/C contpa@nd Ti6Al4V for a welding current
of 4 kA, (b) 5 kA, (c) 6 kA and (d) 8 kA. EDS ansiy was performed on areas of 1, 2 and

3in (c), as described in the text.



: 2D C/C
Infiltration of Ti6A14V

TiC layer

Fig. 4. Typical images showing the penetration iafittration of the melted Ti6Al4V into
the pores and cracks of the 2D C/C composite feelding current of (a) 5 kA and (b) 6

KA. (c): SEM-backscattered image for 6 kA and @om-in image of the selected area in
(c).

Fig. 5 shows the interface of direct joining (withousing the Ti powder interlayer)

between the flat surface 3D C/C composite and HB&AIt can be clearly observed that a
large number of microcracks formed at the joininigiface (Fig. 5(a)) as well as within the
composite (Fig. 5(b)). A formation of similar crackas reported by others when dissimilar
joining of the flat surface C/C composites to metabs performed [27, 30]. It is believed
that these cracks are commonly formed as the re$uligh interfacial residual stresses
from the joining process and caused by differenE€®f the joint components [11, 27-30].
Moreover, unlike the case of joining the 2D C/C paosite, no infiltration of the melted

Ti6Al4V into the porosity of the 3D C/C compositasvobserved due to the low porosity
content (4.1%) of the latter. It was found in thiady that with the flat 3D C/C composite



and Ti6AIl4V, the interlocking mechanism was notid?@nd extra processing was required

to improve the joining quality.
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Fig. 5. The interface of the joints between thédlaface 3D C/C composite and Ti6Al4V

with two different imaging resolutions.

To prevent the formation of interfacial cracks dadilitate the infiltration of the melted
phase into the 3D C/C composite, a number of rgcidan grooves were machined on the
surface of the 3D C/C composite and were fillechwiii powder. Fig. 6 shows a typical
cross section of the 3D C/C composite-Ti6AI4V jomith a rectangular groove-patterned
interfacial structure. As shown in Fig. 6 and lateFig. 7(a), after the joining process all
these rectangular grooves were completely fillethwhe melted Ti interlayer. The SEM
micrographs of the joint between Ti6Al4V and theare-patterned 3D C/C composite are
presented in Fig. 7. Even though minor disconnenteuiocracks formed at the top of the
Ti indentation (shown in Fig. 7(d)), the major mgiof the joint interface exhibited
intimate bonding and was free of structural defesitsh as cracks and voids. A comparison
between Figs. 5 and 7 clearly demonstrates thahgdde rectangular grooves on the 3D
C/C composite significantly reduced the interfadafects. Moreover, infiltration of the
melted Ti into the minor cracks of the 3D C/C cosi® was observed, which brought
about the secondary interlocking effect (Fig. g, In earlier studies on joining of the
C/C composite, AlO; and W to metals [27, 42, 44], researchers indicttiat the groove-
patterned interface decreases the residual sheassinduces a compressive normal stress
at the interface of the joints, and prohibits tlhelaation or growth of the interfacial cracks.

They also suggested that, although the surfacerpaity decreases the overall residual

10



stress at the interface of the joint, the formatminmicrocracks at the top of the Ti

indentation may be caused by the unevenly diseiblbcal residual stress, and it creates

the weakest region there.

Fig. 6. The cross section of the joint betweenrdmtangular groove-patterned 3D C/C

composite and Ti6AI4V.

3D C/C composite B 3D C/C composite

-

5l
Infiltration of Ti

Titanium }\ i

Titanium Infiltration of Ti

Infiltration of Ti

\

Ti6AI4V Ti6AI4V ,

3D C/C composite

¢ A

Titanium 5 3D C/C composite

Titanium

11



(e)
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Fig. 7. SEM images of the cross section of thetjoatween the 3D C/C composite and
Ti6Al4V with the groove width of 1 mm and depth®Mmm: (a) the panorama of the joint

interface, where (b), (c), (d) and (e) are zoonmentrages of the selected area in (a).

A thin layer (TiC) with a thickness of 1 toj2n formed at the interface between the C/C
composite and Ti6AI4V (shown in Figs. 3(c), 4(c,ahd 7(e)). In the SEM-backscattered
images (Figs. 4(c, d) and 7(e)), this new phasepsesented by a continuous dark gray
layer at the interface and some dark gray partielebedded in the light gray Ti matrix.
According to the literature, this new interfacidigse can be attributed to the reaction
between the C/C composite and Ti element [18, 3448], and a similar appearance was
reported when the C/C composites were joined usorgpacted titanium powder or the
titanium foil as the interlayer [2, 31, 32, 49]. ADS analysis was performed in this study
to confirm the TiC phase, and the results are shiowirable 1. It was found that the areas
corresponding to the dark gray thin layer had pkadi that were rich in C and Ti, which
suggests the formation of TiC from the high chemaffinity between Ti and C. Since the
Gibb’s free energy of forming TiC was highly negati the reaction between Ti and the
C/C composite at the interface was thermodynanyidalforable [36, 50, 51]. Additional
tests in this study using GIXRD on the interfacelef Ti6Al4V-2D C/C composite joint,

shown in Fig. 8, confirm the existence of threesasaincluding Ti, carbon, and TiC.
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Table 1. EDS analysis data from Figs. 3(c) and 7(e)

Point 1 2 3 4 5 6 7
Ti (at %) 1.52 39.93 73.97 0.53 57.01 60.58 90.16
C (at %) 98.36 57.00 11.98 99.47 42.99 39.42 9.84
Al (at %) 0.04 2.33 10.08 - - - -
V (at %) 0.09 0.75 3.96 - - - -
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Fig. 8. GIXRD result at the interface of the Ti6X4£2D C/C composite joint.

A combination of the microstructure observation ahé EDS and GIXRD analysis

suggests that two dominant joining mechanisms imred to metallurgical and

mechanical bonding between the C/C composite a®dl4V/, namely the solid (C/C

composite) and liquid (Ti6Al4V/Ti) reaction and thdiltration of the melted metal into

the pores or grooves of the C/C composites. Joeddirg was introduced via resistance
welding, which melted the Ti6AI4V or Ti powder. Sdguently, the reaction between the

solid-state C/C composite (due to its high melognt) and the melted metal produced the

TiC phase at the interface of the joint. This cdeblayer may decrease the interfacial

tension and consequently improve the wettabilityhef molten Ti on the C/C composite

[33-37], both leading to an infiltration of the rtedd metal into the pores and grooves of the

composite [33-38].
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3.2. Mechanical properties of the joints

Fig. 9(a) shows the lap shear strength of 2D C/@pmsite-Ti6Al4V joints, which were
produced using different welding currents rangirgrf 4 to 8 kA. The shear strength of
these joints remained almost the same (approxigndteéViPa) when the welding current
changed from 4 to 6 kA, which is comparable tortteximum interlaminar shear strength
of the 2D C/C composite (8 MPa). It should be ndtet for all these joining conditions, a
fracture occurred within the 2D C/C composite rathan at the interface of the joints (Fig.
10). Therefore, it is reasonable to recommend ¢laetive resistance spot welding method
to join a 2D C/C composite and Ti6Al4V if necessanpwever, the bonding strength of
such joints was limited by the material strengthtledé C/C composite, as reported in
previous publications [2, 28, 31, 34, 36, 52-55.gkhown in Fig. 10, the joint failed within
the 2D C/C composite, and the line scanning imdgkeoTi element shows the presence of
Ti at the fracture surface, which was the resulioinfiltration of melted Ti6Al4V into the
2D C/C composite porosities. As shown in Fig. 9i@jreasing the welding current from 4
to 6 kA resulted in an increased fracture sheacefomwhich was supported by the
aforementioned joining mechanisms. By increasimgvilelding current, Joule heating was
increased, and more melted metal was producedeqaestly leading to an increased joint
area, which contributed to a higher fracture stieare (Fig. 9(a, b)). As seen in Fig. 9(a),
the fracture shear force decreased dramaticallywil@easing the current from 6 to 8 kA.
This is explained by the excessive Joule heat mediat the current of 8 kA, which
resulted in the 2D C/C composite surface stickmmghe copper electrodes. Detachment of
the 2D C/C composites from the electrodes caustahwmged 2D C/C surface, as shown in
Fig. 11(a, b). Such damage was not observed forfjdimé processed with the welding
current of 6 KA (shown in Fig. 11(c)).
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Fig. 9. (a) Shear strength and shear force anpifipg area of 2D C/C composite-

Ti6Al4V joints at different currents.
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Fig. 10. (a) Typical fractured surface of the 2ZC@omposite-Ti6AI4V joint after the
shear test, (b) SEM image of the fracture surfaxk(a) line scanning analysis of the Ti

element on the selected area in (b).
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of 2D C/C

Scale:200.00um

Fig. 11. (a) Photograph of the damaged surfackeoD C/C composite in contact with the
copper electrode for a current of 8 kA, (b) Phoapdy of the cross section of the joints near
the surface of the 2D C/C composite in contact &ittopper electrode for a current of 8
KA and (c) 6 kA.

The shear strength values obtained from the jaisisg the 3D C/C composite with a flat
and a groove-patterned interface presented in Fig. 12. The shear strength of th&goi

with the flat interface was only 2.34 + 0.67 MP&isIpoor strength of the joint, which was
even lower than that from the 2D C/C compositegagrwith the previously described
defects and microcracks shown in Fig. 5. In theeaafsjoining the rectangular groove-
patterned 3D C/C composite, increasing the groodepth from 1 to 3 mm and the
groove’s width from 0.7 to 1 mm resulted in a sh&teength increase from 19.15 + 4.81 to

16



46.14 + 3.92 MPa, due to the enlarged bonding dilea.maximum strength obtained with
the groove-patterned interface was significantbhler than that with the flat interface by a
factor of approximately 20. This observation camfirthat the strength of the joints does
not rely only on chemical bonding at the interféce also on the interface patterning. As
mentioned earlier, adding the patterned structex¥ahses the residual stresses as well as
induces compressive normal stresses at the ingeedéthe joint, which is beneficial to
crack arresting [11, 27-30, 42-44]. Moreover, enddegl the Ti indentations into the
rectangular grooves of the 3D C/C pinned the iat&fof the joint and expanded the
joining area, which consequently enhanced the gtiheof the joints [27-30].

The comparison between the shear strength of thmsjasing the 2D and 3D C/C
composites indicates that the maximum strengthefaints of the 3D C/C composite was
46.14 + 3.92 MPa, which is approximately 6.5 tirheggher than the strength obtained from
the 2D woven C/C composite (approximately 7 MPahteNthat the shear strength
measured on the 2D C/C composite-Ti6Al4V jointsthins study is comparable to the
values obtained from other investigations [2, 9, 33, 52, 53]. The shear strength of the
3D C/C compositdi6Al4V joints are also comparable to previous studies [7, 11,198
27, 29, 41, 56, 57]. Based on the shear strengsunements, it can be concluded that
C/C-Ti6Al4V joints using the 2D or 3D C/C compositeave the potential to be applied in
high temperature applications, such as heat shieldszles, turbine engines and high
temperature furnace components. Moreover, unlikeirjg the C/C composites via the
brazing process, the obtained joints in this staidyexpected to withstand a high operation
temperature due to the exclusion of low meltinghpbrazing or filling the material during
joining. Overall, the 2D C/C composite-Ti6Al4V jagcan be used for applications where
components are subjected to moderate tensile etrd84]. By contrast, the 3D C/C
composite-Ti6Al4V joint can be used in applicatidhat require high mechanical strength
of the joints.In this study, we utilized the groove patternecifgce similar to that in the
literature to overcome the difficulties of joinindissimilar materials with different
coefficients of thermal expansion (i.e., the 3D CéBmposite and Ti6Al4V). The
investigations on the derived microstructure anahmaical strength of the joints indeed

showed that this approach is an effective way taio high-strength joint and can avoid
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structural defects caused by the different coeffits of thermal expansion of the 3D C/C
composite and Ti6AI4V.
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Fig. 12. Shear strength of the 3D C/C compositAlA¥ joints for flat and groove-

patterned interfaces with a groove depth between3lmm and a width between 0.7 to 1
mm.

3.3. Fracturing modes of joining of the 3D C/C composite to Ti6Al4V

The dependence of the fracturing mode on the dejpthe manufactured grooves may be
observed from the macroscopic image of the fradtgtgface, shown in Fig. 13. For joints
with a groove depth of 1 mm, the fracture occuakxhg the interface between the 3D C/C
composite and Ti indentations (Mode 1), whereadHerjoints with the groove depth of 2
and 3 mm, the fracture occurred via crack propagatihrough the infiltrated Ti
indentations (Mode 2) (Figs. 13 and 14). The frangumodes 1 and 2 have been reported
previously when dissimilar materials were joinedhwpatterned interfaces [28-30, 44, 56].
Fig. 13(a-c) shows the fractured surface of thetgpowith a groove depth of 1 mm. The Ti
indentations were completely pulled out from the GOC composite, which revealed the
crack propagation at the interface of the jointse BEM image of the fractured surface of

the joints (Fig. 14(a)) shows that the Ti indemtasi remained intact after the shear test, and
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no fracture was observed in the infiltrated Ti in@ions. The fractured surfaces of the 3D
C/C composite joint with a groove depth of 3 mm ahm®wn in Fig. 13(d-f). The Ti
indentations were broken and remained on the 3D dof@posite side after the shear test,
which indicates that the cracks propagated thrahghTi indentations. The SEM images of
the fractured surface on the Ti6Al4V side for tbhenfs with groove depths of 3 mm are
shown in Fig. 14(d-f), which confirms that fractareccurred in the Ti indentations. The
cross-section micrographs of the fractured indesriatwith depths of 3 mm, after the shear
test, are shown in Fig. 15. It shows that the pgapian path of the crack existed at the
interface and within the 3D C/C composite, agre&ith the combined fracturing mode. It
is worthwhile to note that in both modes the criut initiated at the flat area of the joints
and then propagated along the interface. In Modafter the crack reached the Ti
indentations, it propagated along the interfacevbeh the 3D C/C composite and the Ti
indentations, which consequently polled the Ti md&ons out from the 3D C/C composite
side. In Mode 2, after the crack reached the Teimadtions, it propagated along two paths.
In the first path, some cracks propagated alongritezface between the Ti indentations
and the 3D C/C composite (Fig. 15). In the secoath,psome cracks deviated into the Ti
indentations and passed through the Ti indentatiing. 13(d-f) and Fig. 14(d, e)).
Eventually, after reaching the critical load, acftae occurred within the Ti indentations
(Figs. 15, 13(d-f) and 14(d, e)). The fracture eauby Mode 2 usually showed a higher
shear strength, since more energy was dissipatethgduhe crack propagation in
comparison to Mode 1. In Mode 1, the crack propagatas restricted to the interface of
the joint between the 3D C/C composite and Ti inaons [56]. Note that in addition to a
crack propagation along the interface of the jgimisacks can also be deflected and
propagate from the interface of the joints into 8i2 C/C composite. It was found that
crack deflection is favorable to a change in thactisring mode from brittle to

pseudoplastic, avoiding a catastrophic failure @4,
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Titanium dentations
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m Fractured Ti ditanons Fractured Ti dentations

Fig. 13. Typical fractured surfaces on both the@D composite and Ti6AI4V sides and
illustrations of the respective crack propagatiathp(a-c) a groove depth of 1 mm and (d-

f) a groove depth of 2 and 3 mm.
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Fig. 14. Typical fracture surfaces of the 3D C/@nposite-Ti6Al4V joints on the Ti6AI4V
sides for joints with groove depths of (a-c) 1 mma &-f) 3 mm.
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Fig. 15. Cross sections of the microstructure’stireed Ti indentation for the 3D C/C

composite-Ti6Al4V joint after a shear test for agve depth of 3 mm.

4. Conclusions
In this study, the feasibility of joining C/C congites to Ti6Al4V via the reactive spot
welding technique as an innovative joining methaat fdissimilar materials was
investigated and the following conclusions werenara

1) It was found that the infiltration of melted Ti pka key role and is one of the
dominant mechanisms of joining the C/C composite3i6Al4V. A well-bonded
joining interface was produced between the 2D Gi@posite with a flat surface
and Ti6Al4V as the result of the infiltration ofelmelted Ti into the pores of the 2D
C/C composite. On the other hand, joining the 3@ Cbmposite to Ti6AI4V
required manufacturing a number of rectangle gremrethe surface of the 3D C/C
composite, facilitating the infiltration of the nbedl Ti into the 3D C/C composite.
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2)

3)

The groove-patterned interface decreased the msgitesses and increased the
joining area, resulting in a strong interlockindgeet, which led to an improved
joining strength.

The solid-liquid reaction at the interface of théCGcomposite-Ti6AI4V joint is
another dominant mechanism of joining. Thanks ® lbule heat produced from
resistance welding, Ti6Al4V was first melted andrthreacted with carbon from the
C/C composite, which formed a thin TiC layer witlthe&ckness of 1 to 2m at the
interface of the joint. This thin TiC layer impra¥éhe mechanical properties of the
joints through the formation of chemical bondindhe interface.

The 2D C/C composite and Ti6Al4V joints exhibitednaaximum strength of
approximately 7 MPa, which is close to the inteilzan shear strength of the 2D
C/C composite. The groove-patterned 3D C/C comedsBAl4V joints
demonstrated a much higher shear strength rangong £9.15 to 46.14 MPa, due
to the formation of interlocked interfacial struets. With the use of Ti powder as
the interlayer, which has a melting temperaturel®68°C (compared to 1604-
1660°C for Ti6Al4V), the developed joining methetould be advantageous in
high temperature applications.
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A successful joining between 2D C/C composite with aflat surface and Ti6Al4V;
Joining 3D C/C composite to Ti6AI4V requires rectangle grooves on carbon surface;
Solid-liquid reaction at the interface is the dominant mechanisms of joining;

Joint of 2D C/C-Ti6Al4V has strength of 7 MPa, close to that of the C/C composite;
Interlocked joint of 3D C/C-Ti6Al4V has strength between 19 MPa and 46 M Pa.



