www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Evaluation method of interface
bonding strength of cemented
carbide with additives

Chen Wang?, Zigiang Pi'*, Zhaoran Zheng'?, Xing Chen'? & Kaiping Du%?**

Cemented carbides are widely used in cutting tools, wear-resistant parts and other fields. In order to
further improve the mechanical properties, additives are usually added to cemented carbides. The
interface bonding strength of additives with WC and Co phases will affect the crack propagation and
have an important influence on the mechanical properties of cemented carbides. The gradient of
electron work function (EWF) at the interface of WC/additive and Co/additive were obtained by atomic
force microscope in this paper. According to the numerical relationship between the gradient of EWF
and the interface bonding strength, the interface bonding strength of different additives and cemented
carbide were qualitatively studied. The results show that in the interface of WC/additives, the interface
bonding strength of WC/VCis the largest, followed by WC/TiC and WC/ZrO,. In the interface of Co/
additives, the interface bonding strength of Co/VC is the largest too, followed by Co/ZrO, and Co/TiC,
which verified the feasibility of this method in the field of cemented carbide.
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Cemented carbide is a kind of composite material made by powder metallurgy process, which is mainly
composed of refractory metal carbides and bonded metals"2 This material has high strength, hardness and wear
resistance, but also has a certain toughness, playing an indispensable role in promoting industrial manufacturing
and economic development?~>. Among the cemented carbides with different compositions, WC-Co cemented
carbide has the best comprehensive performance, so it is widely used in the manufacture of various tools and
equipment, including cutting, mining and drilling tools, as well as wear-resistant parts and extrusion molds.
Dewangan et al. analyzed the critical damage state of WC-Co cone tip during service, and found that the failure
of the cone tip was mainly due to the cracking and crushing of WC grains®. By analyzing the critical wear state of
WC-Co-Based Twist Drill Bits in service, it is found that the failure of Twist Drill Bits is due to the crack in WC
grains, which leads to grain breakage and the formation of voids’. With the continuous improvement of material
performance requirements in the industrial manufacturing field, in order to improve the service life of tools,
higher requirements are also put forward for the comprehensive mechanical properties of cemented carbides.

Studies have shown that adding a small number of additives to cemented carbide, such as VC, Cr,C,, NbC,
TiC, TaC, etc.** can significantly improve its mechanical properties, especially hardness. In recent years, ZrO,
is also often used as an additive to improve the toughness of cemented carbide'>'6. These additives are easy to
aggregate at the WC/WC and WC/Co interfaces. For example, VC is easy to enrich at the WC/Co interface, and
VC segregation occurs, which makes the grain size of the cemented carbide significantly reduced!’. ZrC does
not segregate and separates into phases at the triple junction, which improves the hardness of the cemented
carbide!”!8. TiC will inhibit grain growth and reduce grain size. At the same time, TiC will form (W, Ti) C solid
solution with WC, forming a core-shell structure with TiC inside and (W, Ti) C outside, which will improve the
hardness of cemented carbide, but the toughness is low'®. Adding an appropriate amount of NbC can reduce
the grain size. WC dissolves into NbC to form (Nb, W) C solid solution, which can improve the hardness of
cemented carbide, but the fracture toughness and bending strength are reduced®. After adding additives,
whether it is to form a new phase or reduce the grain size, the number of interfaces and interface properties
in cemented carbides are changed, and the failure of cemented carbides, especially ultrafine-grained cemented
carbides, is mainly intergranular fracture®'. Therefore, the strength of the interface bonding strength greatly
affects the mechanical properties of the material.

At present, the test method of macroscopic interface bonding strength?>-2* is mainly to evaluate the interface
bonding quality of the alloy by observing the microstructure after interface failure or by bending and stretching.
However, the content of additives in cemented carbides is small, and the size of additives formed or precipitated

1BGRIMM TECHNOLOGY GROUP, Beijing 100160, China. 2BGRIMM Advanced Materials Science & Technology Co.,
Ltd, Beijing 102206, China. ““email: dukaiping@bgrimm.com

Scientific Reports | (2025) 15:7514 | https://doi.org/10.1038/s41598-025-92072-y nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-92072-y&domain=pdf&date_stamp=2025-3-3

www.nature.com/scientificreports/

phases is only micron or nanometer. Therefore, the traditional method cannot determine the micro-interface
bonding strength formed by the additives with WC and Co phases. The bonding strength of the micro-interface
can be evaluated by first-principles calculation and finite element simulation technology?*~%". For example, Yin
et al.? established the healing degree model of the interface by finite element method, studied the influence of
different process parameters on the interface bonding strength, and input the data into the machine learning
model. The quantitative analysis results of process parameters on interface bonding strength were obtained by
combining finite element method and machine learning method. Li et al.?® calculated the atomic bond strength
of different interfaces by first-principles calculation method, and found that the atomic bond strength of W-Fe
interfaces is the largest, then W-Co and W-Nij, and studied the interface bonding strength of different cemented
carbide interfaces. However, this simulation calculation method is difficult to analyze and model, and it is usually
carried out under ideal conditions, with certain errors.

Since the interface bonding of metal materials is related to the electronic behavior at the interface?®, most
of the interface bonding strength can be judged according to the electron work function (EWF), but there are
special cases?. The interface EWF gradient method*® is a new evaluation method that can qualitatively study
the interface bonding strength. The EWF is an electron with an initial energy equal to the Fermi level, and the
minimum energy required to escape from the inside of the metal to the vacuum.

p=—(eVeter)

Here, ¢ is EWE V% is the electric potential, and e £ is the Fermi kinetic energy.

According to the above formula, the EWF difference (d ¢) can be obtained by testing the phase surface
potential difference (dV,). Studies have shown that the gradient value of the EWF at the interface has a great
correlation with the interface bonding strength: the smaller the gradient value, the higher the interface bonding
strength, the larger the gradient value, and the lower the interface bonding strength®®31.

This paper evaluated the interface bonding strength between the additive forming phase and WC or Co
phases by calculating the interface EWF gradient, and the feasibility of this method in the field of cemented
carbide is determined by comparing with the previous research results.

Materials and methods
In this paper, nano-WC-Co composite powder and Co powder were mixed with different additives (commonly
used carbide VC, TiC, and ZrO2 that can toughen cemented carbide by phase transition) according to the
stoichiometric ratio of ball milling with anhydrous ethanol as the ball milling medium. Among them, C powder,
Co,0, powder and WO, ; powder are the raw materials for the preparation of nano-WC-Co composite powder.
The scanning electron microscope images of the raw materials in this study are shown in Fig. la-e. The mixed
powder was dried, sieved, mixed with glue, cold pressed and sintered (Ar atmosphere at 6 MPa for 60 min.) to
prepare cemented carbide with different additives, the sample obtained is shown in Fig. 1f.

The sample is cut and then grinded and polished to make the surface of the sample smooth. The phase analysis
of the samples was carried out by X-ray diffractometer, the microstructure of the samples and the content and

Fig. 1. (a-e) SEM of C powder, Co,0, powder, WO, ; powder, Co powder, TiC powder and (f) images of
cemented carbide samples.
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distribution of various elements were observed by scanning electron microscope and energy spectrum, and the
surface potential and magnetic phase angle of each phase in the sample were tested by atomic force microscope.

Result and discussion

Microstructure and interface bonding strength of cemented carbide with ZrO, additive
According to the difference of physical properties between the additives phase, Co phase and WC phase, the
difference in SEM morphology and surface potential, the test results were analyzed.

Figure 2a is the XRD pattern of cemented carbide with ZrO, as additive. The calibration of the diffraction
peaks shows that the prepared cemented carbide is composed of WC*2, Co®® and ZrO,* phases. Figure 2b shows
the SEM image of the cemented carbide containing ZrO,. The microstructure is relatively uniform and the WC
grains are round. The EDS results shown in Fig. 3 confirm again that there are WC, Co and ZrO, phases in the
sample. In Fig. 2b, the bright area is WC, the black area is Co phase, and the gray area is ZrO,, which is formed
in a slender strip and easily appears around the Co phase. It can be seen that WC-Co cemented carbide with
ZrO, phase were prepared by using the process route designed in this paper, which laid a foundation for the
determination of the bonding strength between additives and WC and Co interfaces.

Figure 4a-c shows the morphology, magnetic phase angle distribution and surface potential distribution
of cemented carbide obtained under atomic force microscope. The color of the morphology is related to the
surface height of the specimen. The white bright color area is a high-altitude area, and the black area is a low-
lying area. Because the Mohs hardness of WC, Co and ZrO, are 9,5.5 and 8.5, respectively, the Co phase is easy
to be polished to become the lowest region, followed by the ZrO, phase. Therefore, the white area in Fig. 4a is
WG, the black area is Co, and the brown area is ZrO,. The Co phase is a ferromagnetic material. Therefore, the
magnetic phase angle distribution of the alloy was measured by AFM magnetic force microscope (as shown in
Fig. 4b), where the dark area is the Co phase. The surface potential distribution diagram can reflect the relative
potential of the cemented carbide, that is: surface potential = probe tip potential-phase potential. Therefore, the
higher the phase potential, the darker the brightness displayed in the diagram. Because the Co phase has a lower
potential (- 0.93 V), and the WC phase has a higher potential (- 0.53 V), the contrast of the WC phase in the
surface potential diagram is darker, and the Co phase is brighter ; the location of WC, Co and ZrO, phases can
be determined by comprehensive analysis (as shown in Fig. 4).

Figure 4d shows the EWF curve at the position shown by the solid line. According to Fig. 4d, the EWF of WC,
Co and ZrO, can be obtained. The EWF gradient at the interface (such as WC/ZrO,, Co/ZrO, and WC/Co) can
be expressed by the slope of the EWF at the interface. In order to obtain accurate data, at least 6 sets of data are
calculated for the EWF gradient of each interface. The results obtained by averaging are shown in Table 1. It can
be seen that compared with the EWF gradient of the WC/Co interface of 66.92+4.32 mV/um, the WC/ZrO,
interface is 264.93 +6.77 mV/um, which is much higher than the WC/Co interface EWF gradient, while the Co/
ZrO, interface is 108.01 +£4.53 mV/um, which is higher than the WC/Co interface EWF gradient. That is to say,
in this sample, the interface bonding strength of WC/ZrO, is the lowest, and the interface bonding strength of
WC/Co is the highest, that is, the interface bonding strength from high to low is: WC/Co, Co/ZrO,, WC/ZrO,.

Microstructure and interface bonding strength of cemented carbide with VC additive
Figure 5 shows the XRD and SEM images of cemented carbide with VC as additive. It can be seen that the
prepared cemented carbide is composed of WC, Co and VC?® phases, and the WC grain size is not uniform.
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Fig. 2. (a) XRD and (b) SEM of cemented carbide with ZrO, additive.
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Fig. 3. EDS of cemented carbide with ZrO, additive.

Through the EDS analysis shown in Fig. 6, it can be seen that the bright area in Fig. 5 is WC phase, the dark
gray area is Co phase, and the light gray area is VC phase. Combining the two characterization results, it can be
observed that VC aggregates to form a large VC phase, while Co phase is dispersed in the gap between grains.

Figure 7a-c is the morphology, magnetic phase angle distribution and surface potential distribution of
cemented carbide obtained by AFM. The distribution of each phase can be obtained by using the same analysis
method as the cemented carbide with ZrO, as the additive. The darker phase in Fig. 7b and the brighter phase in
Fig. 7c are Co phase, and the darkest phase in Fig. 7c is VC phase, as shown in Fig. 6.

Figure 7d is the EWF at the corresponding position of the straight line in Fig. 7a-c. The EWF gradients of
WC, Co and VC interfaces (such as WC/VC, Co/VC and WC/Co) can be obtained as shown in Table 2. It can be
seen that the EWF gradient of the WC/Co interface is 40.94+ 1.25 mV/um, the WC/VC interface is 22.40 +2.81
mV/um, and the Co/VC interface is 51.59+1.36 mV/um. The slope of the EWF of the Co/VC interface is the
largest, indicating that the interface bonding strength of the Co/VC is the lowest, and the interface bonding
strength of the WC/VC is the highest. That is: the interface bonding strength from high to low interface is: WC/
VC, WC/Co, Co/VC.

Microstructure and interface bonding strength of cemented carbide with tic additive

Figure 8 is the XRD and SEM images of cemented carbide with TiC as additive. It can be seen from Fig. 8a
that the prepared cemented carbide is composed of WC, Co and TiC?® phases, while the scanning electron
microscope diagram of Fig. 8b shows that the microstructure of the sample is relatively uniform, and the WC
grains have no fixed form, but there are four phases. It can be seen from the EDS analysis shown in Fig. 9 that
there are four phases of WC, Co, TiC and (Ti, W) C in the sample. Most of the TiC phase is surrounded by the
(Ti, W) C phase, and only a very small part is in contact with the WC phase. The Co phase easily appears at the
interface between WC and (Ti, W) C.

Figure 10a-c is the morphology, magnetic phase angle distribution and surface potential distribution
of cemented carbide obtained under AFM. The analysis shows that Co phase is the darker phase in Fig. 10b
coincides with the brighter phase in Fig. 10c. According to EDS analysis, most of the TiC phase is surrounded by
(Ti, W) C phase, so the darkest phase in Fig. 10c is more likely to be (Ti, W) C, as shown in Fig. 10.

Figure 10d is the EWF at the position corresponding to the straight line position of Fig. 10a-c, from which the
EWF gradient of WC, Co and (Ti, W) C interfaces (such as WC/ (Ti, W) C, Co/ (Ti, W) C and WC/Co) can be
obtained as shown in Table 3. It can be seen that the EWF gradient of the WC/Co interface is 66.46 +£2.52 mV/
um, the WC/ (Ti, W) C interface is 73.49 +4.84 mV/pum, and the Co/ (Ti, W) C interface is 115.06 +10.81 mV/
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Fig. 4. AFM images of cemented carbide with ZrO, additive: (a) morphology, (b) magnetic phase angle, (c)
surface potential diagram, (d) the EWF curve at the position shown by the solid line.

Interfaces WC/Co WC/ZxO, Co/ZrO,

66.92+4.32 | 264.93+6.77 | 108.01£4.53

EWF gradient (mV/pum)

Table 1. EWF gradient at different interfaces of cemented carbide with ZrO, additive.

pm. The EWF slope of the Co/ (Ti, W) C interface is the largest, indicating that the interface bonding strength
of the Co/ (Ti, W) C is the lowest, and the interface bonding strength of the WC/Co is the highest. That is : the
interface bonding strength from high to low interface is: WC/Co, WC/ (Ti, W) C, Co/ (Ti, W) C.

Comparison of interface bonding strength of cemented carbide with different additives

Due to the high hardness of the cemented carbide, the probe will be worn during use, which may cause the
change of the tip potential of the probe. In order to ensure the comparability of the data, the gradient of the
interface EWF of the WC/Co is used as a benchmark for normalization, and the relative data of the gradient
of the interface EWF formed by different additives with Co and WC in the cemented carbide are obtained, as
shown in Tables 4 and 5. The analysis shows that the influence of different additives on the interface bonding
strength of cemented carbides are different. The interface bonding strength of VC/WC is higher than WC/Co.
The interface bonding strength of TiC/WC and ZrO,/WC is lower than that of WC/Co. The interface bonding
strength between Co and additives is lower than that of WC/Co. Johansson et al.*” used the calculation method
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Fig. 6. EDS of cemented carbide with VC additive.

to obtain the result that the interface bonding strength of VC with WC and Co is greater than that of TiC with
WC and Co, which is consistent with the measurement results of this project.

It can be seen from the above results that the interface bonding strength between VC and WC is higher, while
the interface bonding strength between VC and Co is lower. In the preparation of materials, if VC phase can be
more distributed around WC grains and the contact between VC phase and Co can be reduced, materials with
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Fig. 7. AFM images of cemented carbide with VC additive: (a) morphology, (b) magnetic phase angle, (c)
surface potential diagram, (d) the EWF curve at the position shown by the solid line.

EWF gradient (mV/pm) | 40.94+1.25 | 22.40+2.81 | 51.59+1.36

Table 2. EWF gradient at different interfaces of cemented carbide with VC additive.

better properties may be obtained. Studies have shown that VC is more likely to exist at the interface of WC/WC,
and the matching between VC and WC is better*®3°, which is consistent with the results of low gradient of EWF
and high interface bonding strength at the interface of VC / WC in this study. Adding VC to cemented carbide
can improve its hardness and fracture toughness*’. Because the interface EWF gradient of TiC/WC is slightly
higher and the interface bonding strength is lower, but the addition of TiC in the cemented carbide can reduce
the grain size and improve its performance, so the fracture toughness is not significantly reduced*!.
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Fig. 8. (a) XRD and (b) SEM of cemented carbide with TiC additive.

Fig. 9. EDS of cemented carbide with TiC additive.
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Fig. 10. AFM images of cemented carbide with TiC additive: (a) morphology, (b) magnetic phase angle, (c)
surface potential diagram, (d) the EWF curve at the position shown by the solid line.

EWF gradient (mV/pm) | 66.46+2.52 | 73.49+4.84 115.06+10.81

Table 3. EWF gradient at different interfaces of cemented carbide with tic additive.

Normalization results | 1 1.11 3.96 0.55

Table 4. Normalization results of interface EWF gradient formed by WC and additives.
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Interfaces WC/Co | Co/TiC | Co/ZrO, | Co/VC
1.73 1.61 1.26

—

Normalization results

Table 5. Normalization results of interface EWF gradient formed by Co and additives.

This study provides a new method for the evaluation of the interface bonding strength of cemented carbide,
and the research results will provide a reference for the selection of additives and the design of high-performance
cemented carbide.

Conclusion

Through the preparation of cemented carbide containing different additives, the microstructure of cemented
carbide and the distribution of additive phase were observed by XRD, SEM and EDS. The EWF of cemented
carbide was measured by atomic force microscope, and the gradient of EWF at the interface was calculated.
By comparing the interface between additives and WC and Co phases and the bonding strength of WC/Co
interface, the following conclusions were obtained.

(1) The order of interfacial bonding strength is: WC/VC> WC/Co> WC/TiC> WC/ZrO,, WC/Co> Co/VC>
Co/ZrO,> Co/TiC..

(2) The effect of different additives on the interface bonding strength of cemented carbide was obtained: the
interface bonding strength between VC additive phase and WC phase is higher, while the interface bonding
strength between TiC, ZrO, additive phase and WC phase is lower; the interfacial bonding strength be-
tween VG, TiC, ZrO, additive phase and Co phase is low.

(3) The research results provide a method to evaluate the interface bonding strength by using the gradient of
interfacial EWE, and it can provide guidance for the design of high-performance materials, extending the
service life of the workpiece, and has been more widely used in the mining tools, wear parts and other fields.

Data availability

All relevant data are within the paper.
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