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Abstract

High spindle speed grinding (HSSG) of WC/Co and binderless WC was conducted to study
the effects of binder addition on surface generation mechanism. To help to explain the role of Co
binder, Vickers-indentation and nano-indentation test were also conducted on the polished WC/Co
and binderless WC workpiece. The indentation results firstly showed that even though the addition
of Co binder could obviously improve the toughness of bulk materials, non-uniform surface
plastic deformation can be induced by the varied hardness of composing phases in nanoscale,
indicated by the shape of load-displacement curves at low loads.. Moreover, except for the
scratching grooves and feed marks, the machined WC/Co surface was covered by randomly
distributed micro-pits resulted from the dislodgement of hard particles in comparison with the
binderless WC. Fast Fourier Transform (FFT) analysis confirmed the obvious contribution of
these micro-pits to the spatial frequency at 148.1 1/mm than the feed component. Moreover, the
results showed that the machined surface experienced no evident oxidation with minimum

quantity lubrication, but a deformed surface layer formed under the dynamic pressure of the

© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



diamond grits during grinding.
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1. Introduction

Tungsten carbide (WC) is extensively used in optical molding industries for its excellent
mechanical properties at high temperature, such as high stability, corrosion resistance, high
strength and hardness [1, 2]. To improve the toughness and densify WC bulk materials, a certain
amount of cobalt (Co) is added as binder for its high temperature stability and good ductility [3-5],
and the inter-diffusion of liquid Co and carbon during sintering could promote the interface
strength between WC and Co [6], so the mechanical properties of bulk WC/Co materials could be
obviously improved.

As is well known, the material microstructure plays a critical role on its mechanical
properties and machinability, so it is certain that the material removal and surface generation
mechanism of WC/Co under indentation and abrasive machining should have been changed
accordingly after the addition of Co. A number of relative investigations have been conducted to
study the influence of materials microstructure on the surface damage mechanism of WC/Co
carbides. Blanda et al [7] reported that the addition of Co resulted in the appearance of ‘mix-mode’
indents, where the indents were always at multi-phase points, so great difference of measured
hardness was obtained. Duszova et al [8] even found that the higher volume fraction of binder
would change the damage mechanism of WC/Co from fracture of WC/WC bridges to deformation
of Co binder under indentation. Then, it can be drawn that the critical load could be improved and
ductile material removal mode could be achieved more easily during grinding [9]. The existing
phase boundaries between WC and Co would impede the propogation of interfacial micro-cracks

which resulted in the grains dislodgement, and the strengthening effects of binders has been

proved by Zhang et al [4]. Moreover, Yin et al [10] found that the grinding surface of WC/Co was



characterized by microgrooves and plastic flow regions via slip of WC grains along the Co binder.

More recently, Gant et al [11, 12] also reported the close relation of wear modes with material

microstructure for WC/Co. Binder extrusion and fragmented tungsten carbide grains embedded in

binders under the single point abrasion experiments could be induced [13], which also limited the

surface finish achieved [14]. It has been reported that the very nature of the damage behavior of

ceramics could be changed and optimized by the addition of binders [15], and the mechanics

under varied mechanical loading still need further investigation.

In the present work, nanoindentation and Vickers-hardness indentation test was firstly

performed to study and analyze the different material damage mechanisms which were focused on

the effects of binders’ addition. Then, the role of Co on the surface damage mechanism of WC/Co

under high spindle speed grinding (HSSG) was investigated. To specify the influence of Co,

Vickers indentation and high spindle speed grinding (HSSG) of binderless WC material were also

performed for comparison.

2. Experiments

2.1 Materials and machine

Commercially available WC/Co carbides (~6.wt% Co, Goodfellow Cambridge Ltd., UK) and

binderless WC (Dijet Industrial Co., Ltd., Japan) were used. Before the indentation test, the

workpiece materials were firstly polished with diamond paste of 1 um diameter to remove the

surface layer and reduce the impact of the original surface defects, with the obtained surface

roughness (R,) to be about 3 nm for the workpiece. The surface morphology of the polished

WC/Co composites indicates that there exists no obvious defects in the original bulk materials and

the WC grain size is about 2 pm, as can be seen from Fig. 1(a) and (b). Nanoindentation test was



conducted on a nano-indenter (Nano-Indenter® XP system, MTS) with continuous stiffness

measurement (CSM) mode at varied parameters. The Vickers indentation test was conducted on

the polished surface by Vickers micro-hardness tester (MicroWiZhard) under the loads of 0.2 kg,

with the loading time of 5 s, holding time of 10 s and unloading time 5 s. Three repeated times of

indentation were performed for both WC/Co and binderless WC at varied surface positions to

investigate the surface profile generated under quasi-static normal pressure. High spindle speed

grinding (HSSG) was conducted on Moore Nanotech 450UPL, detail illustration of the grinding

setup and mechanical properties of WC/Co and binderless WC composites could be found in [16]

and [2]. The grinding parameters in the present work are listed in Table 1.

20kV  X10,000 1pm 10 50 SEI

Fig. 1 (a) SEM morphology, (b) 3D topography of the polished WC/Co composites

Table 1. Micro-grinding parameters

Wheel(20mm in diameter)  1500“G0787B195

Wheel RPM (rpm) 20,000
Workpiece RPM (rpm) 120

Depth of cut (um) 0.5

Feed rate (mm/min) 0.5

Coolant CLAIRSOL 350
Workpiece size 10x10%x5 mm

2.2 Characterization and measurement

The surface morphology of the indentation imprints were characterized by scanning electron

microscope with backscattered electron imaging (BSEM, Hitachi TM3000). The polished and

grinding surface morphology of WC/Co were examined by a scanning electron microscope
5



equipped with EDS (SEM, JEOL Model JSM-6490). Besides, the polished and grinding surfaces

were analyzed by the white light interferometers (WLI, WYKO NT8000 and ZYGO Lamda

Nexview) and atomic force microscope (AFM, Park's XE-70). X-ray diffraction (XRD, Rigaku

SmartLab) with CuKa radiation (45 kV, 200mA) was also performed to analyze the polished and

grinding WC/Co surface in a scanning angle range of 25 to 50 °, and focused ion beam (FIB,

JEOL Model JIB-4501) was utilized to examine the machined surface.

3. Results and discussion
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Fig .2 Surface topography, cross-sectional profile height and FFT results of the machined surface:
(a), (b) and (c) for WC/Co; (d), () and (f) for binderless WC

Fig. 2(a) and (d) shows the surface topography of WC/Co and binderless WC after grinding,
which was measured at the position of 4 mm from the workpiece center. It could be found that the
machined surface of both WC/Co and binderless WC were covered by obvious feed marks.
However, things also differed because many superficial micro-pits occurred on WC/Co surface,
which is shown in Fig. 3(a). On the one hand, the hard WC particles were extruded to be denser
under the shock pressure of diamond grits for WC/Co, and some WC particles would fall as the
extruded Co between the neighboring hard phases was removed with less binders remained,
leaving some pits on the surface. On the other hand, due to the different harness between WC and
Co, the material removal rate differed, resulting in the varied height between WC particles and
cobalt binders. In the previous study, it was found that cobalt binder had great impact on the
fatigue life [17]. Under the cyclic scratching pressure of diamond grits during high spindle speed
grinding (HSSG), the cobalt binder will be extruded and removed, resulting in the dislodgement of
WC grains [18, 19]. The cross sectional profile height of the machined surface at 4 mm from the
workpiece center, as is shown in Fig. 2(b) and (e), indicates the worse surface finish obtained for
WC/Co. The surface roughness (R,) is 9.42 nm for WC/Co and 7.25 nm for binderless WC,
respectively. The results of Fast Fourier Transform (FFT) analysis confirmed the great influence of
micro-pits generated on the machined surface. As can be seen from Fig. 2(c) and (f), the main
spatial frequency for WC/Co is located at 148.1 1/mm, while the main peak is 236.1 1/mm for

binderless WC, which corresponds to the feed components calculated based on the Eq.(1)
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where d,,, is the measured distance between the waviness peaks (um), and fiaiar iS the spatial

frequency (1/mm). Therefore, even though the Co binder could improve the toughness of bulk

WC/Co materials, the impact on the surface generation mechanism during high spindle speed

grinding (HSSG) should be paid more attention. As has been indicated by the nanoindentation test

above, the different hardness of the bulk material composition phases would lead to the varied

penetration depth for diamond grit, so the material removal rate also differed. Especially for the

ductile Co, it will be extruded under the dynamic pressure of diamond grits [19]. Then, the

extruded Co could be removed by the following diamond grits, leaving many micro-pits on the

machined surface [13]. Moreover, as another material removal mode, the WC grain dislodgement

could be induced [18]. These both contributed to the main spatial frequency (148.1 1/mm), which

resulted in the obtained surface roughness (R,) higher than binderless WC.

Fig. 3 3D surface topography of the machined WC/Co surface measured by: (a) AFM; (b) WLI

Considering the fine grinding parameters and the random protrusion height of diamond grits,

nanoindentation was used to explain the mechanical behavior difference in WC particles and Co

binder. Fig. 4(a) and (b) shows the load-displacement curves of nanoindentation for WC/Co under

the loading/unloading time of 5 s and varied loads. It could be found that the load-displacement

curve at 5 mN is obviously crooked, and there exists a fast displacement zone at the initial point

which results in an even flat load-displacement curve. Previous studies have reported that not only
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the crystallographic orientation of WC particles but also the Co binder addition contributed to this
phenomenon [7, 20, 21]. Moreover, it could be found that the “pop-in” effect at the lower load and
loading rate is more obvious than higher load and loading rate. As far as the contact area is
concerned, the protrusion height of the scratched grooves promoted the rapid displacement at a
low loading rate, which is shown in Fig. 3(b). In addition, the pop-in phenomenon did not
obviously appeared for the machined surface at the initial loading stage, which is attributed to the

formation of a densified and deformed layer induced by grinding [22, 23].
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Fig. 4 Load-displacement curves for WC-Co before and after grinding at the max loads of 5 mN, 10 mN, 100 mN

and 200 mN: (a), (c), (¢) and (g) for polished surface; (b), (d), (f) and (h) for grinding surface
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However, with the increase of maximum load, the curves at different positions were

reproducible. This could be attributed to the indentation size effects (ISE) [24, 25]. To further

illustrate this problem, the measured elastic modulus and hardness by nanoindentation at varied

loads for the polished and machined surface are shown in Fig. 5. After the addition of binders, the

varied mechanical properties between the hard particles and binders would result in the

non-regular load-displacement curves at different positions. At the load of 5 mN, the plastic

deformation of Co binder in WC/Co will be firstly induced, leading to the quick displacement at

the beginning, even though the nanoindentation was performed on WC particle. With the increase

of load, the higher load rate at 10 mN and 25 mN will make the Co binder around WC particle

deformed quickly, resulting in the higher dynamic toughness and geometrically necessary

dislocations (GNDS) strengthening effects [24]. This is in consistence with the result that single

WC grains were plastically deformed by slip during grinding process [13, 23]. However, the

strengthening effects of GNDS was limited with the further rise of the max load, as the length of

deformation became much greater than the grain size. Therefore, the measured modulus and

hardness firstly increased and then stay steady. Moreover, it can be easily seen that the measured

hardness and modulus for the machined surface are all slightly smaller than the polished surface.

In fact, a hardening surface layer with compressive residual stress was reported during the

diamond grinding of WC/Co [23]. In the present work, the reduced hardness and modulus can be

attributed the worsening surface finish and scratched grooves which could be deformed under the

indentation pressure, resulting in a higher penetration depth.
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Fig. 5 (a) Hardness and (b) elastic modulus of WC/Co measured by nano-indentation at varied max loads

Previous studies have shown that the grinding force in micro-grinding could reach 2 N [26],

so Vickers-hardness indentation under 0.2 kgf is performed to illustrate the surface damage

mechanism of WC/Co under grinding, with the contact area between diamond wheel and

workpiece considered as a whole. Fig. 6 shows the surface morphology of the Vickers-indentation

imprints on WC/Co and binderless WC. As can be seen from Fig. 6(a), only regular indentation

imprints were replicated from the shape of Vickers indenter on WC/Co surface under the load of

0.2 kg, and there was no obvious surface crack generated near the indentation position. More

specifically, the workpiece material was extruded and swelled out under the pressure of indenter,

resulting in the plastic deformation for both WC and Co. Besides, an obvious densified region

could be found on the compressed surface. For binderless WC at the same loading force, as is

shown in Fig. 6(b), obvious radial cracks could be observed around the four sharp tips. Therefore,

it can be safely drawn that the addition of Co binder could obviously improve the toughness of

bulk materials.
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Fig. 6 BSEM morphology of Vickers-hardness indentation imprints at the load of 0.2 kg: (a) WC/Co, (b)

binderless WC

To reveal the toughening mechanism, the surface morphology of indentation imprints for

WC/Co and binderless WC under 5 kg is shown in Fig. 7. Obvious transgranular and interphase

cracks for WC/Co could be generated under higher load. The twisted cracks for WC/Co indicates

that the toughness (K.) could be improved as the interfaces bridging between WC particles and Co

binders could impeded the propagation of cracks [27]. According to [15, 28-30], micro-cracking

toughening mechanism was well established for ceramic-composites, as is indicated by the green

arrows in Fig. 7(a). In these studies, the role of the weak interfaces has been identified.

Specifically for the cemented WC/Co carbides, the plastic deformation of cobalt binder during

cracks formation and the phase transformation from f.c.c to h.c.p plays an important role on the

toughening of WC/Co [31, 32]. In addition, due to the irregular shapes of WC particles [33], as is

13



shown in Fig. 1(a), stress concentration could be induced at the boundaries between WC and Co,

so it could be readily seen that the origin of cracks was right at the phase boundaries. Presumably,

the micro-cracking at the phase boundaries would also promote the WC grains dislodgement.

Fig. 7 Surface morphology of Vickers-hardness indentation imprints at the load of 5 kg on: (a) WC/Co, (b)

binderless WC

Fig. 8 shows the surface morphology and the element composition of the WC/Co workpiece

after grinding. It can be easily seen that no obvious oxidation occurred on the machined surface

for both WC particle and the binders with the minimum quantity lubrication (MQL). Nevertheless,

the XRD pattern of the machined surface, as is illustrated in Fig. 9, shows some changes in the

peak intensity. This is attributed to the formation of a seriously deformed layer on the grinding

surface [22, 23], which is also identified in the present work, shown in Fig. 9(b). Under the

dynamic pressure of the diamond grits during high spindle speed grinding (HSSG), Co can be

14



extruded and the mean free path between neighboring WC grains decreased. Moreover,

amorphization of WC could be induced under the shear stress of dynamic diamond grits scratching,

which has been reported by Stoyanov et al. [34].
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Fig. 8 SEM morphology and EDS results of the machined WC/Co surface
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Fig. 9 (a) XRD pattern of the original material and machined surface; (b) FIB section of the machined surface

4. Conclusions

The main aim of present study was to investigate the effects of binder (Co) addition on the
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surface generation mechanism of WC/Co carbide during high spindle speed grinding (HSSG). The
following conclusions could be drawn:

(1) Even though Co binder addition could improve the toughness (K.) of bulk materials
evidently, it deteriorates the surface finish of WC/Co (R,~9.42 nm) achieved during high spindle
speed grinding (HSSG), compared with binderless WC (R,=7.25 nm);

(2) The inconsistent loading-displacement curves of nano-indentation at low loads results
from the varied mechanical properties of WC basal plane, prismatic plane and Co binder, while
the large contact scale at higher loads contributes to the reproducible curves. So the material
removal rate between WC grains and Co binder during grinding differed under the dynamic
pressure of diamond grits;

(3) Under the dynamic pressure of diamond grits, hard particle dislodgement occurred as
another material removal mode due to the non-uniform material removal of WC grains and the
extrusion of Co binder, leading to the generation of many micro-pits on the machined surface of
WC/Co, which contributes to the spatial frequency at 148.1 1/mm;

(4) No obvious oxidation occurred for WC/Co under high spindle speed grinding (HSSG)
with minimum quantity lubrication (MQL), but a deformed layer of about 2 um formed on the
machined surface with the extrusion of Co, resulting in the decreasing peak intensity of X ray
diffraction.
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