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Abstract

Transient liquid phase (TLP) bonding of WC-6Co cemented carbide to 1045 steel was performed using a selected Ni/Cu/In/Cu/
Ni multi-interlayer at low temperature of 650°C for three different holding times of 10, 20, and 30 min. The Cu and Ni layers
were electro deposited on the joining surface of both substrates to prepare the interfaces for joining. Then, an indium film with
thickness of 5 pm was settled between them as an interlayer to form the Cu-In solid solution via TLP process. For a bonding
time of 10 min, isothermal solidification of copper solid solution was incomplete and double-phase microstructure of 5-(Cu)
was formed, but it was observed that by prolonging the TLP holding time to 30 min, due to a rather completing of homogeni-
zation of the isothermally formed Cu-In solid solution in joint area, the maximum shear strength of 173 MPa was obtained.
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1 Introduction

Cemented carbides, such as WC—Co, are a family of compos-
ite materials comprising a hard ceramic material (tungsten
carbide) and a ductile metal binder (cobalt) [1]. These mate-
rials are widely used to manufacture cutting dies, material-
deforming tools, structural components, mining bits, and press
molds due to their high hardness and superior wear and abra-
sion resistance [2]. However, the high production costs and
significantly lower fracture toughness of cemented carbides
often limit their use to the cutter tips, which are joined to steel
stems in most cutting tools. Various welding methods, such
as fusion welding, brazing, and diffusion bonding, have been
explored to weld WC—Co and steel, addressing challenges like
significant differences in the coefficient of thermal expansion
(CTE), the formation of brittle n phases (e.g., Fe;W;C and
CogW,C) [3, 4], and the creation of a cobalt-depleted zone
(CDZ) due to excessive cobalt diffusion from the cemented
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carbide to the molten weld zone [5]. Efforts have been made
to eliminate brittle phases and reduce residual stresses when
welding cemented carbide to steel.

Fusion welding procedures, due to their high heat input,
can result in unfavorable complex reactions in the molten
pool. Previous studies observed the formation of various
brittle # phases, such as Fe;C, Fe;W;C, and Co;W;C, at
the joint interface due to the diffusion of decomposed tung-
sten and carbon from the cemented carbide into the molten
pool, thereby deteriorating the joint’s strength and toughness
[6, 7]. It was also reported that elevated temperatures dur-
ing fusion welding can lead to the growth of WC particles
[8]. Additionally, volume changes during the cooling pro-
cess, caused by potential phase transformations in the steel
component, can increase the risk of crack propagation [9].
Thus, bonding temperatures above the phase transformation
temperature of steel negatively impact the final mechanical
properties of the joint specimens.

Among the various methods, brazing has demonstrated bet-
ter efficacy than fusion welding for joining cemented carbide
and steel, owing to the superior quality of the brazed joints
and lower overall costs. The brazing method reduces intense
deformation and residual stresses from the non-uniform heat-
ing seen in fusion welding processes. However, the formation
of brittle compounds or cobalt depletion from the cemented
carbide due to excessive diffusion into the liquid filler remains
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common in brazing, adversely affecting the joint’s toughness
[10]. Zhang et al. [5] brazed WC-8Co/SAE1045 steel using
various Cu-Ni—Al fillers and found that intense diffusion and
reactions between the molten filler alloy and the WC-8Co
component created a CDZ-destroyed layer at the cemented
carbide interface, leading to microcrack propagation. They
reported that Cu from the filler alloy and Fe from the steel,
diffused into the molten filler metal, attracted cobalt from
the WC—Co side into the joint, causing CDZ. Habibi et al.
[10] proposed brazing WC—Co to steel at a low temperature
(650°C) using a silver-based filler metal to avoid CDZ. How-
ever, even at this temperature for 10 min, the formation of Co-
Fe-Cu based reaction products could not be avoided, result-
ing in CDZ. Additionally, the service temperature of brazed
joints is limited due to the segregation of low melting-point
elements or eutectic in the brazing seam [11-13]. In brazing,
the maximum service temperature is generally estimated to
be around 0.5 Tm of the filler metals [14].

Diffusion bonding is an alternative method to join
cemented carbides, performed in a solid state to mitigate
harmful phase formation and residual stress in the joint
area [15, 16]. Feng et al. [17] and Barrena et al. [18] dem-
onstrated that using pre-sintered Ni and composite Cu/Ni
interlayers can improve the reliability of diffusion-bonded
carbide and steel joints by relieving residual stress through
plastic deformation. Additionally, # phases and CDZ were
effectively eliminated since the Ni interlayer blocks both
Cu and Fe from the WC—Co surface [15, 19, 20]. Li et al.
[21] compared Co and Ni/Co interlayers and reported that
using nickel reduced residual stresses and prevented exces-
sive cobalt diffusion and # phase formation even at bonding
temperatures of 1000°C and bonding times of 1 h, unlike
Co interlayers. Although diffusion bonding joints exhibit
advantages such as minimal thermal damage to base materi-
als and suitability for high-temperature applications [6, 7],
its use is limited to simple geometries and requires primary
preparation of the joint surfaces, leading to higher costs [22].

Transient liquid phase (TLP) bonding is considered a
hybrid joining process that combines characteristics of liq-
uid-phase bonding and diffusion bonding to leverage the
benefits of both techniques. In TLP bonding, a molten filler
metal initially fills the joint, then diffuses into the substrates
during the heating stage to form a solid solution containing
elements from both the interlayer and substrates [23]. Unlike
brazing, in TLP bonding, the remelting point of the formed
joint is higher than the bonding process temperature, making
it suitable for high-temperature applications. Furthermore,
since the molten interlayer wets the contact surfaces in TLP
bonding, significant axial loading is not required to form
proper bonds, unlike diffusion bonding [24]. Guo et al. [25]
performed TLP bonding of WC-Co cemented carbide to
steel using a Ti/Ni/Ti multi-interlayer at 950-1100°C and
obtained a maximum shear strength of about 137 MPa. In
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another study, Zeidabadinejad et al. [26] managed to bond
WC-Co to St52 steel at 1200°C using a pure copper inter-
layer via the TLP method. They observed a 10-pm-thick
CDZ for the shortest bonding time (1 min) and reported that
prolonging the bonding time increased the CDZ thickness to
about 30 pm and caused microcracks in the absence of the
cobalt binder. This study further evidenced the destructive
effect of Cu and Fe in brazing WC—Co to steel.

This study aims to achieve joints free of brittle phases, avoid
CDZ, and minimize residual stresses by reducing the bonding
temperature while achieving a higher remelting point. To this
end, the conventional brazing treatment of WC-Co to steel
using silver-based filler alloys is replaced by the TLP bonding
method using a multilayer of Ni/Cu/In/Cu/Ni. In this novel
configuration, a Ni electrodeposit layer on WC—Co is used
to prevent CDZ and the formation of undesired compounds
like # phases. The Cu-In system is proposed to perform the
bonding procedure at a low temperature of 650°C (below the
phase transformation temperature of the steel) while achieving
a higher remelting point, which is not possible with silver-
based alloys. This study investigates the microstructure of the
interfaces of WC—Co/Ni/Cu and steel/Ni/Cu. The effects of
bonding time on microstructural evolution and mechanical
properties of the joint are evaluated, and the fracture behavior
and mechanism under shear load are elucidated.

2 Experimental procedure
2.1 Starting materials

Cylindrical specimens of WC-6Co cemented carbide and
1045 steel, each with a diameter of 8 mm, were cut to
lengths of 2 mm and 11 mm, respectively. The chemical
composition of the materials used was as follows:

Steel (1045): C: 0.45%, Mn: 0.6%, P: 0.04%, S: 0.05%,
Fe: balance.
Cemented carbide (WC-6Co): C: 5.87%, W: 88.03%, Co: 6.1%.

Before performing the TLP treatment, nickel and cop-
per coating layers with thicknesses of approximately 5 and
45 pm, respectively, were electrodeposited on the joining
surfaces of both the steel and cemented carbide specimens.
A core indium interlayer with a thickness of 5 pm was then
placed between the Ni/Cu coated surfaces of the compo-
nents, as shown in Fig. 1.

Unlike systems such as Cu-Fe [25] or Ni-Ti [26], which
were previously used as interlayers for TLP bonding of
carbide to steel, the TLP joining process using Cu and In
interlayers can be performed at lower temperatures. How-
ever, copper, unlike nickel, has very low solubility in Co and
Fe. This is why a nickel coating was initially applied to the
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Fig. 1 Schematic representation of the settled intermediate layers as
well as indium interlayer used for TLP bonding process

polished and degreased substrates, due to its high physical
and chemical affinity to both Co (on the cemented carbide
side) and Fe (on the steel side). Nickel was electroplated on
the bonding surfaces of both the cemented carbide and steel
specimens using Watts electrolyte (250 g/l NiSO4:6H,0,
45 g/l NiCl,-7H,0, 45 g/1 H3BOs, 3 g/l saccharin, 0.05 g/l
sodium dodecyl sulfate) with a pH of 3.5 and a current den-
sity of 0.1 A/m? at 45°C. For electroplating copper onto the
nickel-coated surfaces of the specimens, a copper sulfate
electrolyte with a pH of 4 was used under a cathode current
of 0.1 A/m? at 25°C.

2.2 Joining procedure

The coated substrates and Indium interlayer foil were cleaned
in acetone and then assembled in a graphite mold, as shown
in Fig. 1 The bonding was performed in a vacuum furnace
at 1073 Pa. To prevent movement of the assembled parts, a
small weight, producing a compressive stress of about 0.3
MPa, was placed on the upper side of the settlement. The
samples were heated to the targeted bonding temperature of
650°C at a rate of 20°C/s and held at this temperature for 10,
20, and 30 min. This TLP process can form a Cu(In) solid
solution. The initial bonding time was set at 10 min, with
10-min increments added to determine the required time to
form a solid solution containing less than 4% indium (atomic
percent), which, according to the Cu-In phase diagram, has a
relatively high re-melting point. After the TLP process, the
samples were cooled in the furnace to ambient temperature.

Since the formation of intermetallic compounds slows down
the diffusion rate and increases the bonding time [23, 27],
the temperature of the TLP process was set at 650°C, above
which no intermetallic compounds are formed.

2.3 Microstructure characterization and mechanical
testing

Ambient temperature shear tests were conducted to evaluate
the shear strength of the TLP joint specimens under a cross-
head speed of 0.5 mm/min using a GOTECH AI-7000-IA10
testing machine. Each reported value for the shear strength is
the average of three test results. Variations in the microhard-
ness of the TLP joints, including the intermediate coated
layers, were measured using a microhardness tester (model
Mdpel M400) with a 50-g load. To study the microstructure
of the joints, metallographic samples were prepared from
the cross-section of the joint area. The samples were ground
using a 100-3000-grit waterproof SiC grinding paper. An
Olympus PMGS3 optical microscope (OM) was used for the
microscopic examination of the samples. A scanning elec-
tron microscope (model: VEGA Tscan) equipped with an
energy-dispersive spectrometry system (RONTEC) was used
to observe the interfacial microstructure, conduct chemical
analysis of the microstructural phases in the joint area, and
examine the fracture surface of the shear test specimens. For
phase analysis, the joint area and fractured surfaces were
studied using an X-ray diffractometer (model: Bruker Axe-
Advance D8) with a Ka-Cu wavelength.

3 Results and discussions
3.1 Microstructure of diffusion zone

Figure 2 presents the SEM micrographs of the as-polished
WC-6Co/Ni/Cu/In/Cu/Ni/steel joint after 10 min of TLP
bonding at 650°C. In Fig. 2b and e, which are higher magni-
fications of the TLP bonded areas from Fig. 2a and d, a dual-
phase composition is evident. Based on the EDS results of
the marked phases (denoted in Fig. 2b) and the XRD diffrac-
tion spectra from the joint (Fig. 3), collected from the sample
bonded for 10 min, it appears that isothermal solidification
of copper solid solution with less than 4% indium (atomic
percent) was not completed and during cooling from the
bonding temperature (650°C), according to the Cu-In phase
diagram, the indium-rich f phase underwent a eutectoid reac-
tion at approximately 574°C, transforming into a dual-phase-
layered microstructure of § intermetallic compound (as the
matrix phase) and particles of (Cu) solid solution. Figure 2c
represent EDS element mapping of dual-phase microstructure
in Fig. 2b which clearly show higher concentration of indium
in dual-phase microstructure compare to adjacent areas. The
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Element at%

Nickel 0.43
Copper 69.05

Indium 30.52

Ni Cu

Element at%

Nickel 0.24

Copper 93.75

Indium 6.01
NiCu

Fig.2 SEM images, EDS mapping, EDS analyses, and concentration profiles from joint area and WC-6Co/Ni/Cu

bonded at 650°C for 10 min
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Fig.3 XRD pattern from joint area of the sample bonded at 650°C
for 10 min

concentration profile of the dual-phase microstructure of 6
and (Cu) in Fig. 2e also indicates a high concentration of
indium compared to the adjacent areas. Although the desired
composition of the copper solid solution with less than 4%
indium was not achieved through isothermal solidification, 10
min was sufficient for a significant amount of inter-diffusion
of elements at the WC-6Co/Ni/Cu interfaces, as evidenced by
the concentration profile in Fig. 2f.

Figures 4 and 5 demonstrate the OM micrograph and
SEM images of the TLP joint after a bonding time of 20
min. In Figs. 4 and 5a, a single-phase microstructure with
a low concentration of indium has formed, as indicated
by EDS analysis at point C. This signifies the completion

Fig.4 OM image from joint area of the sample bonded at 650°C and
20 min

of isothermal solidification of copper solid solution.
Therefore, a bonding time of 20 min was sufficient for
the isothermal solidification of a copper solid solution
with less than 6% atomic percent indium. Figure 5b and
¢ shows higher magnifications of the WC—Co/Ni/Cu and
Cu/Ni/Steel interfaces, respectively. These images reveal
sound joints at the interfaces, and the concentration
profiles indicate significant inter-diffusion of elements.
However, due to the one-unit difference between copper
and nickel in atomic number, the Cu/Ni interface is not
distinguishable.

Figure 6 presents the SEM images and concentration
profiles, of the TLP joint and interfaces for a specimen
bonded for 30 min at a constant temperature of 650°C.
Although isothermal solidification was completed for
the joint bonded at 650°C for 20 min, the bonding time
was prolonged to 30 min to achieve a higher re-melting
point and consequently a higher service temperature by
decreasing the indium concentration in the joint area.
Based on the EDS analysis presented in Fig. 7b collected
form point D marked in Fig. 6a and binary system of Cu-In
[28] (Fig. 7a), an alloy with less than 4% indium (atomic
percent) will have re-melting point higher than 900°C.
This decrease allowed for a higher melting point to be
achieved despite maintaining the bonding temperature
at 650°C, which is below the phase transformation
temperature of AISI 1045. According to Fig. 6b, ¢ and
the element concentration profiles from the interfaces,
prolonging the bonding time promoted the diffusion of
elements. However, as expected, due to the stability of
WC at the bonding temperature, no interaction between
W, C, and Ni occurred, which is well established by
the XRD spectra of the TLP joint formed after 30 min
(Fig. 8). Furthermore, no Cu-In intermetallic compound
was detected in Fig. 8, which provides additional evidence
for the isothermal solidification of copper solid solution
with less than 4% indium.

Figure 9 shows higher magnifications of the WC-6Co/
Ni/Cu interfaces of the joint TLP bonded for 30 min. In
Fig. 9a and previous SEM images of the cemented carbide
interfaces, there is no evidence of a cobalt depletion zone
(CDZ) when compared to studies by Habibi et al. [10] and
Hang et al. [5], which both reported at least a 5-pm-thick
CDZ on the WC—Co side. The concentration profile
of elements in Fig. 9b illustrates a rather homogeneous
distribution of cobalt in the WC-6Co side. EDS analysis at
points E and F in Fig. 9b confirms the presence of cobalt
on the cemented carbide side of the interface, providing
further evidence of a CDZ-free joint. It is also important
to note that the formation of brittle compounds such as 5
phases was avoided. Comparing the compositions at points
E and F with the compositions of # phases such as FesW;C
and CogWC, which typically form at the cemented carbide
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interface with filler alloys [3, 4], confirms this. Li et al.
[21] reported that the ultimate phase at the WC—-Co/Ni
interface was WC + (Ni, Co) solid solution for all samples
diffusion bonded at three temperatures (950, 1000, and
1050°C) for 1 h while for WC—Co/Co configuration
they observed a 2.3-pm-thick CogW,C at the interface of
WC-Co with cobalt interlayer.

¢ WC
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% Co
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Fig.8 XRD pattern from joint area of the sample bonded at 650°C
for 30 min
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3.2 Mechanical properties
3.2.1 Micro-hardness measurements

The hardness measurements for each specimen were per-
formed at seven points within the joint area. One of these
points was in the center of the joint area, and two were adja-
cent to the joint area. The other measurements were taken at
the intermediate layers. As shown in Fig. 10, the maximum
microhardness value in the center of the joint area is associ-
ated with a bonding time of 10 min, which is attributed to
the double-phase microstructure of § and (Cu) in the joint
center of this sample. In samples bonded for 30 min, rather
homogeneous microhardness values are evident across the
joint area, indicating a uniform Cu-In solid solution through-
out the joint. It should be noted that the hardness in the
center of the joint area in samples bonded for 20 and 30
min is higher than that in both copper intermediate layer
sides, owing to the Cu-In solid solution strengthening effect.
Additionally, as the bonding time increased from 10 to 30
min, the overall hardness of the copper intermediate layer
and ISZ decreased to about 68 HV, which is comparable to
the hardness of pure coated copper. Thus, it can be deduced
that the overall inter-diffusion of elements has only a small
impact on the hardness and shear strength of the joints.
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Fig. 10 The micro hardness profile in width of the WC-6Co0/1045
steel TLP bonded joints at 650°C for different bonding times

3.2.2 Shear strength

Figure 11 shows the shear strength of the joints as a
function of the bonding time. At the lowest bonding time
(10 min), the shear strength is at its minimum. This is
associated with the formation of the aforementioned
brittle double-phase microstructure of 6+ (Cu) in the joint
area as a result of inadequate bonding time. By prolonging
the bonding time to 20 min, the atomic penetration of
the molten indium interlayer is promoted, resulting in

180

160
_ 1

140
120

100

Shear strength (Mpa)

80

=

60

10 20 30
Bonding time (min)

Fig. 11 Effect of bonding time on shear strength of the joints (TLP
temperature is 650°C)
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the isothermal formation of the Cu-In solid solution with
less than 6 atomic percent in the TLP joining zone. This
corresponds to an increase in joint shear strength from
approximately 73 to 160 MPa. According to Fig. 11, the
maximum shear strength values for the TLP joints were
obtained at 173 MPa for samples bonded for 30 min.
This increase is associated with the homogenization of
the isothermally formed (Cu) solid solutions within these
samples.

3.3 Fractography

The XRD spectra of fracture surfaces of joints (WC-6Co
side) bonded for 10 min (Fig. 12a) shows the presence of
both 6 and (Cu) phases at the fracture surface. This not
only indicates incomplete isothermal solidification of
copper solid solution but also crack propagation through
the double-phase microstructure. The higher intensity
of (Cu) peaks compared to Cu,Ins(5) suggests that in
significant portion of the joint area, copper solid solution
was isothermally solidified while in the remaining areas f
phase with higher concentration of indium solidified which
decomposed to 8+ (Cu) at 574°C. The SEM image of the
fracture surface of the sample bonded for 10 min (Fig. 12a)
illustrates brittle fracture, unlike the SEM images from the
surfaces of specimens bonded for 20 and 30 min ( Fig. 12b
and c), which show dimples and severe plastic deformation,
indicating ductile fracture. Figure 12b and c also illustrates
the X-ray diffraction spectra obtained from the fracture
surfaces (WC-6Co sides) of specimens bonded for 20 and 30
min, showing only copper peaks. According to EDS analyses
of the fracture surfaces, they should be mainly copper solid
solutions with less than 1% indium (atomic percent).

4 Conclusion

This study investigated the effect of bonding time on the
strength of dissimilar WC—Col/steel joints fabricated by
the transient liquid phase (TLP) bonding method at 650°C
using an indium interlayer. The significant results are sum-
marized as follows:

(i) Dual-phase microstructure of 6+ (Cu) was detected in
samples bonded for10 min at 650°C which indicates
that 10 min was not enough for isothermal solidifica-
tion of copper solid solution with 4 atomic percent
indium. However, as bonding temperature prolonged
to 20 min, a single phase solid solution of Cu(In) was
isothermally solidified with 5.21% indium concentra-
tion. Further, prolonging bonding time to 30 min led to
lower concentration of 3.15% indium (atomic present).
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and (¢) 30 min

Data availability The data used to support the findings of this study
are included within the article.

(ii) Proper selection of TLP bonding parameters (a bonding
time of 30 min with a 5-pm indium interlayer) promotes
the formation of a sound and homogeneous (Cu) solid
solution without the formation of destructive interme-
tallic compounds in the joint area.
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(iii)

@iv)

)

Through TLP processing at 650°C for 30 min, the re-
melting point of the formed Cu-In solid solution with
3.15% indium (atomic percent) in the joint area reached
above 900°C based on a Cu-In phase diagram.

By prolonging the bonding time from 10 to 30 min,
shear strength raised from 73 to 173 MPa. Lower
strength of the joint bonded in 10 min was attributed
to brittle structure of Cu,In; which was detected at the
fracture surface of the joint bonded in 10 min.

TLP bonding for 30 min, with full dimple features in
the fracture surface, exhibits a typical ductile fracture
mode in the joint area.
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