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ABSTRACT: SiC coated graphite is brazed to 304 stainless steel using 97(Ag28Cu)3Ti active filler alloy at 850, 900, 
950 and 1000 °C under 1.962N dummy load. Thus developed interfaces of the brazed joints were characterized by 
SEM-EDS, EPMA and XRD analyses. Shear strength of the brazed joints along the graphite interface and micro 
hardness profile along both the interfaces for each sample have been evaluated. The sample brazed at 900 °C under 
1.962N load exhibited maximum shear strength of about 50MPa. The nature of fracture was analyzed by SEM-EDS 
analysis. Micro hardness analysis along the interfaces reveals that there were minor variations in the nature of micro 
hardness profile along the brazed joint for all the specimens. The mechanical properties determined by shear tests for 
the specimens brazed under 1.962N load were compared with those of the specimens brazed under 0.981N load. It is 
observed that increasing the load on the braze assemble during brazing causes uniform interfacial diffusion throughout 
the joint area resulting in better joint strength.  An attempt has been made for a comparative study on the effect of load 
applied, brazing temperature on the joint strength.  
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I. INTRODUCTION 
 
 Attractive properties of graphite like high heat and electrical conductivity, low density, high sublimation point, 
low thermal expansion and high emissivity makes it an extensively used material in nuclear, aerospace, automobile and 
medical industries [1, 2]. But its application as a structural material is restricted due to its low mechanical strength. To 
utilize the high temperature properties of graphite, it is often required to join the graphite with metallic parts [3-5]. A 
significant difference in the thermal and mechanical properties of graphite and the metals restricts its joining for wide 
spread applications [6-11]. Various reports are available for joining this type of system, however in most cases due to 
poor wettability of the graphite substrate by conventional brazing alloy and inherent porosities in graphite substrate the 
joint strength were found to be quite low (~10-15MPa) [3-4, 12].   Active metal brazing, which involves the use of 
chemically active elements such as Ti, Zr, Cr, Mo, is the extensively used method of joining ceramics with metals. 
Presence of small amount of these active elements enhances the wettability of ceramics as well as graphite by the filler 
alloy and thus improves the bonding between the graphite and metals [13-14]. These active elements have a strong 
affinity towards the ceramic or graphite surfaces [15]. During the joining of two dissimilar materials, many changes in 
the microstructural and mechanical properties in the vicinity of the joint region are observed [16]. Determination of a 
successful brazed joint depends upon the interfacial microchemistry. Thus it is necessary to identify the reaction 
products formed at the joint interfaces. Shear strength and micro hardness measurement give the bonding strength of 
the brazed joint. This paper aims to characterize the SiC coated graphite- 304 stainless steel joint interfaces brazed at an 
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interval of 50 °C from 850 to 1000 °C under 1.962N dummy load. Also a comparative study on the mechanical 
properties of the samples brazed under different loads is done.    
 

II. EXPERIMENTAL PROCEDURE 
 
SiC coating on graphite substrate was done by reaction bonding of Si and carbon of graphite. Water slurry of ~40μm 
sized Si was applied on a graphite plate by spin-coater. Si coated graphite was heated initially at 1450 °C. At this 
temperature the molten Si percolates into the open pores of graphite substrate; in the next step the temperature was 
raised to 1800 C for the formation of reaction bonded SiC within the open pores as well as on the surface of graphite.  
The substrate materials, i.e. both 304 SS and SiC coated graphite were cut into rectangular pieces having the dimension 
of ~4mm (t) x 10mm (l) x 9mm (b). The surface of 304 SS was metallographically polished. Ag-Cu-Ti (3 wt% Ti in 
eutectic Ag-Cu) filler alloy having dimension of ~0.5 mm (t) x 9.5 mm (l) x 8.5 mm (b) was used as interlayer between 
304 SS and SiC coated graphite. 304 SS and filler alloy were cleaned ultrasonically with acetone to remove any dirt, oil 
or grease over the faying surfaces. A dummy load of ~1.962N was applied over the braze assemble to maintain intimate 
contact among the substrates and the filler alloy as well as facilitating the interfacial reactions [7, 17-20]. 
The brazing process was carried out in a graphite resistance furnace (ASTRO Thermal Inc., USA) at a vacuum level of 
30-40 mTorr. Prior to heating, the furnace was flushed 2-3 times with high purity argon gas to minimize the partial 
pressure of oxygen inside the furnace. The thermal cycle for brazing is depicted in Fig.1. The brazing was carried out at 
the temperatures of 850, 900, 950 and 1000 C under 1.962N load and holding time at the peak temperature was 
maintained for 15 mins.  
 

 
FIG.1. Schematic diagram of thermal cycle for brazing. 

 
The brazed joints were characterized using Electron Probe Micro Analyzer with energy dispersive spectroscopy 
(EPMA, JXA 8230, Jeol Japan).  WDS line profiles on the specimens brazed at 850, 900, 950 and 1000 °C were taken 
to understand the diffusion of various elements at the joint interfaces. 
Since the reaction products/phases formed at the interfaces are mainly governed by brazing temperature, and the 
applied load showed minimum effect, earlier XRD results of 0.981N load [23] are taken into consideration for the 
phase identification in the present study.  
Specimens of ~2 mm thickness were cut perpendicular to the brazed joint from each joint sample for shear tests. A 
Universal Testing Machine (H10K-S, Hounsfield, 10KN capacity) was used to evaluate the shear strength of brazed 
joint specimens. During the experiments, the cross head speed of 0.01 mm/min was maintained. Details of the specially 
designed shear test fixture used for shear test measurement, and the specimen placement technique are mentioned 
earlier [17- 22]. The load was applied on the joint perpendicularly and care was taken to ensure that the shear would 
take place exactly at the brazed joint. At least three shear tests were conducted for each specimen brazed at 850, 900, 
950 and 1000 °C. The fractured surfaces were analyzed by SEM- EDS analysis.  
The micro hardness tests were carried out using micro hardness tester (Leitz, RZD-DO, Germany). The measurements 
were carried out starting from 304 SS to SiC coated graphite across both the interfaces and the intermediate residual 
filler alloy. A load of 0.4905N on 304SS interface and filler alloy,0.981N on SiC interface, and 0.24525N on the 
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graphite region with holding time of 15sec for each indentation was applied. To minimize the interference of two 
consecutive indents, the centre to centre distance of two indents was maintained at least 2.5 times the diagonal of the 
indent [21]. The micro hardness profile was plotted against the respective positions. Based on the changes in the micro 
hardness values at different regions, the interfaces were identified in the hardness-distance plots.  
 

III. RESULTS AND DISCUSSION 
 
While brazing with uncoated graphite, the liquid filler alloy percolated into the open pores of the graphite substrate 
resulting in severe stress generation at the graphite surface, causing peeling off of a thin layer of graphite from the bulk 
graphite substrate. Thus in order to avoid this problem, SiC coating on the graphite substrate was done. This reduces or 
restricts (i) the penetration of the liquid filler alloy into the pores of graphite, and (ii) also the formation of excessive 
amount of the reaction products at the interface. Since the interfaces in any brazed joint are formed as a result of the 
reaction of molten filler alloy with the substrate material, identification of these reaction products, their relative 
positions along the interface is of utmost importance. For any brazed joined system, it is practically not possible to alter 
the relative positions of the reaction products formed at the interface with respect to either the substrate or filler alloy. 
However, the quantity/volume fraction (i.e. the layer thickness) can be controlled by changing the brazing temperature, 
holding time and the applied pressure/load on the joint assembly [22].  
The phases such as TiC, Ti5Si3 and Ti3SiC2 along with SiC, Cu, Ag at the interface of graphite side and FeTi and 
Fe35Cr13Ni3Ti7 at the SS side interface were identified by XRD analyses [21-22]. The volume fraction (layer thickness) 
and the relative positions of these phases are carefully determined by SEM-EDS (Fig. 2(a)-(c)) and EPMA line profile 
analyses (Fig.3(a)-(b)). The results show that TiC is formed near the SiC layer, and next to SiC Ti5Si3 is formed. In case 
of specimen brazed at 900 C the formation of Ti5Si3 is found to be maximum, whereas at 950 C or above, Ti3SiC2 
phase starts forming at the cost of Ti5Si3 phase. 

 
FIG.2. SEM images of (a) 900, (b) 950, (c) 1000 °C . 
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(a)                                                              (b) 
FIG.3. WDS line analysis along (a)SiC coated graphite side interface, (b) 304 SS side interface for the sample brazed at 

900 C under 1.962N load. 
 

It was reported that a reaction product having low coefficient of thermal expansion (CTE) between two phases of 
higher CTE provides good joint strength [21- 23].  The CTE of Ti5Si3, SiC, TiC, Ti3SiC2 and Ag/Cu are 2.7, 4.3, 7.4, 
8.5 - 11.4 and 21/18x10-6/ °C respectively [22].  In case of sample brazed at 900 C, the presence of Ti5Si3 between 
SiC/TiC and the residual filler alloy (Ag/Cu) resulted in higher shear strength. This is because a layer having lower 
CTE (Ti5Si3) acts as a buffer layer or thermal shock absorbing layer to reduce stresses. Whereas the samples brazed at 
950 and 1000 °C showed low shear strength owing to the formation of Ti3SiC2 phase having higher CTE than Ti5Si3.  
There would be two opposite effects while the applied load over the brazed assemble is changed, that is, (i) change in 
amount of residual filler alloy and (ii) amount of reaction products formation at the interface. For example, at 900 °C 
under 1.962N load, some part of filler alloy will be squeezed out – causing reduced residual filler alloy; whereas due to 
better contact between the filler alloy and substrate there is possibility of formation of more reaction products than the 
sample brazed under 0.981N load at the same temperature. Similarly, under the same load, increasing the brazing 
temperature would result in (i) more amount of reaction products and (ii) formation of detrimental reaction product ( in 
this case Ti3SiC2). Therefore, to achieve best possible joint strength one has to look into these factors – and in the 
present study 900 °C under 1.962N load was found to be the best brazing condition.  
 For the specimen brazed at 850 °C, although the filler alloy did not melt properly, it was only for higher load (i.e. 
1.962N) there was better contact, which resulted in some diffusion of the filler alloy to form the joint; and the joint 
strength was found to be 18MPa (Fig.4); in case of 0.981N load there was no joining at 850 °C.  
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FIG.4. Comparison of shear strengths of the samples brazed at 850, 900, 950 and 1000 °C under 0.981N and 1.962N. 
 
In the present study, for the specimen brazed at 900 °C the joint strength is found to be 50MPa, this is due to better 
diffusion of the filler alloy at higher temperature. Similar observation, ie. the effect of brazing temperature was reported 
by Yeh et al. [24]. However, for the specimens brazed at 950 and 1000 °C under 1.962N, even though the diffusion at 
the interfaces was more, a part of the molten filler alloy squeezed out. Thus the amount of overall Ti responsible for the 
formation of reaction products reduced. Thus the shear strength was found to be 35 and 34MPa for the specimens 
brazed at 950 and 1000 °C respectively (TABLE. I).  

 
 

FIG.5. SEM images of fracture surfaces of (a) 850, (b) 900, (c) 950 and (d) 1000 °C 
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Fractured surfaces were characterized by SEM-EDS analysis (Fig.5 (a)-(d)). In case of specimen brazed at 850 °C 
under 1.962N load, both EDS point and overall map (not shown) analyses suggest that there could be only TiC 
formation which provided week bond strength (i.e. 18MPa). Apart from SiC there could be Ti5Si3 as well as TiC at the 
fractured surface of the specimen brazed at 900 °C. While the specimens brazed at 950 and 1000 °C showed highly 
brittle fracture, which might be due to the presence of TiC and Ti3SiC2 phases. These phases were identified 
considering both XRD and EDS analyses.  
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FIG.6. Micro hardness profiles for (a) 850, (b) 900, (c) 950 and (d) 1000 °C. 
 

Micro hardness test was conducted on the brazed joint specimens starting from 304 SS to graphite passing through the 
interfaces and also the residual filler alloy. As the hardness of SS, interfaces, residual filler alloy, SiC and graphite 
varied widely, the applied load was changed for measurable indents. A load of 50g on SS and filler alloy, 0.981N on 
SiC region and 25g on the graphite was applied to make the indents. Micro hardness analysis (Fig.6) along the 
interfaces reveals that the SS interface (330-530VHN) is harder than SS substrate (260VHN). Similarly at the graphite 
side, the interface (570-730VHN) exhibits more hardness than the graphite substrate (37-48VHN). Due the presence of 
harder TiC, Ti5Si3 and Ti3SiC2 phases, the filler alloy near the SiC interface was harder than that near the SS interface. 
Considering the measured micro hardness, it is clear that apart from lower strength of graphite, due to presence of 
different brittle and hard phases at the graphite side interface the fracture should occur at the graphite side, which is 
observed while shear tests were carried out.  
 

IV. CONCLUSION 
 
Using Ag-Cu-Ti filler alloy for joining 304 SS and SiC coated graphite, it has been observed that not only the brazing 
temperature but also the applied load over the braze assemble is responsible for the variation of joint strength. There are 
two competitive factors for load variation, and two factors for temperature variations have been noticed. Considering 
these effects, an optimum condition, i.e. 900 °C under 1.962N load has been identified for brazing the above system. 
The fracture for all the samples occurred at the graphite side due to the presence of brittle phases like TiC, Ti3SiC2 and 
also SiC. Presence of Ti5Si3 having low CTE caused better joint strength for the sample brazed at 900 C.    
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