
Vacuum Brazing of WC-8Co Cemented Carbides to Carbon
Steel Using Pure Cu and Ag-28Cu as Filler Metal

X.Z. Zhang, G.W. Liu, J.N. Tao, H.C. Shao, H. Fu, T.Z. Pan, and G.J. Qiao

(Submitted May 30, 2016; in revised form October 18, 2016; published online December 9, 2016)

The wetting and spreading behavior of commercial pure Cu and Ag-28Cu alloy on WC-8Co cemented
carbide were investigated by the sessile drop technique. The contact angle of both systems obviously
decreases with moderately increasing the wetting temperature. Vacuum brazing of the WC-8Co cemented
carbide to SAE1045 steel using the pure Cu or Ag-28Cu as filler metal was further carried out based on the
wetting results. The interfacial interactions and joint mechanical behavior involving microhardness, shear
strength and fracture were analyzed and discussed. An obvious Fe-Cu-Co transition layer is detected at the
WC-8Co/Cu interface, while no obvious reaction layer is observed at the whole WC-8Co/Ag-28Cu/
SAE1045 brazing seam. The microhardness values of the two interlayers and the steel substrate near the
two interlayers increase more or less, while those of WC-8Co cemented carbide substrates adjacent to the
two interlayers decrease. The WC-8Co/SAE1045 joints using pure Cu and Ag-28Cu alloy as filler metals
obtain average shear strength values of about 172 and 136 MPa, and both of the joint fractures occur in the
interlayers.
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1. Introduction

Tungsten carbide/cobalt (WC-Co) cemented carbides, con-
sisting of large volume factions of WC particles embedded in
the soft and ductile Co binder, can serve as hard and tough tool
material (Ref 1). Due to the good compatibility of the hard WC
grains and the ductile Co binder phase, the WC-Co cemented
carbides show high hardness, strength, refractoriness, as well as
compressive deformation and wear resistances. These good
mechanical properties make the WC-Co cemented carbides be
typically used as drilling or cutting tools, structural compo-
nents, mining bits and press molds, as well as miniature drills
for highly integrated printed circuit boards or rock drills (Ref 2-
5). However, the widespread use of cemented carbides is
limited by their expensive cost and brittleness. The joining of
cemented carbides to structural steel has received much
attention in recent years because of the compensatory proper-
ties. Presently, their joining techniques are mainly composed of
brazing (Ref 6-13), diffusion bonding (Ref 14-16), fusion
welding (Ref 17, 18) and partial transient liquid-phase bonding
(Ref 19), among which brazing is an appropriate process to join

cemented carbides to steel in terms of simple process and low
cost.

As we know, wettability as manifest in the contact angle, h,
has long been recognized as a critical parameter in determining
the brazability of material by a molten filler metal. However,
the related research besides Akbari Mousavi�s investigation
(Ref 9) on wetting of cemented carbides by metals was rare,
though the wetting of molten Zr-base metallic glass-forming
alloy (Ref 20) and Zr2Cu alloy (Ref 21) on dense polycrys-
talline WC was investigated. Akbari Mousavi et al. (Ref 9)
investigated the wettability of Ag-Cd alloys on cemented
carbide and obtained the final contact angles of less than 10� at
870 and 850 �C for 20 min. Meanwhile, in order to achieve
high-performance brazed joints, the filler metals used to braze
the cemented carbides to steel were mainly focus on the Cu-
and Ag-based alloys due to their excellent ductility and
toughness, such as Cu-Zn (Ref 6), Cu-Zn-Ni (Ref 7), Cu-Sn-
Ni (Ref 8), Ag-Cd (Ref 9) and Ag-Cu-Zn-(Mn, Ni, Co) (Ref 10,
11). In addition, Lee et al. (Ref 12, 13) reported that the WC-Co
cemented carbide was successfully brazed with carbon steel
using multiple layers of Cu and Ni alloys as insert metal. In the
present study, the wetting and spreading behavior of commer-
cial pure Cu and Ag-28Cu eutectic alloy on the WC-8Co
cemented carbide at different temperatures were addressed, and
the brazing of WC-8Co cemented carbide to SAE1045 carbon
steel was carried out based on the wetting results. Furthermore,
the interfacial interactions and joint mechanical behavior
involving microhardness, shear strength and fracture were
investigated.

2. Experimental

The commercial WC-8Co (all compositions are given in
wt.%) cemented carbides with dimensions of Ø 20 mm9
6 mm (Zhuzhou Weiye Carbide Industrial Co., Ltd,
Zhuzhou, China) and SAE1045 carbon steel with dimen-
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sions of Ø 15 mm9 5 mm were used as the substrates for
wetting and/or brazing experiments. The wetting and
brazing surfaces of the cemented carbide and SAE1045
carbon steel pieces were ground to a plane by automatic
grinding machine using the sequence 400, 800 and
1200 mesh diamond grinding plates, and further polished
using diamond grains of 1 lm until a mirror face was
obtained. The commercial pure Cu and Ag-28Cu eutectic
alloy for the wetting and vacuum brazing experiments were
cut from Cu wires of Ø 2 mm (99.9 wt.% purity, Sinopharm
Chemical Reagent Co., Ltd.) and Ag-28Cu eutectic alloy
filament of Ø 0.8 mm (Northwest Institute for Nonferrous
Metal Research, Xi�an, China), respectively.

Before the wetting and joining experiments, all the sub-
strates were given a final ultrasonic cleaning in alcohol. The
spherical and annular of Cu and Ag-28Cu alloy were chem-
ically and ultrasonically cleaned and then dried. The wetting
and spreading were evaluated by a high-temperature contact
angle measuring instrument (OCA15LHT-SV, Dataphysics,
Germany), and the heating rate was 5 �C/min. Sessile drop
tests of pure Cu or Ag-28Cu alloy on the WC-8Co cemented
carbide were performed at different temperatures under a high
vacuum of �59 10�4 Pa. For the joining process, the WC-
8Co, annular Cu or Ag-28Cu filaments and SAE1045 carbon
steel were assembled in a graphite mold and finally brazed in a
vacuum furnace (vacuity: �79 10�3 Pa, furnace model: High-
multi 5000, Japan). A pressure of 10 kPa was applied to the top
of the WC-8Co/SAE1045 carbon steel couples. The joining
process cycles began at a heating rate of 10 �C/min to 800 �C
and followed by a heating rate of 5 �C/min up to the bonding
temperature (1100 or 850 �C) for holding 10 min. Finally, the
joints were cooled in furnace till 300 �C at an average rate of
3 �C/min and then furnace cooled.

After these experiments, the brazed joints were cross-
sectioned, polished and then observed to investigate the
interfacial behavior by SEM (SU3500, Hitachi) coupled with
energy-dispersive spectroscopy (EDS, Model Oxford INCA,
Britain). The microhardness of the joints was determined by a
HVS-1000 digital microhardness tester. The joint strength was
tested by shear-load method using a DDL100 testing machine
at the loading speed of 0.5 mm/min. The mean value of joint
strength under each brazing condition was the arithmetical
average of three joint samples. The shear test experiments were
performed on the specimens according to the literature reported

(Ref 22). Phase compositions of the fracture surfaces of brazed
joints were identified by x-ray diffraction (D/max2500PC,
Rigaku Corporation) analysis.

3. Results and Discussion

3.1 Wetting and Spreading Behavior

Figure 1 shows the spreading curves of molten Cu and Ag-
28Cu alloy on the WC-8Co substrate at the different temper-
atures and the photographs of solidified drops formed at the
final states. As shown in Fig. 1(a), both the molten Cu/WC-8Co
systems at 1090 and 1100 �C almost reach the equilibrium after
�10 min. The two wetting systems have an identical initial
contact angle of �36� due to the same starting melting
temperature. Moreover, the initial spreading rate increases from
�4.59 10�2 to 7.29 10�2�/s and the equilibrium contact angle
decreases from �15� to 4� with the temperature increasing
from 1090 to 1100 �C. As shown in the Cu-Co binary phase
diagram (Fig. 2a) (Ref 23), the molten Cu can react with the Co
from the WC-8Co substrate to form the Cu(Co) or Co(Cu) solid
solution. As a result, the solid-liquid surface energy (rSL) of
Cu/WC-8Co system should be decreased due to the fact that the
interactions between the molten Cu and the WC-8Co substrate
increase with the increase in temperature. Thus, referring to the
Young�s equation (cosh = (rSV�rSL)/rLV), the numerator (rSV
rSL) is increased, while the denominator rLV can be considered
almost invariant, and the contact angle h is expected to decrease
significantly.

As can be seen from the Ag-28Cu/WC-8Co wetting system,
two main stages are separated in the contact angle curves. At
the beginning of the spreading stage, the spreading of molten
Ag-28Cu alloy on the WC-8Co substrate system is much
slower than that of the Cu/WC-8Co system. However, during
the second stage, the contact angle still decreases gradually
with the time going on. Moreover, the spreading cannot reach
the equilibrium after 60 min since the Ag-28Cu alloy begins to
melt, and the final contact angles at 830 and 850 �C are 37.2�
and 24.3�, respectively. At the two wetting temperatures, the
activity of Ag and Cu atoms is reduced compared to that of Cu
atom in the Cu/WC-8Co system at �1100 �C and the formation
of Ag(Co) and Cu(Co) solid solution is quite hard, as shown in
the Co-Ag and Co-Cu phase diagrams (Fig. 2) (Ref 23).

Fig. 1 (a) Spreading curves of molten Cu and Ag-28Cu alloy on the WC-8Co substrate at different temperatures and (b) photographs of solidi-
fied drops formed at the final states
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As discussed above, the final contact angles of the twowetting
systems decrease significantly when the test temperatures
increase from 830 to 850 �C and 1090 to 1100 �C, respectively.
Meanwhile, the spreading of Cu/WC-8Co system at 1100 �C
after 10 min reaches equilibrium and the contact angle is almost
invariant, while for theAg-28Cu/WC-8Co system at 850 �Cafter
10 min, the first stage of the spreading curve is basically finished
and then the contact angle alters slowly with the time going on.
Thus, brazing of the cemented carbides can be carried out under
the guidance of the wetting results.

3.2 WC-8Co/SAE1045 Brazed Joints

The WC-8Co cemented carbide was brazed to the SAE1045
steel in a vacuum at 1100 and 850 �C for 10 min using pure Cu

and Ag-28Cu alloy as filler metal, respectively. Figure 3 shows
the cross-sectional BSE images of the WC-8Co/Cu/SAE1045
joint. It is clear that a good bonding without obvious defects is
obtained in the joint. A transition layer of 2-3 lm is observed at
the WC-8Co/Cu interface (Fig. 3c). As confirmed by the
elemental EDS profiles of the brazed joint (Fig. 4), the Cu and
Fe can diffuse into the WC-8Co substrate for a certain distance,
and Co and Fe can also enter into the Cu interlayer to form a
Fe- and Co-rich layer (i.e., the transition layer) adjacent to the
WC-8Co/Cu interface. The chemical composition (at.%) of the
transition layer is 46.2Fe + 45.82Co + 7.98Cu as confirmed by
the EDS analysis (point A in Fig. 3c). The transition layer is
mainly composed of a-(Fe) and Cu(Co) solid solutions since no
binary or ternary compounds exist in the Fe-Cu-Co system (Ref
24, 25). And some precipitates containing Fe, Cu and Co can be

Fig. 2 Phase diagrams of (a) Cu-Co and (b) Ag-Co (Ref 23)

Fig. 3 BSE images of (a) the cross-sectional WC-8Co/Cu/SAE1045 joint brazed at 1100 �C for 10 min, (b, c) the WC-8Co/Cu interface and
(d) the Cu/SAE1045 interface
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found in the interlayer due to the interdiffusion of these
elements. Meanwhile, the W element is not detected in the Cu
interlayer due to the fact that the WC particles cannot react with
the liquid Cu. In fact, the presence of solid solutions in the
transition layer can contribute to obtain a good bonding at the
WC-8Co/Cu interface. Moreover, no obvious transition layer
forms at the Cu/SAE1045 interface (Fig. 3d), and the Co can
diffuse across the Cu interlayer into the SAE1045 substrate to
form a thin solid solution layer (c-Fe(Co)) at the Cu/SAE1045
interface (Fig. 4), which is in accordance with the solid solution
concentration in Fe-Co phase diagram at 1100 �C (Ref 23).

Figure 5 shows the cross-sectional BSE images of the WC-
8Co/Ag-28Cu/SAE1045 joint brazed at 850 �C for 10 min.
The Ag-28Cu filler metal can adhere tightly to the WC-8Co
substrate, leaving a smooth and clean interface (Fig. 5b). Two
kinds of alternating phases present in the brazing seam, where
the dark and white ones are Cu(Ag) and Ag(Cu) solid solutions,
respectively. As shown in the elemental EDS profiles of WC-
8Co/Ag-28Cu/SAE1045 joint (Fig. 6), the Ag and Cu elements
from the filler metal cannot diffuse into the WC-8Co substrate
in spite of large elemental concentration gradients at the
interface. This is closely related to the formation ability of
Co(Ag) and Co(Cu) solid solutions at 850 �C and with the
relatively low concentration and activity of Cu in the Ag-28Cu
alloy compared to those in the pure Cu. Moreover, the Co and

Fe derived from the two substrates hardly retain in the Ag-28Cu
filler metal, which is somewhat different from the Cu/WC-8Co
system. This phenomenon may be mainly attributed to the
reduced activity of Ag and Cu atoms and the relatively low
concentration of Cu in the Ag-28Cu alloy, as well as the
relatively low brazing temperature (850 �C). However, a
considerable amount of Co diffuses across the Ag-28Cu
interlayer into the SAE1045 steel substrate for a long distance,
as shown in Fig. 6. Thus, it can be inferred that the Ag-28Cu
alloy can serve as a barrier to prevent the Fe to diffuse into the
WC-8Co substrate, and as a channel to let the Co enter into the
steel substrate.

Hardness profile is a good indicator of the joint microstruc-
ture and mechanical behavior. Figure 7 shows the variations of
the Vickers microhardness values across the two brazed joints
corresponding to Fig. 3(a) and 5(a). As shown in Fig. 7(a), the
mean microhardness value in the steel near the SAE1045/Cu
interface increases from �295 to 356 HV due to the relatively
serious diffusion of Co into the steel. This fact justifies an
increase in the microhardness in the brazing seam compared
with that of pure Cu, reaching �200 HV, due to the diffusion of
the Fe and Co elements from the two substrates into the Cu
interlayer during brazing. In addition, in the WC-8Co substrate

Fig. 4 Elemental EDS profiles across the whole WC-8Co/Cu/
SAE1045 brazing area

Fig. 5 BSE images of (a) the cross-sectional WC-8Co/Ag-28Cu/SAE1045 joint brazed at 850 �C for 10 min, (b) the WC-8Co/Ag-28Cu inter-
face and (c) the Ag-28Cu/SAE1045 interface

Fig. 6 Elemental EDS profiles across the whole WC-8Co/Ag-
28Cu/SAE1045 brazing area
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adjacent to the WC-8Co/Cu interface, the mean microhardness
decreases to �1168 HV compared to that of the WC-8Co
substrate (�1550 HV), which can be attributed to the
decomposition of the WC-8Co due to the escape of the Co.
For the microhardness of the WC-8Co/Ag-28Cu/SAE1045
system (Fig. 7b), no obvious fluctuation of hardness in the
SAE1045 substrate is observed although the Co can diffuse
across the filler metal into the steel substrate. Similarly, the
decrease in microhardness in the WC-8Co substrate adjacent to
the WC-8Co/interlayer interface and the increase in micro-
hardness of interlayer are also detected. The microhardness
evaluation of the brazed joints shows that the variations of

microhardness in the different zones are associated with the
mutual interactions of the metal elements (such as diffusion,
solid solution) during brazing.

The Fe from the steel substrate can diffuse across the
interlayer into the WC-Co cemented carbide, which are
detrimental to the toughness of the joint based on the work
reported before (Ref 26). The fracture of WC-8Co/SAE1045
joints may occur along the WC-8Co/filler metal interface due to
the diffusion of Fe into the cemented carbide and the
decomposition of the WC-8Co cemented carbide. However,
both the fractures of the two kinds of WC-8Co/SAE1045
brazed joints occur in the brazing beam, as shown in Fig. 8. In

Fig. 7 Microhardness distribution of joint sections of (a) WC-8Co/Cu/SAE1045 and (b) WC-8Co/Ag-28Cu/SAE1045

Fig. 8 Typical fracture surface morphologies of the two kinds of WC-8Co/SAE1045 brazed joints and XRD patterns of the two fracture sur-
faces: (a, c) WC-8Co/Cu/SAE1045, (b, d) WC-8Co/Ag-28Cu/SAE1045
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particular, the fractographs of the two kinds of brazed joints are
similar, and no WC particles are observed at the two fracture
surfaces. Moreover, for the WC-8Co/Cu/SAE1045 joint, the
fractography is mainly composed of plastic-slipping plane and
dimples (Fig. 8a), indicating that fracture of brazed joints is
ductile fracture pattern, demonstrated by the stress-strain curves
(Fig. 9). Figure 8(b) shows that the fractography of the WC-
8Co/Ag-28Cu/SAE1045 joint is mainly dimples. Most of the
residual thermal stresses in the brazed joints can be dissipated
by the plastic deformation of the filler metals because of the
excellent plasticity of the two brazing filler metals (Cu and Ag-
28Cu alloy). As a result, the two joint fractures do not occur
along the WC-8Co/interlayer interface or in the bulk WC-8Co
substrate near the interlayer. The mean shear strength of WC-
8Co/SAE1045 brazed joint using pure Cu as filler metal is
172± 8 MPa, while that of the brazed joint using the Ag-28Cu
as filler metal is 136± 5 MPa, which is closely related to shear
strength of the interlayers. Based on the XRD analysis (Fig. 8),
the fracture surface of WC-8Co/Cu/SAE1045 joint is composed
of Cu(Co,Fe) solid solution, while that of WC-8Co/Ag-28Cu/
SAE1045 joint mainly consists of Ag(Cu) and Cu(Ag,Fe) solid
solutions, indicating that both the joint fractures occur in the
interlayers. It is noted that there are some displacements in
Bragg diffraction angles of Ag and Cu, which should be
attributed to the positioning of solute atoms leading to the
lattice deformation of Cu and Ag atoms (Ref 27). The
formation of solid solutions can be derived from the elemental
diffusion of the SAE1045 steel and WC-8Co substrates into the
filler metals.

4. Conclusions

The WC-8Co/SAE1045 steel joints were fabricated by
vacuum brazing based on the wetting of molten Cu and Ag-
28Cu alloy on the WC-8Co cemented carbide. For the Cu/WC-
8Co wetting system, the equilibrium is obtained after �10 min
and the equilibrium contact angle decreases from 15� to 4� with
the temperature increasing from 1090 to 1100 �C. However, for
the Ag-28Cu/WC-8Co wetting system, the spreading cannot
reach the equilibrium after over 60 min and the final contact
angle decreases from 37.2� to 24.3� with the temperature
increasing from 830 to 850 �C. A transition interlayer contain-
ing Fe, Co and Cu forms at the WC-Co/Cu interface in the

WC-8Co/Cu/SAE1045 brazed joint. The Co from the WC-8Co
substrate can diffuse across the Cu or Ag-28Cu interlayer into
the SAE1045 steel. Both the microhardness values in the WC-
8Co substrate adjacent to the WC-8Co/interlayer interfaces
obviously decrease compared to the original microhardness of
the WC-8Co substrate. The variation of microhardness values
in the SAE1045 substrate adjacent to the SAE1045/interlayer
interfaces is mainly related to the diffusion level of Co into the
two steel substrates. Both joint factures occur in the Cu or Ag-
28Cu interlayer, and ductile fracture is the main fracture mode.
The mean shear strength values of WC-Co/Cu/SAE1045 and
WC-Co/Ag-28Cu/SAE1045 brazed joints are about 172 and
136 MPa, respectively.
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