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Abstract In this work, the diffusion brazing of AISI 4145

steel to WC–Co cemented carbide using RBCuZn-D

interlayer with bonding temperature values of 930, 960,

990 and 1020 �C was studied. The microstructure of the

joint zone was evaluated by scanning electron microscope

(SEM) and X-ray diffraction (XRD). Vickers microhard-

ness and shear strength tests were performed to investigate

mechanical behaviors of the brazed joints. The XRD and

SEM results indicated that with increase of bonding tem-

perature, the elements readily diffused along the interface

and formed various compounds such as c, a and b and

Co3W3C. The results also showed that with the increase of

bonding temperature from 930 to 960 �C, a sound metal-

lurgical bond was produced, however in higher bonding

temperatures (990 and 1020 �C) a decrease in mechanical

properties of the joints was observed which could be due to

the excessive zinc evaporation, interface heterogeneity and

voids formation. The maximum shear strength of 425 MPa

was obtained for the bond made at 960 �C.

Keywords WC–Co � 4145 Steel � Diffusion � Joining �
Microstructure

1 Introduction

WC–Co cemented carbides are widely exploited for many

applications such as press molds, mining bits, tempting

machines, hydraulic components and drilling [1–5]. In

these alloys, a high fraction of WC particles is embedded in

a tough Co binder to produce a multiphase material with

superior wear resistance, high hardness and strength.

Nonetheless, the high cost and the low plasticity confine

the extensive use of this material in many industries. To

tackle these problems, researchers have tried to employ

WC–Co cemented carbide in combination with other alloys

such as steels to fabricate intricate configurations for var-

ious applications [6, 7]. However, great differences in

physical properties of these alloys like thermal conductiv-

ity, residual stress generation and linear expansion coeffi-

cient creates firm barriers to employing WC–Co and steel

together [8]. Hence, advanced joining processes have taken

a widespread interest to attain a sound WC–Co/steel joint

[9–16]. Among them, brazing technique has been selected

as one of the main processes for bonding of WC–Co/steel

so that the couple resists to high mechanical loading and

preserves its essence for a long working time [17, 18].

Nowacki and Kawiak [19] investigated vacuum brazing of

WC–Co to 17-4 PH steel for large-dimension-spinning

nozzles. They determined that the thickness of the filler

metal had essential impact on the local stress values and

the joint rigidity. The induction brazing of WC–Co/steel

system using Ag–Cu based interlayer was performed by

Jiang et al. [20]. It was found that the distribution of a-Cu
solid solution phases at the interface played a vital role in

strengthening mechanism of the bond. Moreover, the

increase of bonding temperature led to a reduction in total

area of strengthening phase in the joint zone and subse-

quently the decrease in mechanical properties of the brazed

joint. Li et al. [21] performed hybrid ultrasonic induction

brazing of WC–Co/35CrMo steel using Ag–Cu–Zn–Mn–Ni

filler metal. It was reported that WC particles were well

distributed in the joint zone by the ultrasonic-assisted

brazing technique and remarkably increased the tensile
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strength of brazed joints. It was also noticed that the

ultrasonic vibration significantly affected the wettability of

Ag-based filler metal at the interface. The brazed joints of

stainless steel and WC–Co using Ni electroplated on Cu–

Zn alloy as interlayer were studied [22]. It was concluded

that the deposited Ni promoted the formation of reaction

zone and possessed a positive impact on the mechanical

behaviors of the joint. Cu–Mn–Zn filler metal was also

used as interlayer to join WC–Co/steel couple [23]. The

results indicated that the filler metal efficiently wetted both

steel and cemented carbide and produced a sound metal-

lurgical bond.

According to the literatures, Cu–Zn based alloys can be

promising alternatives for high cost Ag-based brazing filler

metals when high-temperature work services are needed

[22–26]. Thus the objective of the present work is to

investigate the influence of filler metal characteristics (Cu–

Zn based alloy) on microstructure and mechanical behav-

iors of the brazed joint and achieve the optimum processing

parameters by varying bonding temperature as a main

factor.

2 Materials and Methods

The parent materials used in this work were AISI 4145

steel (0.47 C–0.25 Ni–0.94 Mn–0.88 Cr–0.22 Mo–0.24 Si–

bal. Fe) and WC–Co (3.98 C–10.87 Co–0.24 Nb–bal. W),

which were cut into dimensions of 3 9 5 9 12.5 mm3

coupons. RBCuZn-D foil (52.5 Cu–37.9 Zn–9.6 Ni) with

the thickness of 150 lm and the melting point of 920 �C
was applied to produce a brazed joint. At first, the surface

of parent materials were prepared on SiC paper to a 400

grit finish. The interlayer foil was held between the sam-

ples and the assembly was then transferred to the furnace

chamber under vacuum of 10-3 mBar. A pressure of

0.2 MPa was employed to the bonding surfaces to fix the

assembly. The diffusion brazing process was conducted in

an induction furnace with heating rate of 40 K/s, bonding

time of 10 min and temperature values of 930, 960, 990

and 1020 �C.
After bonding process, the cross sections of brazed

joints were provided for metallographic evaluation using

standard polishing methods. The chemical etchant for the

cemented carbide side was Murakami solution [27] and

steel was etched by nital reagent (2 vol% HNO3) [27]. The

microstructure was analyzed by scanning electron micro-

scopy (SEM) equipped with an energy dispersive spec-

trometer while the phase constitution was studied by X-ray

diffraction (XRD). To assess the mechanical properties of

brazed joints, the shear strength was measured based on

ASTM standard D1002-99 [28]. Hardness measurement

was also performed by Leco tester with a load of 500 g and

15 s load time.

Sessile drop technique was used to study the wettability

of filler metal. In the wettability test, the substrate (WC–

Co) was removed from oxide film and washed by acetone.

The 50 g filler metal with the granular shape was placed

on the substrate and then the system was put into the

vacuum furnace with processing temperature of 930, 960,

990, 1020 �C. The last step was the measurement of wet-

ting angle using a digital camera and Image J software.

3 Results and Discussion

3.1 Wettability of Cemented Carbide

Figure 1 displays wetting and spreading behavior of molten

RBCuZn-D on the cemented carbide at different brazing

temperature. In general, the filler metal has good wetta-

bility on the WC–Co alloy. The left/right wetting angles at

930 �C are estimated about 39�/31�. With the increase of

brazing temperature up to 960 �C, the wetting angles

decreases dramatically (31�/25�) and as a result, the wet-

tability of brazing filler metal get modified. In fact, the

decrease of wetting angle indicates that the enhancement of

temperature leads to the improvement of wettability.

Thereafter, the increase of temperature has a slight effect

on the wettability so that it just reduces to 24�/29� and 21�/
27� at 990 and 1020 �C, respectively.

3.2 Effect of Bonding Temperature

on Microstructure

SEM micrograph of the brazed bond made at 930 �C is

illustrated in Fig. 2. The joint is free from structural defects

like cracks and voids. The linear shape of interfaces at

WC–Co and steel sides indicates low interdiffusion of

elements across the joint zone. As shown in Fig. 2b, there

is no sign of reaction layer in the joint zone at WC–Co side.

This can be owing to the low bonding temperature which

does not give a chance to the elements to migrate along the

interface. The EDS spectra in region A confirms that a

negligible amount of elements from WC–Co diffuses into

the filler metal (see Table 1). Figure 3 shows the SEM

micrograph of the bond made at 960 �C. The interlayer

consists of two separated regions. Based on EDS analysis

and Cu–Ni–Zn ternary phase diagram [29], region B is

defined as a-Cu solid solution phase. However Ni shows a

strong affinity towards this phase. Region C, placed among

a phase, mainly contains Zn element indicating the for-

mation of b Zn-rich solid solution phase. It is suggested

that during solidification of interlayer in the bonding pro-

cess, zinc exits from a phase and forms a distinct phase (b)
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at the center of joint zone. It should be noted that the

mutual exclusion between Ni and Zn leads to the migration

of Ni outward the b phase. Moreover, small area of b phase

at the joint center can be due to the zinc evaporation and

subsequent drop of this element at the interface. Figure 3b

shows that some sporadic regions are created at the steel

interface. Based on the EDS results, the great affinity of Ni

for Fe leads to the enrichment of Ni adjacent to the steel

and the formation of c phase (austenite) at the interface

[22]. It is also seen that a diffusion layer is formed along

the cemented carbide. The interlayer infiltrates and reacts

with cemented carbide and creates a diffusion layer with

thickness of 40 lm at the interface. In fact, substantial

diffusivity of Ni in Co is the main reason for development

of reaction layer at WC–Co side. So one can conclude that

Ni in the interlayer plays an important role in generation of

the reaction layers in the joint zone. High-magnification of

micrograph of interfacial structure at the WC–Co side

indicates that some WC particles get detached from the

base material and are released into the interlayer. This

noteworthy phenomenon is associated with high solubility

of Co into the interlayer. It means that Co is readily dis-

solved in the liquid filler metal and as a result, the

cemented carbide adjacent to the interface is depleted from

Co as binder. Hence, the WC particles can be easily sep-

arated from each other and distributed near the interface.

As observed, this phenomenon results in the creation of a

non-linear structure at the interface and the enhancement of

contact area between the joint zone and WC–Co.

Figure 4 demonstrates the SEM micrograph of a bond

made at 990 �C. As shown, increase of bonding tempera-

ture to 990 �C intensifies the dissolution of Co into the

Fig. 1 Spreading behavior of

molten RBCuZn-D on the

cemented carbide at a 930 �C,
b 960 �C, c 990 �C, d 1020 �C
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interlayer so that a considerable amount of WC particles is

released from the base material and forms a reaction layer

with thickness of 80 lm at the interface. For the bond

made at 1020 �C (see Fig. 5), WC particles are unpleas-

antly dispersed in the joint zone. The bonding temperature

is so high that the carbides can readily move inside the

interlayer. Figure 5b shows the formation of some struc-

tural imperfection sticking to the WC particles. It is

believed that the void formation can be attributed to the

irregular shrinkage during joint solidification and stress

induced growth by CTE mismatch between interlayer and

free WC particles.

Figure 6 approves the evaporation of zinc element with

the increase of bonding temperature. According to the

regional EDS analysis, the zinc value in the center of the

joint zone for the bond made in 930 �C is 35 wt% while for

the bond made in 1020 �C, it decreases to less than

27 wt%. One can also see that the value of Co for the bond

made in 1020 �C is more than that of the other sample. It

shows the dissolution of Co from the cemented carbide into

the interlayer.

3.3 Mechanical Analysis

Figure 7 illustrates the microhardness profiles for the

brazed bonds made using RBCuZn-D interlayer for 10 min

at 930, 960, 990 and 1020 �C. The first point one can see is

the effect of joint width on distribution of hardness across

the bonds. As shown in Fig. 7 and SEM micrographs, there

is a straight relationship between the bonding temperature

and the joint width so that the increase of bonding tem-

perature to higher values lead to a dramatic rise in the

width of joint zone. This can be observed apparently when

one compares the hardness profile for the bond made at

930 �C with the hardness profile for the bond made at

1020 �C. The estimations indicate that the joint width with

respect to bonding temperature is about 160, 210, 240 and

330, respectively.

Fig. 2 SEM micrograph of a bond made at 930 �C, a joint zone, b WC–Co side

Table 1 EDS analysis (wt%) of marked regions in SEM micrographs

Fe C Ni Mn Si Cr Mo Co W Nb Cu Zn

A 0 0.07 19.41 0.01 0 0.02 0 0.7 0.03 0.03 70.32 9.41

B 0 0.03 22.81 0 0.02 0.01 0 0.02 0 0 71.59 5.53

C 0 0.01 4.21 0 0 0.03 0 0.02 0 0 41.91 53.32

D 0 0.10 16.31 0 0 0 0 12.27 0.18 0.7 57.93 12.51

E 0 9.83 0 0 0 0 0 0.1 89.97 0.07 0.03 0

c 74.91 0.21 23.33 0.4 0.1 0.33 0.12 0.01 0 0 0.51 0.08
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The left side of the profiles for all the specimens shows

the presence of cemented carbide with hardness value of

1550–1600 VHN. For the samples bonded at 960, 990 and

1020 �C, a slight drop in hardness ranging from 1100–1400

VHN is observed adjacent to WC–Co which can be due to

the presence of a reaction layer at the interface. However,

the steep slope in the profile of the bond made at 930 �C is

attributed to the finite inter-diffusion of elements in this

region and linear shape of the interface. The hardness

values maintain the same level in the joint center which is

due to the formation of a and b phases. Nevertheless, it can

be seen that with increase of bonding temperature, the

mean hardness value in this region moderately declines

from 370 to 260 VHN. It is believed that zinc evaporation

in higher bonding temperature along with diffusion of Ni

towards the parent materials can be the main reason for

decrease of hardness in this region. Approaching the steel,

a sharp drop is observed for the bond made at 930 �C while

a gradual decrease is found in this region for other speci-

mens. It may be due to inter-diffusion of elements at higher

temperature and formation of c phase in the vicinity of

4145 steel.

The shear strength of joints as a function of bonding

temperature is given in Fig. 8. The attained data reveals that

increase of bonding temperature to 960 �C causes a boom in

shear strength value. However it then decreases moderately.

This indicates that an optimum bonding temperature is

required to produce a sound metallurgical bond. The low

Fig. 3 SEM micrograph of a bond made at 960 �C, a joint zone, b steel side, c WC–Co side
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shear strength of the bond made at 930 �C can be attributed

to the low inter-diffusion of elements across the joint zone

and linear shape of interfaces. With increase of bonding

temperature to 960 �C, the reaction layers are formed at the

interfaces and the contact area between parent materials and

interlayer increases and consequently the shear strength

significantly improves. But when the bonding temperature

rises to higher values, the diffusion layer in the vicinity of

WC–Co becomes heterogeneous and uneven. Moreover,

formation of imperfections sticking to the free WC particles

in the joint zone can be another reason for a fall in the shear

strength of the bonds made at higher temperature.

3.4 Fractogrphy

Figure 9 represents the fracture surface of bonded speci-

mens caused by the shear strength test. For all the speci-

mens, the failure as a result of shear force occurs within the

joint zone near the cemented carbide. The weak interface

of interlayer/WC–Co in the bond made at 930 �C lead to a

catastrophic fracture along the joint zone. The presence of

sticking WC particles on the fracture surface approves low

atomic diffusion at the interface and crack propagation in

this region. The fracture morphology is completely dif-

ferent for the bond made at 960 �C. One can see that with

increase of bonding temperature and inter-diffusion of

elements across the joint zone, an interwoven interface is

formed and as a result, the crack propagation is impeded in

this region. On the other hand, the significant atomic dif-

fusion in this specimen results in the presence of a and b
solid solution phases and free WC particles at the inter-

layer/WC–Co interface (Fig. 10b) and leads to the creation

of pseudo-plastic fracture mode. With increase of bonding

temperature to higher values, interface heterogeneity along

with formation of voids sticking to the free WC particles

changes the failure mode to a mixture of ductile fracture

and brittle rupture. The free WC particles are apparently

observed on the fracture surfaces in Fig. 9c, d.

Fractured surfaces of the bonds at WC–Co side have

been analyzed using XRD. The results show that no inter-

metallic compounds are formed at the interface of the bond

Fig. 4 SEM micrograph of a bond made at 990 �C

Fig. 5 SEM micrograph of a bond made at 1020 �C, a joint zone, b free WC particles
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Fig. 6 EDS analysis from the

joint center of the bonds made

in a 930 �C, b 1020 �C. The
chemical composition for a is

52 wt% Cu–36 wt%Zn–10 wt%

Ni–2 wt% Co and for b is

56 wt% Cu–27 wt% Zn–9 wt%

Ni–8 wt% Co

Fig. 7 Microhardness profiles for the bonds made at various bonding

temperature

Fig. 8 Shear strength values for the bonds as a function of bonding

temperature
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made at 930 �C. Presence of WC and Co along with small

peaks of a phase indicate low atomic diffusion in this

sample. With increase in bonding temperature to 960 �C,
WC, a and b phases are detected in the spectrum. Moreover,

there are some weak peak intensities implicating restricted

formation of Co3W3C (g) at the interface. The XRD pat-

terns for the bonds made at higher temperature values are

similar to the bond made at 960 �C, as inferred from the

intensity of detected peaks for Co3W3C (g). This reveals

that the formation of this brittle intermetallic compound at

higher temperature can be more preferred than that of the

joint made at 960 �C. It is suggested that the brazing pro-

cess in higher temperature values (990 and 1020 �C)
intensifies the decomposition of WC particles to W and C

elements and permits the easy formation of Co3W3C (g) in
the joint zone [30]. So uncontrollable propagation of this

intermetallic compound in the joint zone lead to the dete-

rioration in mechanical properties (see Fig. 8).

4 Conclusion

Diffusion brazing of 4145 steel to WC–Co cemented car-

bide using Cu–Zn–Ni interlayer was performed success-

fully. With increase in bonding temperature, the elements

readily diffused across the joint zone and formed various

solid solution phases (c, a and b) and Co3W3C inter-

metallic compound. Moreover, The SEM micrographs

Fig. 9 Fracture surface of the specimens, a 930 �C, b 960 �C, c 990 �C, d 1020 �C
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Fig. 10 XRD spectrum for the

bonds made at a 930 �C,
b 960 �C, c 990 �C, d 1020 �C
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revealed that with the increase of bonding temperature, the

linear shape of interface at WC–Co side changed to a non-

linear structure which was due to atomic inter-diffusion

across the joint zone. Co dissolution into the interlayer led

to the release of WC particles at the interface. The maxi-

mum shear strength of 425 MPa was obtained for the bond

made at 960 �C. With increase of bonding temperature to

higher values, a decrease in the strength occurred which

owed to the zinc evaporation, voids formation and interface

heterogeneity.
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