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Abstract 

The main objective of this work was to study various aspects of liquid state 
diffusion bonding of cylindrical samples of WC (with 6% Co) and commercially 
pure super alloy Inconel 600 produced by brazing using a 25µm thick 70Cu-30Zn 
(wt%) alloy as joining element. Joining experiments were carried out on WC/Cu-
Zn/Inconel 600 combinations at temperature of 980°C and 1000°C using different 
holding times under argon (Ar) atmosphere. The results show that it is possible 
create a successful joint at temperature and times used and joining occurred by 
the formation of a diffusion zone. The joining is feasible because it presents an 
homogeneous interface with no several interfacial cracking and porosity. Scanning 
electron microscopy (SEM) micrographs show the different intermediate diffusion 
layers formed in the reaction zone, and the width of these layers increases with 
bonding temperature and time. Electron probe microanalysis (EPMA) revealed 
that at any particular bonding temperature, Co of the WC, as well as Ni, Cr, and 
Fe of the Inconel 600, travels into the Cu-Zn joining elements. Some points of 
precipitation of Cr are observed in both, close the WC and the Inconel 600 of the 
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interface. Joining strength was obtained by shear testing with a maximum joint 
strength of 44MPa for WC/Cu-Zn/Inconel 600 samples joined at 1000°C and 25 
minutes. 

1. Introduction 

Tungsten carbide/cobalt (WC-Co) cemented carbides consist of large 
volume fractions of WC particles embedded in Co binder [1]. The hard 
WC grains and the ductile Co binder phase possess good compatibility, is 
one of the most important groups materials used as cutting tools, wear 
parts and, as replacement of standard materials for tools, dies, and 
machine components [2, 3], owing to its unique and superior mechanical 
properties such as high modulus, hardness and wear resistance combined 
with good high temperature mechanical properties [4, 5]. In most 
applications, ceramic materials are used in combination with metals, and 
this has generated a continued interest in the use of joining technologies 
to produce complex configurations from assemblies of simple shapes [6]. 
Joining ceramics to metals is a key technology in the use of advanced 
ceramics in complex structures [7, 8]. Moreover, the use of advanced 
ceramics depends on the reliability of ceramic-metal joining processes 
and the properties of the resulting interfaces.  

Several methods of joining ceramics to metals have been developed, 
among the most common ones are included (i) active metal brazing, that 
need an intermediate liquid phase [9] and (ii) solid-state diffusion 
bonding [10]. One widely-used method for joining ceramics consists of 
brazing with a reactive metal alloy, however, the highest obstacle of 
successful brazing of ceramics to metals is the fact that most 
conventional brazing materials, in general, do not wet ceramic surface 
[11, 12]. Recently, a new functionally graded WC-Co/Ni component 
(FGWC) with a Ni layer on the joining surface was successfully 
fabricated, which was designed to improve the wettability of solders on 
the cemented carbides and relax the residual stresses of the WC-Co/steel 
joints [13]. Hongsheng Chen et al. [14] investigated the brazing of the 
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FGWC and stainless steel with a Cu-Zn alloy as interlayer. The 
relationships between the brazing parameters (brazing temperature and 
holding time) and the mechanical properties of the joints are discussed. 
The solidification processes of braze in the FGWC/steel joints are studied 
and the mechanism of releasing stresses in the joints is also analyzed 
[15]. Solid-state diffusion bonding is a process used to produce interfaces 
resistant to high temperature conditions [16] that lowers many problems 
encountered during brazing. The driving force for the formation of a 
ceramic-metal interface is the reduction in free energy when intimate 
physical contact is established between the ceramic and metal surfaces 
[17, 18] as a result of the plastic deformation of the metal. The mismatch 
in the CTE of the ceramic-metal joining materials can result in areas of 
high residual stresses at the interface during the cooling process [19] 
generating cracks or defects near the bonded zone. In solid-state diffusion 
bonding, the bonded zone should provide a strong junction between the 
two dissimilar materials, which means that the reaction product layer 
should not contain compounds that have mechanical properties 
significantly inferior to those of the metal and the ceramic [8, 20]. The 
strength of diffusion bonded ceramics to metals depends on the nature 
and microstructure of the interface between the materials [21]. 
Therefore, in order to understand the mechanical performance of joints, it 
is important to understand the mechanisms of interface formation 
between the metal and ceramic. This research is focused on the use of 
brazing or liquid-state diffusion bonding technique to study the 
fabrication and interface characterization of WC-Co/Cu-Zn/Inconel 600 
combinations joints.  

2. Materials and Methods 

The material used in this work were WC/6Co (wt%) (Goodfellow, 
England), Inconel 600 supplied in rectangular plate shape, and Cu70-
Zn30 brass foil (Johnson Matthew, USA). The WC original rods were cut 
into blocks of cylindrical geometry of 3mm and diameter of the supplied 
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rods (6.35mm), and the Inconel 600 in rectangular geometry of cm11 ×  
and thickness of the supplied plate (3mm), using a diamond blade in a 
low-speed wafering saw, the thickness of the Cu-Zn foil was of 0.025mm 
( ).m25µ  Chemical composition of the materials can be observed at Table 1 

and atomic force analysis of a polished WC sample is showed in Figure 1. 
It can be observed the WC particulate inside the Co matrix of the cermets 
material.  

Table 1. Chemical composition of the materials 

 Ni Cr Fe C Mn Si Cu Zn 

(wt.%) 

Inconel 600 72 14-17 6-10 0.15 1.0 0.5 0.5 – 

Cu-Zn – – – – – – 70 30 

Dissimilar joints combinations, WC/Cu-Zn/Inconel 600, were mounted 
axially such that their polished surfaces were in contact. The specimens 
to be joined were placed in a graphite die embedded in a boron nitride 
(99.5% pure) powder bed; this die consists of a screw that on turning 
clockwise can impart pressure to the sandwich assembly in order to 
prevent movements of the pieces by keeping the joints in contact.  

 

Figure 1. Atomic force microscopy analysis at WC surface sample. 
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The experimental apparatus use to join the sample combinations as 
been describe elsewhere [22], and consists of a resistance furnace with 
alumina-tube chamber of 80cm long and 8cm in diameter. Joining 
experiments were carried out on WC/Cu-Zn/Inconel 600 combinations at 
temperature of 980°C and 1000°C using different holding times in Ar. 
Microstructural examination was performed on polished cross-sections 
using scanning electron microscopy and micro-analysis. The interfacial 
strength of WC/Cu-Zn/Inconel 600 joints was determined by shear test 
using a universal testing system with a 25KN load cell. For each set of 
experimental conditions studied, temperature and time, an average of at 
least three samples of 20mm in length and 6.35mm in diameter, were 
used to determine the interface strength.  

3. Results and Discussion 

The experimental results shown a successful joining achieved for both 
980°C and 1000°C at the different bonding times for WC/Cu-Zn/Inconel 
600 combinations. Joints of WC to Inconel 600 samples are formed 
through the formation of a diffusion interface on the Cu-Zn joining 
element as a result of diffusion of Co to Cu-Zn, as well as diffusion of Ni, 
Fe, and Cr. On the other hand, liquid formation occurs during joining of 
WC/Cu-Zn/Inconel 600 (melting point of Cu-Zn ≅  950°C) and joining take 
place by liquid state diffusion and interaction of the components species 
with Cu and Zn of the Cu-Zn alloy. Figure 2 shows a cross-section of the 
interface obtained for a sample of WC/Cu-Zn/Inconel 600 bonded at 980°C 
for 15 minutes. It can be seen a continuous and homogeneous diffusion 
interface on the metal side free of porosity and thermal cracks.  
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Figure 2. SEI of the cross-section interface of WC/Cu-Zn/Inconel 600 
samples joined at 980°C for 15 minutes. 

Electron probe micro-analysis performed on these samples are shown 
in Figure 3 and indicated that Ni, Co, Cr, Fe, Cu, and Zn are in the 
diffusion interface, however no phases were detected and the components 
are in solution in the bonding interface. According with the 
thermodynamic, WC is stable at working temperature, therefore W and C 
interactions with Cu-Zn are not expected in the joining zone. Diffusion is 
the dominating reaction mechanism in diffusion joining, consequently the 
high affinity of Co, Cr, Fe, and Ni for Cu and Zn resulted in immediate 
diffusion with some modifications depending on the joining parameters, 
such as bonding temperature and time, because these parameters affect 
the concentration of diffusing of the components at the interface, and 
therefore, the nature of the resulting interface.  
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Figure 3. Electron probe line micro-analysis through the interface in a 
WC/Cu- Zn/Inconel 600 sample joined at 980°C for 15 minutes. 

Since joining of WC/Cu-Zn/Inconel 600 occurred at relatively high 
temperature and liquid formation occurred during the process, this 
promoted an interfacial interactions and bonding between the materials. 
A qualitative overview of the different components across the WC/Cu-
Zn/Inconel 600 interface was studied using atomic distributions for a 
sample joined at 980°C for 15 minutes. The results are illustrated in 
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Figure 4, where the interface is aligned with the WC on the top and 
Inconel 600 on the underside. The main elements analyzed were W, Co, 
Cu, Zn, Ni, Cr, and Fe. The different contrast from dark to colour 
corresponds to the increase in the concentration of the specific element. 

 

Figure 4. Mapping analysis through the interface in a WC/Cu-Zn/Inconel 
600 sample joined at 980°C for 15 minutes. 

In the Co-map, the different contrast corresponds to the decrease in 
concentration of Co, diffusion of Co into the interface can be observed. 
For the Ni, Cr, and Fe-maps, a decrease in the intensity corresponding to 
a decrease in the concentration of Ni, Cr, and Fe observed in the direction 
of WC, passing through the interface demarcating clearly the diffusion of 
these components. For the Cu and Zn-maps, the concentration decreased 
close to the Inconel 600 interface clearly delineating the diffusion zone 
however evaporations of Zn during bonding could be occurred. No 
diffusion of W into the interface can be observed. These results confirmed 
that Co, Ni, Cr, Fe, and Cu were the main diffusing element into the 
interface. Some points of concentrations of Cr close to the Inconel 600 
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interface are observed in the Cr-map. On the other hand, Figure 5 shows 
a cross-section of the interface observed in WC/Zn-Cu/Inconel 600 brazing 
samples produced at 1000°C for 35 minutes, it can be observed that 
increasing the bonding temperature and time, the diffusion increase 
forming a continuous bonding layer free of porosity. The interface was get 
by backscattering electron image and it is possible to observe a 
continuous dark layer close to the cermet WC as well as some point close 
to the Inconel 600 bonding line.  

 

Figure 5. BEI of the cross-section interface of WC/Cu-Zn/Inconel 600 
samples joined at 1000°C for 35 minutes.  

Electron probe micro-analysis performed on these samples confirmed 
that Co, Cu, Zn, Ni, Cr, and Fe were the main diffusing element into the 
interface. An overview of the different components in the interface was 
obtained in a WC/Zn-Cu/Inconel 600 sample joined at 1000°C for 35 
minutes by line analysis using electron probe micro-analysis. The results 
are illustrated in Figure 6 where the WC and Inconel 600 are on the left 
and right, respectively. The scan line was chosen to start on the WC side 
of the sample through the interface, Cu-Zn, finishing on the Inconel 600 
side. The Ni, Cr, and Fe signals reached its maximum at the Inconel-Cu 
boundary. It could be observed inter-diffusion of Inconel-Cu and Co-Cu 
throughout the interface. It is important remark how the concentration of 
Cr increase inside the dark layer and points revealed by BEI close to the 
WC and Inconel 600, respectively. In the region corresponding to 
diffusion zone high levels of Cu and Zn were observed, however 
evaporations of Zn during bonding could be occurred, how was observed 
by Zhang et al. [23]. 
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Figure 6. Line analysis through the interface in a WC/Cu-Zn/Inconel 600 
sample joined at 1000°C for 35 minutes.  

Figure 7 shows an interface of the joint produced at 1000°C for 35 
minutes by (a) SEI, (b) a qualitative overview of Cr-map, and (c) BEI. It 
can be observed clearly the concentration of Cr in the dark layer and 
points inside the Inconel 600, confirming the diffusion of Cr during 
bonding process.  
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(a) 

 

(b) 
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(c) 

Figure 7. Cross-section of the interface in a WC/Cu-Zn/Inconel 600 
sample joined at 1000°C for 35 minutes, (a) SEI, (b) Cr-mapping, and      
(c) BEI.  

In order to establish a mechanical evaluation, joint strength in 
WC/Cu-Zn/Inconel 600 samples was measured using shear test. The 
shear strength was evaluated for WC/Cu-Zn/Inconel 600 joins produced 
at 1000°C and times of 15, 25, and 35 minutes, as well as samples joined 
at 980°C for 35 minutes. The results obtained for WC/Cu-Zn/Inconel 600 
samples are shown in Figure 8. The error bars correspond to plus or 
minus the standard deviation for the average joint strength of at least 
three samples for each set of experimental conditions.  
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Figure 8. Shear strength in function of time for WC/Cu-Zn/Inconel 600 
sample joined at 1000°C. 

It can be observed that the strength of the joint increased from a 
value of 35MPa and reached a maximum value of 44MPa, when the time 
was increased from 15 to 25 min, respectively, and decreased beyond this 
time (35 min) until a valor of 29MPa. This improvement was attributed 
to the increase of interface diffusion and formation of a strong chemical 
bridge between the two materials. On the other hand, the thickness of 
the reaction zone increases with time and may dominate in the final 
strength.  

Reaction products are generally brittle, and as the thickness of these 
phases increases, the joint strength, at first, rises due to the creation of a 
strong, integral bond and then reaches a maximum and then decreases as 
the interface continues to grow, as the presence of the dark layer close to 
WC bonding line showed in Figure 7. The effect of a reaction layer on the 
interface strength depends on a number of factors such as the mechanical 
properties of the reaction layer, its thickness and morphology. The choice 
of suitable conditions to prepare ceramic/metal joints requires knowledge 
concerning the mechanism of reaction between the materials and the 
evolution of the interface. Therefore, the reaction layer must be 
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controlled in order to ensure good joint strength. The effect of the bonding 
temperature is clearly observed with the joint strength obtained for 
joining conditions of 980°C and 35min, with average shear strength of 
8MPa. All samples showed the same type of fracture features; fracture 
originated and propagated mainly along the WC/Inconel 600 diffusion 
zone interface. The main part of the fracture surface occurred along the 
Inconel 600 diffusion zone interface and probably initiated at the edge of 
the sample. In summary, the choice of suitable conditions to prepare 
ceramic/metal joints requires knowledge about the mechanism of reaction 
between the materials and the evolution of the interface. The maximum 
value of 44MPa for the shear strength of the joint was obtained for 
samples diffusion bonded at 1000°C for 25 minutes. This strength is of 
the same order as the shear strength reported for Kenevisi and Mousavi 
Khoie [24] to joining Ti-6Al-4V to Al7075 (30MPa) and Majid et al. [25] to 
joining Ti-6Al-4V to Al2024 using a Cu-Zn alloy (37MPa).  

4. Conclusion 

On the basis of the results presented in this work, it has been shown 
that it is possible to join cermet of tungsten carbide to Inconel 600 by 
brazing using a Cu-Zn alloy as joining elements at temperatures of 980°C 
and 1000°C on WC/Cu-Zn/Inconel 600 samples combinations and time 
vary from 15 to 35 minutes. Joining of tungsten carbide to Inconel 600 
occurred by the formation of a homogeneous diffusion interface. A 
maximum average joint strength of 44MPa was obtained for WC/Cu-
Zn/Inconel 600 samples joined at 1000°C and 35 minutes. 
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