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Introduction

C
emented carbide is a liquid-phase sintered com-

posite consisting most often of tungsten carbide

and a cobalt binder. In essence, cemented carbides

are metal-ceramic composite materials. Such materials

are widely used in the manufacture of highly loaded pro-

ducts where high wear resistance, hardness, and heat resis-

tance are required: dies, cutters for metals and composite

materials, cutting with high cutting speed, working parts of 

mining and drilling tools [1–2]. Due to the high content

of tungsten, cemented carbides are expensive materials.

Therefore, when designing products containing cemented

carbide parts, the main principle is to minimize the use

of cemented carbide. For this, products mostly consist of 

a steel body and a cemented carbide working part, which

are joined together. Several methods are used to join ce-

mented carbide with steel: a diffusion welding [3], a fu-

sion welding [4–5], a brazing [6] and a TLP (Transient

Liquid Phase) bonding. The most common process in the 

mass production of tools is brazing due to its technological

characteristics, such as high production productivity.

Copper (Cu) and silver (Ag) based brazing filler metal`s

(BFM) systems are mainly used because of their superior 

ductility and toughness. It is known that the adhesion of 

the BFM to the substrate is one of the factors determining

mechanical properties of the brazed joint [7–8]. There are

not so many works focused on wetting cemented carbides 

with melts [9–10]. Pure copper and silver do not wet well

and spread over the cemented carbide in vacuum. Copper-

based filler metals are alloyed with such elements as man-

ganese (Mn), nickel (Ni) and cobalt (Co) to improve the

wettability of the cemented carbide surface in vacuum, to

increase the strength of the joint, as well as to ensure the

hardening temperature of steel used as tool body mate-

rial [3, 7]. At the same time, authors of [7] report that in

the microstructure of the WC – Co/pure Cu/steel brazed

joints, a diffusion zone is observed on the cemented car-

bide side of brazed seam with a thickness of 2–3 μm. In 

work [3], researchers note the presence of erosion activity 

of the filler metal in relation to cobalt binder of cemented

carbide. Reasons and methods of influence on this phe-

nomenon, as well as the degree of its influence on the me-

chanical properties are not specified.

Coatings are widely used to improve the mechanical

properties of cemented carbide tools. Basically, the cemen-

ted carbide is coated to reduce friction during cutting,
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coatings in this case act as a thermal barrier and prevent

overheating of the cutter [11–12]. Also coatings are used

to increase the microhardness and wear resistance of ce-

mented carbides [13–15]. In general, authors study either 

ceramic coatings, for example, titanium carbonitrides in

various stoichiometric ratios, as indicated in works above.

Also coatings are used to facilitate the brazing process by 

applying brazing filler metal thin film on cemented car-

bide [16]. The use of diffusion barriers to improve brazed 

joints is not discussed in the literature.

Thus, analyzing modern trends in the study of cemen-

ted carbides, it can be concluded that the goal of resear chers

is either to improve the mechanical and abrasive properties

of cemented carbides, or to study metallographic features

of steel/cemented carbide brazed joints. At the same time,

when studying the process of brazing cemented carbides

with steel, the emphasis is placed on the interaction of the

filler metal melt with steel, and the BFM-cemented car-

bide contact area is considered in passing.

In this work, authors tried to focus on the study of the

interaction zone between molten BFM and cemented car-

bide, focusing on the diffusion processes occurring with

cobalt in a cemented carbide, and try to influence this

process by applying thin metal coatings.

Materials and methods

In this work WC – 8Co cemented carbide and carbon

steel were used as substrates. As a filler metal, an cop-

per based alloy CuMn24Ni9 was chosen in the form of 

a powder with a particle size of 80–100 μm. Filler metal

was applied to the substrates using an organic binder. The 

melting temperature range of BFM is 925–950 oC [17]. 

The chemical composition of materials used in work is

presented in Table 1.

Ni, Cu, Ti, Cr, Al coatings were applied using vacu-

um magnetron sputtering. The thickness of the deposited

metal layer was 0.2–0.4 μm. The samples were prepared in 

acetone ultrasonic bath before coating.

Two types of samples were used for metallographic re-

search. The first type is binary sample (BFM — cemen-

ted carbide). The second one is ternary sample (steel sub-

strataa e – BFM – cemented carbide).

The study of wetting and spreading of the filler metal 

on the surface of a cemented carbide was carried out in

a vacuum chamber on a Vega-M furnace at 950–1120 oC

without dwelling. The heating rate was 20 oC/min. The

sample was photographed during heating, and then con-

tact angles were determined by the sessile drop method. 

The sample is shown on Fig. 1. 

Fig. 2 shows a scheme of the working chamber for con-

tact angles measuring equipment. Photographing was car-

ried out through an optical input, the camera was placed 

on the same axis with the sample. The temperature was

recorded with a S-type thermocouple. Thermocouple was

brought to the end of the sample.

Brazing of samples for shear strength testing was car-

ried out in a SNVE-1.3.1/16 vacuum furnace at 1020 oC

with a 10 min dwelling. The design of samples was taken 

from works of other authors describing a shear testing of 

ceramic brazed joints [18–19]. The brazing gap was 150 μm.

Shear tests were carried out on a Quasar 50 testing ma-

chine in compression mode.

Both groups of samples: binary and ternary, were cut

by spark cutting method with a cut line in the center of 

a cemented carbide. Cut samples were prepared for metal-

lographic research on diamond grinding wheels of various 

sizes. A polishing was carried out with a diamond mono-

crystalline emulsion.

Metallographic studies of the struc-

ture of the interaction zone and the dis-

tribution of elements were carried out on

a TESCAN VEGA SBH3 scanning elec-

tron microscope (SEM) with an Oxford

Instruments Advanced AZtecEnergy 

attachment for EDS (Energy-dispersive 

X-ray spectroscopy).XX

Table 1
Chemical composition of materials used in work

Alloy
Chemical composition, wt.%

C Si Mn Ni Cr Cu WC Co

CuMn24Ni9 – – 23.5 9 – bal. – –

WC – 8Co – – – – – – 92 8

Steel 0.28–0.34 0.9–1.2 0.8–1.1 <0.3 0.8–1.1 <0.3 – –

250250250

Filler

Coating

WC – 8Co

10

4

10

1

2

3

4

5

Fig. 1. Contact angle sample

Fig. 2. Vega-M vacuum chamber scheme:

1 — optical input; 1 2 — S-type thermocouple;2 3 — Ta-heater;3
4 — sample; 4 5 – sample table
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Results and discussion
Investigation of contact angles

shown on Fig. 3. Typical images of droplets for two tem-

peratures are indicated by numbers.

Dependwences have a decreasing character with a

smooth reaching a plateau for copper, chromium and alu-

minum. Titanium and nickel are characterized by a de-

creasing dependence with a sharp change in the contact

angle at the critical temperature of 1120 oC.

It was found that the filler metal melt tends to the

minimum contact angle with Ni, Cu coatings, and also

without coating (Fig. 4). This occurs because Ni and Cu

are includes in BFM chemical composition and reduce 

the surface energy of the liquid-solid interface, facilita-

ting wetting and spreading of the filler metal melt. The

minimum contact angle obtained on the Ni coating is 6.

Without coating, the contact angle is 15. For Al, Cr and Ti

coatings, high temperatures are needed to obtain a contact

angle of less than 10, over 1200 oC.

Thus, coatings such as Ti and Cr greatly re-

duce the adhesion of the melt to the substrate in

temperature ranges of brazing by Cu – Mn – Ni

filler metals, while Ni and Cu increase adhesion

by facilitating the interaction of liquid and solid.

Metallographic research

Metallographic studies were carried out both

on samples of the binary system (filler metal – 

substrate) and on samples of the ternary system

(steel – filler metal – cemented carbide sub-

strate). In the real process of brazing, the num-

ber of surfaces of the base metal in contact with

melt is greater, and the volume of liquid metal

in the brazed seam is less than during wetting 

tests. This study shows the effect of the amount

of liquid on the diffusion behavior of the melt,

its interaction with the substrate and the coa ting

material. The depth of diffusion interaction

was estimated from the depth of penetration of 

copper into the cemented carbide with an excess of the

liquid phase and a deficiency.

Metallographic studies of binary system samples
(filler metal-cemented carbide substrate)

Initially, all samples were coated with a continuous 

film of magnetron sputtered metal. However, during me-

tallographic studies of samples, it was revealed that during

the thermal process, all coatings, with the exception of 

Ti and Cr, dissolved in the BFM melt (Figs. 5, 6).

In general, the microstructure of brazed joints can be

divided into 2 zones. Area 1– filler metal (Spectrum 1, 

Fig. 5 and Spectrum 1, Fig. 6). This zone consists of a 

solid solution based on copper. The content of cobalt, 

which dissolved from cemented carbide binder, and man-

ganese, which evaporated in vacuum due to the low pres-

sure of saturated vapor, changes depending on the heating

temperature [20]. Area 2 — diffusion zone (Spectrum 3, 

Fig. 5 and Spectrum 2, Fig. 6). According to the EDS, 

the chemical composition here is fundamentally different 

Fig. 4. Contact angle at 1020 oC
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Fig. 3. Temperature dependence of the contact angle for coated samples
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Fig. 5. The central region of a spreading drop on chrome coated sample heated

 to 960 oC
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from the initial one and there is an almost complete

replacement of the hard alloy binder with BFM compo-

nents. Spectrum 4 on Fig. 5 and Spectrum 3 on Fig. 6

correspond in chemical composition to the cemented

carbide WC – 8Co.

Fig. 7 illustrates the effect of heating tem-

perature and coating material on the diffu-

sion behavior of the melt. Microstructure of 

the contact zone cemented carbide – filler 

metal for binary samples (with a large amount

of melt) showed significant diffusion of BFM

elements into cemented carbide and, at the

same time, diffusion of Co from cemented

carbide into fillers melt. The effect of the thin-

film coating on the amount of the diffusion

interaction was not detected for high heating

temperature (1120 oC). Cr and Cu reduce dif-

fusion activity of BFM at low temperature

(960 oC) compared with Ti. If compare data

from Fig. 2 and Fig. 7 it could be conclud-

ed that contact angle can’t be an indicator 

of melts diffusion activity. These phenomena

may occur because the melt can break through

coating and interact with cemented carbide. 

And the contact angle was not changed while this hap-

pens. In all cases, diffusion of cobalt from the cemented 

carbide into the fillers melt was observed (Fig. 7). In this 

case, the minimum concentration of cobalt was observed 

in the near-surface zone of 100 μm for a temperature of 

1120 oC and 40 μm for a temperature of 960 oC. Further 

into the depth of cemented carbide, the concentration 

of cobalt increased to normal values (Spectrum 2, 3 on 

Fig. 6). The cobalt concentration also increased in the 

volume of the filler metals droplet. It has been found that 

even melt-insoluble coatings do not function as a dif-

fusion barrier. On average, filler metal dissolves 4 times 

more cobalt when the temperature changes from 960 

to 1120 oC.

Metallographic studies of the ternary system
(steel-filler metal-cemented carbide substrate)

Then brazing occurs there is a smaller amount of melt 

in the contact area with cemented carbide substrate due

to the fact that a strictly defined amount of liquid can

move into the brazing gap. This amount of liquid is much 

smaller in volume than in a drop. In addition, the diffu-

sion activity of the filler is spent on both: dissolution of 

steel body and dissolution of cobalt from cemented car-

bide. Fig. 8 shows a diagram of diffusion depth`s depen-

dence of BFM elements on the coating material brazed at 

1020 oC for 10 min.

Fig. 8 shows, that in ternary system only Al decrease

diffusion activity of the melt. However, comparing the

data from Figs. 7 and 8, it can be concluded that with a 

decrease in the volume of the melt in the brazed joint, its 

diffusion activity will not decrease for 150 μm brazing gap.

For 1020 oC the amount of diffusion interaction is between 

960 oC and 1120 oC. It can be concluded that amount of 

liquid BFM in 150 μm brazing gap is enough to dissolute

Co from cemented carbide.  Only Al decrease depth of dif-

fusion interaction for this temperature, while have more 

than 60 contact angle.

W L�1 Ti K�1

Cu K�1
Co K�1

100 �m 100 �m

100 �m100 �m

1

2

3

100 �m

Fig. 6. The central region of a spreading drop on titanium coated sample heated 

to 1120 oC

Fig. 7. The effect of coating material and heating temperature on 

diffusion interaction depth on binary samples

Fig. 8. The effect of coating material on diffusion interaction depth on 

samples brazed at 1020 oC for 10 min
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Mechanical testing of brazed joints

ted, are stress concentrators in the construction. Service

conditions of most brazed joints are shear stresses. There-

fore, in this work, the influence of the microstructure of 

the contact cemented carbide/filler metal region on the

shear strength of the joint and the nature of its failure de-

pending on the metal of the coating was evaluated.

Fig. 9 shows SEM images of tested samples. Obtained

data of the ultimate strength in shear tests gave irrelevant

values. Test results are shown in Table 2. These values are

associated with a feature of the shear test method. Fig. 9 a, d

illustrates the trace from the equipment then in the fil-

let part of brazed joints. The tooling pressed on the fillet,

changing the stress distribution pattern in the brazed seam

during testing.

In this regard, a more interesting result is the nature 

of the sample failure. As noted in [21], when joining

steel with cemented carbide at the filler metal/cemented

carbide interface, metal carbides other than WC can be 

formed. The nature of the destruction of the sample with

a titanium coating (Fig. 9, b) indicates that Tixi Cy carbide y
was most likely formed in the near-boundary region. This

is evidenced by the “peeling” of the BFM from WC – Co,

which is not typical for other sample from this series.

Cracks in all samples originated in the region above the 

fillet and then penetrated deep into the material. Fracture

of all brazed samples took place on cemented carbide, ex-

cept for those coated with Ti.

Conclusions

The work investigated the adhesion of the CuMn24Ni9

filler metal to the WC – 8Co cemented carbide depending 

on the temperature and material of coatings (Ti, Cr, Al, 

Cu, Ni) applied by magnetron sputtering. The depth of 

diffusion interaction was measured and the effect of coat-

ings on failure mechanisms for the joint zone was estimat-

ed. Following conclusions were made:

1. It has been established that temperature dependenc-

es of contact angles are decreasing with a smooth reaching

a plateau for Ni and Cu. Without coating, the contact an-

gle is 15. The minimum contact angle obtained on the Ni

coating is 6. For Al, Cr and Ti coatings, to obtain a contact 

angle of less than 10, high temperatures are required, over 

1200 oC.

2. It was found that the thickness of the diffusion layer 

of brazing filler metal into the cemented carbide depends

on the temperature. In compare with binary samples 

with high amount of melt, melt in 150 μm brazing gap 

is enough to dissolute Co from cemented carbide sub-

strate. The depth of copper diffusion into the cemented 

carbide is 100 ± 5 μm for a heating temperature 1120 oC 

and 50 ± 8 μm for a temperature 960 oC. At the same

depth, the boundary zone of cemented carbide is depleted

in Co and is replaced by filler metal components.

3. The shear test method used in this work is not sui-

table for the numerical determination of shear strength of 

brazed joints. Shear ultimate strength values from 220 to 

390 MPa, so this testing method poorly suited for obtaining 

numerical values of steel\cemented carbide brazed joints

shear strength. Fracture of all brazed samples took place

on the cemented carbide, except for those coated with Ti. 

Cracks in all samples originated in the region above the 

fillet, and then penetrated deep into the material.

4. To improve mechanical properties, it is impractical 

to apply metal coatings to the cemented carbide. How-

ever, it is advisable to use coatings of metals that includes 

in filler metals chemical composition to improve the tech-

nological properties of the process by increasing the adhe-

sion of BFM to cemented carbide.

Results of research can be useful for factories engaged

in the production of tools mining and drilling tools. Data

obtained in this work can be used for the correct design of 

brazed joints and the selection of optimal brazed modes.
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