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Abstract 

In order to relieve high residual stresses between ceramics and metals during 

brazing processes, an AgCuTi/graphene-reinforced Cu foam composite filler was 

developed and used to braze the ZrB2-SiC ceramic and Inconel 600 alloy. 

Microstructures and shear strengths of the joints were systematically studied. The 

joints are composed of TiFe2, TiCu, TiC, Cu(s, s), Ag(s, s), and Ti5Si3 phases. It is 

found the addition of graphene on the Cu foam surface can effectively retard 

diffusions of metal atoms and avoid the collapse of the foam matrix. After being 

brazed at 900 oC, the joint can get a maximum shear strength of 157 MPa, much 

higher than those brazed without graphene addition. The high shear strength was 

investigated in detail and attributed to the integrity of the Cu foam, formation of the 

TiC and thickness of the reaction layer at the ceramic side. 



Introduction 

As one of the most important functional material groups, the advanced ceramics 

is fundamentally interesting due to complicated bonding mechanisms, and industrially 

important thanks to its unique high-temperature applications in the aerospace, 

electronics, and precision machinery areas [1,2]. However, these high-performance 

compounds suffer from inherent brittleness and poor machinability. Consequentially, 

it is hard to prepare them in large and complex shapes. To overcome this drawback, 

the self-joining of ceramics or connection to metals has been proposed. Up to date, 

joining ceramics and metals can be realized through brazing [3,4], diffusion bonding 

[5, 6], and transient liquid phase bonding [7,8]. However, unwanted residual stresses 

at joint interfaces turn out during the cooling processes because of poor wettability of 

ceramics and mismatches of coefficients of thermal expansion (CTE) between 

ceramics and metals. As a result, the overall joint quality is ruined. Thus, reductions 

of the residual stresses become critical to reach good joints. 

     Various efforts have been dedicated to relieving residual stresses. It is reported 

that the stresses can be relieved by using soft metallic interlayers [9,10], adding low 

CTE materials into fillers [11,12], fibers [13,14], particles [15,16] and using foam 

metals as interlayers [17-20]. Despites these progresses, poor distribution of fibers or 

particles yields uncontrollable reinforcements. Following the introduction of soft 

metallic interlayers, a detrimental interface is generated, and then accelerates the 

formation and expansion of cracks. Regarding residual stress reliefs, the use of metal 

foam is considered as an effective alternative to other methods. As a low CTE carbon 



material, graphene has attracted considerable attentions due to its high mechanical 

properties, specific surface area, and low density [21, 22]. Up to now, graphene has 

been introduced into many alloy systems to obtain composite materials and improve 

mechanical properties of alloy. It also brings structural reinforcements as a filler 

[23-27]. Liu et al. reported add-on benefits of graphene nanosheets to the properties 

of a SnAgCu solder alloy. The wettability of the composite solders was also improved 

with the addition of graphene nanosheets [23]. A graphene/Cu composite interlayer 

was developed via CVD to braze the 6061 aluminum alloy. Results showed that 

graphene could effectively retard the element diffusions and hinder the intensive 

Al-Cu eutectic reaction [27]. However, it is noticed that graphene, subjected to the 

effect of van der Waals forces, is easily agglomerated if directly added into alloys 

[28]. Therefore, it is necessary to design a new composite interlayer which degrades 

graphene’s aggregation. 

    The graphene-metal foam composite interlayer was recently proposed as an 

advanced type of fillers. Reinforced by graphene nanoplatelets, an AgCuTi composite 

filler was employed to braze the SiC ceramic and resulted in a higher strength than 

those without graphene contents [29]. A novel type of graphene reinforced Cu foam 

was exploited to braze the C/C composite and Nb. Graphene facilitated the retarding 

of metal atom diffusions and inhibited the collapse of the Cu foam [30]. A composite 

of graphene nanoplatelets reinforced TiCuZrNi was invented and applied to braze the 

C/C and Ti6Al4V. The shear strength was substantially improved thanks to the 

newly-formed TiC particles and existence of graphene nanoplatelets [31]. 



In the present work, the graphene reinforced Cu foam (G-Cu foam) has been 

developed and used as an interlayer to alleviate aggregation of graphene and relieve 

residual stresses at the joints between the ZrB2-SiC ceramics (named as ZS) and 

Inconel 600 (named as In 600). The Cu foam was taken as a loading matrix thanks to 

its homogeneous distribution and persisting porous structure in the brazing seam 

according to our previous studies [32]. We systematically studied the impacts of the 

G-Cu foam interlayer on microstructural and mechanical properties at the ZS/In 600 

joining parts. It is found that the graphene additive brings simultaneous benefits to the 

structural reinforcements and strengths.  

 

Experimental 

The ZS ceramic used in this work was prepared by a hot press sintering, 

provided by Center of Composite Materials of Harbin Institute of Technology. Details 

of the ZS preparation have been reported in Refs [20,33]. A nominal composition of 

In 600 alloy was Ni-15.5Cr-8Fe-1Mn-0.5Cu-0.5Si-0.1C (wt. %). Graphene oxide in 

the present work was synthesized by a modified Hummer’s method [34, 35]. Briefly, 

1.008 g graphite powder and 0.520 g NaNO3 were added to the concentrated H2SO4 

(23 mL) which was cooled to 0 °C in advance. After one hour, 3.002 g KMnO4 was 

slowly added to carry out the reaction. Then, the mixture was stirred 30 min at 38 °C. 

After adding 80 mL water, the stirring was continued for another 30 min. Later, 200 

mL water and 30% H2O2 (5.6 mL) were added in turn. After another 15 min stirring, 

the suspension was washed with HCl (37 %) to remove metal ions. Finally, the 

suspension was centrifuged at 2500 r/min. The supernatant was decanted, and then 



washed with water several times until the product was neutral. The product was 

obtained after drying at 60 °C. 100 mg of the obtained graphene was slowly milled 

and mixed with isopropanol to get a slurry, which was coated on the Cu-foam. Finally, 

a G-Cu foam was obtained after being dried 12 hours at 60 °C.  

The quality of G-Cu foams was assessed before brazing. Figures 1a and 1b 

depict microscopic images G-Cu foam. The average pore size is about 400 μm. Figure 

1c shows a typical SEM image of graphene. Obvious wrinkles are found as marked by 

arrows, as the typical morphological feature of graphene [36,37]. Fig. 1d shows a 

Raman spectrum of the G-Cu foam used in this work. Two peaks at 1350 and 1590 

cm-1 are observed, and attributed to the D and G bands of the in-plane sp2 vibrations 

of C atoms, respectively [38,39]. The results agree well to the reported studies on the 

preparation of graphene [40-42]. 

ZS and In 600 were cut into dimensions of 4mm×4mm×4mm and 10 

mm×10mm×4mm, respectively. The wire electrical discharge machining was used. 

Depending on equipment requirements, samples used for microstructural 

determinations and shear strength testing were formed into different sizes of 4 mm×4 

mm×4 mm (ZS)/4 mm×4 mm×4 mm (In 600) and 4 mm×4 mm×4 mm (ZS)/10 

mm×10 mm×4 mm (In 600). Fig. 1e shows a schematic diagram of the brazing 

assembly. The thicknesses of AgCu filler metal and Cu foam are 100 μm and 1 mm, 

respectively.  

Prior to the brazing, the ZS and In 600 were carefully grounded and polished to 

reach flat surfaces. All materials were ultrasonically cleaned in alcohol for 10 min. 



The brazing experiments were performed at 900 °C for 5 min, 15 min and 25 min, 

respectively. The microstructural determinations were carried on a scanning electron 

microscope (SEM, SU-8010) equipped with an energy-dispersive X-ray spectrometer 

(EDS). Shear testing was measured under an Instron 5500 testing machine. An 

average strength was obtained from measurements of three samples with the same 

brazing parameters. 

Results and discussion  

Figure 2 demonstrates typical microstructures and EDS results of the brazed joint 

of the ZS/AgCuTi/G-Cu foam/AgCuTi/In 600 alloy at 900 oC for 5 min. The joint is 

well connected. No obvious defects are detected in the joint. Element diffusion is 

sufficient, and reaction is accomplished, as shown in Fig.1a. Figures 1b to 1i depict 

element distributions in the joint. From the figures, the Ag and Cu from the filler are 

extensively distributed in the middle of the joint. The Ti from the filler and C from the 

graphene are also detected at the middle of the joint. They are prone to form the TiC. 

The Zr, Cr and Fe elements from the base materials mainly locate at the ZS side and 

In 600 side, respectively. It is worth noting that nickel from the In 600 alloy is also 

distributed in the whole joint due to chemical compatibility and physical solubility 

between the Cu and Ni.  

Figure 3a shows a typical microstructure of ZS/AgCuTi/G-Cu foam/AgCuTi/In 

600 joint brazed at 900 oC for 15 min. In the overview, the joint is about 400 μm 

width without defects. Moreover, three reaction zones are clearly distinguished in 

Fig.3a. They are the zone adjacent to In 600 alloy side, the brazing seam, and the zone 



adjacent to ZS side. The brazing seam contains many discontinuous blocky gray 

structures, black phase (as marked by red arrows), and eutectic structure. The 

analyzed chemical compositions of different phases marked as A-H are listed in Table 

1. Phase A with the blocky gray structures is identified as the Cu(s, s), consistent with 

the previous result where the Cu foam was employed as an interlayer [20]. These 

blocks Cu(s, s) mainly originates from the Cu foam. The black phase B contains Ti 

and C at an approximate atomic ratio of 1:1, and thus is inferred as the TiC phase 

from the reaction of Ti + C → TiC. Fig. 3b is the enlarged images of reaction layer at 

In 600 side. Based on contrast, three phases marked as C to E are shown. According 

to the content of elements, the black strip-like phase C is TiFe2. It was reported that 

the Fe showed a strong tendency to react with the Ti. A product of TiFe2 was resulted 

from the reaction of Fe + 2Ti→TiFe2 [43]. In fact, the TiFe2 is easily formed as soon 

as the Fe dissolve from the In 600 alloy into the liquid AgCuTi filler. The element of 

phase D is mainly silver. Thus, phases D is inferred as Ag(s, s). Phase E has an Ti/Cu 

atomic ratio of 1:1, and can be considered as the TiCu phase according to the Ti-Cu 

binary diagram [44]. At 900 oC, the main reaction between the Ti and Cu underwent 

the processes of Ti +Cu = TiCu (ΔG = -17069 + 4.887 T = -11336.549 J/mol) [45]. 

Due to the low Gibbs free energy, the TiCu occupied a large proportion in the reaction 

layer at the In 600 side. Fig. 3c displays the zoomed image of eutectic structure from 

Fig.3a. Moreover, based on the EDS results, the F and G phases are considered as 

Cu(s, s) and Ag(s, s), respectively. Combined with the result of Fig. 3a, the Ag-Cu 

eutectic structure occupied half areas of the brazing seam, which is the typical feature 



of brazing by AgCu-based filler [46,47]. Fig. 3d demonstrates the zoomed image at 

the ZS side. Many Cu(s,s) and AgCu eutectic structure can also be found. The Ti, C 

and Si elements are the main composites according to EDS of phase H. The Ti can 

easily react with the SiC to form TiC and Ti5Si3 phases based on the reaction of Ti + 

SiC→Ti5Si3 + TiC. From the above analysis, the In 600/AgCuTi/G-Cu foam/AgCuTi/ 

ZS brazed joint is composed of In 600/Ag(s, s) + TiFe2 + TiCu/ Ag(s, s) + Cu(s, s) + 

TiC/Ti5Si3 + TiC/ZS ceramic. 

Table 1 Chemical compositions of each phases as marked in Fig.3 

 Ag Cu Ti  C  Ni  Cr Fe B Si Zr phase 

A 2.07 83.18 2.58 7.31 1.08 0.92 1.26 1.33 0.27 - Cu(s,s) 

B 1.52 1.52 46.26 41.32 0.77 0.58 0.83 3.46 0.53 0.02 TiC 

C 0.14 8.81 28.57 1.13 9.65 6.07 45.20 0.49 0.91 0.02 TiFe2 

D 79.01 6.40 2.68 1.90 1.79 3.04 1.86 1.97 0.90 0.44 Ag(s,s) 

E 

F 

G 

H 

0.39 

2.74 

76.52 

1.83 

35.40 

80.45 

8.40 

6.91 

29.57 

3.31 

0.78 

40.05 

17.10 

6.40 

3.13 

25.52 

3.08 

2.09 

2.45 

3.37 

1.02 

1.15 

2.17 

0.97 

12.08 

1.57 

3.18 

5.54 

0.63 

1.34 

1.21 

6.28 

0.68 

0.85 

2.03 

9.38 

0.05 

0.13 

0.13 

0.16       

TiCu 

Cu(s,s) 

Ag(s,s) 

Ti5Si3+TiC 

The brazing time influences on joint microstructures were investigated. Fig. 4 

depicts the microscopies of the joint brazed with the G-Cu foam at 900 oC but with 

different time. For brazing time of 5 min and 15 min (Fig. 4a and 4b), plenty Cu(s, s) 

blocks and Ag-Cu eutectic structures remained and homogeneously distributed in the 

entire brazing seam. This serves a direct approval of the preservation of the G-Cu 

frame structure in the joint. Thanks to its uniform dispersion, the Cu(s,s) can greatly 

release the thermal residual stresses and accommodate strains by its plastic 

deformation. As a result, the joints are strengthened [48]. However, the seam 

possesses unhomogeneously distributed Cu(s, s) after being brazed 25 minutes, as 

shown in Fig. 4c. The G-Cu foam collapsed, decreasing residual stress reliefs. The 



thickness of reaction layer in ZS side increased from 1.1 μm to 4.6 μm when the 

brazing time increased from 5 min to 25 min, as indicated in Fig. 4d to 4f. At a short 

brazing time of 5 min the reaction layer might not be thick enough to form a reliable 

metallic bonding. Moreover, cracks appeared on the interface when brazing time was 

25 min, as shown in Fig. 4f, which was harmful to the properties of joint.  

Shear strengths were plotted in Fig.5 for the joints brazed at 900 oC but different 

in time with the G-Cu foam as the filler. Overall, the shear strength exceeds 100 MPa, 

higher than the one only using the bare Cu foam as the interlayer [32]. The shear 

strengths are 138 MPa, 157 MPa and 102 MPa, respectively, for the brazing time of 5 

min, 15 min and 25 min. This demonstrates that the introduction of graphene on the 

form can strengthen the joints. The mechanism leading to strength enhancements can 

be explained as follows. In general, graphene is a two-dimension carbon layer with a 

sp2 hybridization and has higher bond energy than other carbon forms. A strong 

energy barrier is set by the chemical stability of the graphene when reacting with 

metals. Up to now, many researchers have used graphene for preventing the reaction 

or inter-diffusion at the interfaces of Al/Si, Au/Ni, Cu/Si and so on [49-51]. Kim et al. 

demonstrated an effective obstruction of reactions between the Al and Si and the 

intermixing of Au and Ni at high temperatures using graphene as a barrier [49]. Hong 

et al. reported the use of thin graphene layers as a diffusion barrier during the Cu 

metallization at high temperature regimes of 500-900 oC. The addition of graphene 

effectively blocked diffusions of Cu atoms into the Si [50]. Nguyen et al. also used 1 

nm thick graphene as a Cu diffusion barrier. Therein graphene was thermally stable 



against Cu diffusion and no inter-diffusion in the Cu/graphene structure took place 

[51]. The outstanding performance of graphene as a metal diffusion prohibitor is very 

useful to improve the stability of the metallizations. In addition, it is reported that the 

size of intrinsic “pore” of hexagonal lattice in graphene is about 0.064 nm, which is 

much smaller than atomic radius of the main elements in the present work, i.e. Ag 

0.134 nm, Cu 0.117 nm and Ti 0.132 nm. This difference in size also makes it difficult 

for metal atoms to pass through graphene [52,53]. Furthermore, the solid solubility of 

C in Cu at high temperature is rather small, e.g., ranging from 4.8 ± 0.5 ppm at 1143 

K to 7.4 ± 0.5 ppm at 1293 K [54]. Based on the above studies, for the present work, 

graphene reinforced in Cu foam can block the diffusion of the Cu atom, and protect 

the structural integrity of the Cu foam, making it less probable to collapse. At the 

matrix side, the Cu foam with a good structural integrity helps to relieve the residual 

stress of the joint, leading to a higher shear strength compared to cases in the absence 

of graphene during the brazing (Fig.5). As shown in Figs.5a-c, the TiC phases were 

detected in the brazing seam, and subjected to two main reaction paths. In the first one, 

the Ti atoms from the filler react with the C atoms diffused from the ZS ceramics to 

form TiC due to the large negative Gibbs free energy [55]. In the second, though not 

reacting with Cu, graphene shows good affinity with Ti, and is easy to form Ti-C 

compounds. It is reported that metals like Pd and Ti readily react with graphitic 

carbons, resulting in Pd- and Ti-carbides [56]. Due to a rather simple but facile 

preparation process in the present work, defects in graphene are inevitable. The Ti can 

easily react with the defected graphene to form a TiC phase. The formation and 



evenly distribution of TiC in the brazing seam is beneficial to strengthen the joints 

due to its positive effect on refinement of the crystal-microstructure of brazed fillers 

[57]. Furthermore, the CTE discrepancy between the TiC (6.52 × 10−6 K−1 [58]) and 

ZS (4.0× 10−6 K−1 [20]) is smaller than that between the AgCuTi brazing filler (18.2 × 

10−6 K−1 [58]) and the ceramics. The CTE mismatch is substantially reduced. These 

combined effects facilitate the joint strength enhancement.  

We also noticed after 25 min brazing, the value of shear strength became lower 

than those after 5 min and 10 min brazing. The strength decrease can be explained as 

follows. With prolongation of the holding time, the softening problem of Cu foam 

was more pronounced, and some areas collapsed, thus forming a large area of 

Cu-based solid solution, as shown in Fig. 4c. This is destructive to the maintenance of 

high shear strength joints. Furthermore, increasing the brazing time can result in the 

formation of larger amount of TiC and Ti5Si3 brittle intermetallics in the interface. 

The existence of these thicker brittle intermetallics impairs with the plastic 

deformation of the joint, which is harmful to the relaxation of residual stress in the 

joint. In fact, the observed micro-cracks in Fig.4f was resulted from the residual stress 

concentration in the interface but lead to the mechanical property deteriorations [59].  

The schematic of the strengthening role of the G-Cu foam composite interlayer 

in the joint seam is depicted in Fig. 6. Fig.6a shows the cross section of the assembly 

of the brazing joint. The G-Cu form composite interlayer was prepared and installed 

in the middle of joint. Graphene was evenly distributed on the surface of Cu foam due 

to its inner-connective porosity. When heated to the melting point of filler, the molten 



AgCuTi filler flowed and wetted the In 600 and ZS. At the ZS side, a reaction 

between Ti and Si (Ti + Si → Ti5Si3) occurred due to its lowest Gibbs free energy 

among related peers. Meanwhile, the TiC was also produced through the path of Ti + 

C → TiC [60]. At the In 600 side, the TiFe2 from the reaction of Fe + 2Ti→TiFe2 was 

formed due to a strong reaction tendency between the Fe and Ti, as shown in Fig.6b. 

During this process, the molten AgCuTi filler metal partially began to fill the G-Cu 

foam. With further heating to the brazing temperature, the G-Cu foam began to be 

soften and pressed. An Ag-Cu eutectic structure consisting of Ag(s,s) and Cu(s,s) was 

formed in the brazing seam, which is consistent with results reported in Refs 

[11,61,62]. The Ti in the filler reacted with the Cu, forming a TiCu phase via Ti + Cu 

→ TiCu reaction, as shown in Fig.6c. The rest Ti, Ag and Cu elements continuously 

reacted with the G-Cu foam. Especially for the Ti, it was adsorbed on the defective 

places at the surface of G-Cu foam. These defects could consume the Ti to form a TiC 

phase, as shown in Fig.6d. However, during this process, the frame structure of Cu 

foam was kept. Fig.6e demonstrates the joint microstructure after the brazing. The 

Cu(s, s) and TiC were homogeneously distributed in the entire joint seam. The 

homogeneously distributed Cu(s, s) owns a good plastic deformation capacity that 

brings effective reliefs of residual stresses. The TiC particles act as a reinforcement 

phase in the joint, and benefit the joint strength.  

Conclusion 

In summary, a sound joint between the ZS ceramic and In 600 alloy was 

achieved using the AgCuTi/G-Cu foam composite filler and being brazed at 900 oC. 



The typically interfacial microstructures of the brazed joint were In 600 

alloy/TiFe2/TiCu/TiC/Cu(s,s) +Ag(s,s)/TiC+Ti5Si3/ZS ceramic. All brazed joint 

possessed high shear strengths above 100 MPa, higher than the joint brazed using the 

AgCuTi with sole Cu foam. The existence of graphene on the surface of the Cu foam 

can effectively hinder diffusions of Cu atoms and protect the form’s structural 

integrity, resulting in the homogeneous distribution of Cu(s, s) in the brazing seam 

and consequently relieving residual stresses. Meanwhile, the formation of TiC phase 

in the joint also played a positive role of strength reinforcements. The above 

combined effects can remarkably improve the shear strength at the joint.  
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Figure and Caption 

 

Fig.1 a)–c) SEM images of G-Cu foam, d) Raman spectrum of G-Cu-foam and e) 

schematic diagram of brazing assembly 

Fig 2 .a) Microstructure and b) to i) corresponding EDS results of brazed joint at 900 

oC for 5 min 

Fig.3 Typical microstructure of brazed joint at 900 oC for 15 min: a) whole 

morphology; b) enlarged image of In 600 side; c) enlarged image of eutectic structure 

and d) enlarged image of ZS side 

Fig.4 Microstructure of joints brazed at 900 oC for different times: a), d) 5 min; b), e) 

15 min and c), f) 25 min 

Fig.5 Shear strength of joints brazed at 900 oC for different time using G-Cu foam 

Fig.6 Schematic diagram of the formation of brazed joint 
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