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Abstract

The surface generation mechanisms of WC/Co and Reaction-bonded SiC/Si (RB-SiC/Si)
composites under high spindle speed grinding (HSSG) were investigated in the present work,
compared with quasi-static indentation test. The results showed that surface generation mechanism
for WC/Co and RB-SiC/Si varied under both quasi-static indentation and dynamic grinding. Only
plastic deformation occurred for WC/Co indicating its higher toughness, while pop-out effect
induced by phase transformation in RB-SiC/Si would prompt the chipping at phase boundaries under
indentation. Under dynamic grinding, WC/Co underwent plastic deformation, grain dislodgement
and WC particles crush, while ductile removal, phase boundaries crack (along the grinding direction)
and chipping fracture occurred for RB-SiC/Si with the increase of cutting depth. It was found that
the binder in the bulk WC/Co and RB-SiC/Si played a decisive role on the material removal mode,
and the mechanics of grain dislodgement for WC/Co and RB-SiC/Si were analyzed based on a
geometrical model. Besides, three types of grinding wheel wear appeared, including grit
dislodgement, flattening and splintering, which bear an obvious influence on the surface generation.
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1. Introduction

Tungsten carbide (WC) and silicon carbide (SiC) are extensively used in optical mold and

electronic industries for their excellent mechanical properties at high temperature, such as high

stability, corrosion resistance, high strength and hardness [1-5]. Unfortunately, great challenge still

exists in obtaining devices of high accuracy since the surface and subsurface damage could be easily

induced during the machining process [6, 7], and there is great difficulty in machining them for their

high hardness and brittleness by single point diamond turning (SPDT). Ultra-precision grinding is

now considered as the most appropriate and best method to machining them [8], but a damage layer

seems to be inevitable. A great number of studies have been focused on the grinding induced surface

and subsurface damage caused by the interaction between the abrasive grit and workpiece materials,

such as the surface fracture [9, 10], phase transformation [11, 12], residue stress [7, 13], subsurface

cracks [13, 14] and edge chipping [2, 15]. These damage forms are all closely related to the material

removal mechanism [16].

Brittle and ductile regime material removal during grinding were reported during machining of

hard and brittle materials [17, 18]. Under ultra-precision grinding, WC is characterized by plastic

deformation and scratching grooves, which is thought to be an indication of ductile material removal

[9, 19-21], while the surface feature for SiC is mainly fracture and cracks [10, 14, 22-25], indicating

the brittle material removal mode. Mechanical condition for brittle to ductile transition has been

widely investigated by micro-indentation test and scratch. The critical load for ductile mode

machining could be built by this quasi-non-destructive technique [26, 27], as well as the surface and

subsurface damage induced during grinding [12, 28, 29]. Above all, the material microstructure



plays a critical role on its mechanical properties and machinability, then it is certain that the material

removal and surface generation mechanism of WC and SiC should also have been changed

accordingly after the addition of Co and Si, respectively [1, 30]. Unfortunately, few research has

been conducted to investigate its influence on material removal mechanism under grinding directly,

as well as the comparison of difference for WC/Co and RB-SiC/Si at each stage of grinding process.

In the present paper, indentation test was firstly performed to illustrate the quasi-static

indentation induced damage, and then the material removal mechanism of WC/Co and RB-SiC/Si

composites under high spindle speed grinding (HSSG) was investigated by a novel plunge grinding

methodology, taking into account of the diamond grits wear. The mechanics of each material

removal stage for WC/Co and RB-SiC/Si are then analyzed, and the difference is illustrated and

explained based on a proposed geometric model.

2. Experimental procedures

2.1 Materials and machine

Table 1. Mechanical properties of workpiece materials

Workpiece RB-SiC/Si WC/Co
Elastic modulus E (GPa) 410 600
Vikers hardness H (kgf mm?) 2500 1550
Fracture toughness Kic (MPam'?) 3.0 [14,22]  8-11.0 [31]
Compressive strength (MPa) 2000 5500
Composition (wt.%) Si~10.0 Co~6.0
Density p (g/cm?) 3.1 14.95
Size of workpiece (mm) 16x16x5 12x12x5

Commercially available RB-SiC/Si and WC/Co composites (Goodfellow Cambridge Ltd., UK)

were chosen as the workpiece materials. To manufacture RB-SiC/Si and WC/Co composites, silicon

and cobalt is added into WC and SiC/C powder green body, respectively, which is then fired. The



resulting microstructure of both RB-SiC/Si and WC/Co has low porosity and fine grain, in which
about 10.wt% and 6.wt% residue Si and Co worked as binders, respectively, and the SiC particle is
about 10 um and WC grain about 2 pm. As is shown in Fig. 1, WC/Co is composed of WC and Co
phases, with only a small amount of CoO. While for RB-SiC/Si composite, five main phases exist in
the bulk materials, including Si, 6H-SiC, 3C-SiC, 4H-SiC and SiO,. The oxide might be produced
during firing stage and remained in the surface of original bulk materials. Table 1 describes the
mechanical properties of RB-SiC/Si and WC/Co composites. 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. The roughness of polished surface was about 5 nm and 10 nm for
WC/Co and RB-SiC/Si composites, respectively. Ultra-precision plunge grinding was conducted on
Moore Nanotech 450UPL, equipped with an on-machine measuring probe. Illustration of the
grinding machine is shown in Fig. 2. The workpiece was fixed on a tilted-a fixture, with the
workpiece and wheel rotating both counterclockwise. Resin-bonded wheel of 1500# grit size
(Diagrind, Inc., USA) was chosen for creep-plunge grinding after appropriate truing and dressing.

The detail machining parameters are listed in Table 2.
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Fig. 1 X-ray diffraction pattern and phase composition of the original materials: (a) WC/Co, (b) RB-SiC/Si



Based on previous studies [32, 33], the force during micro-grinding with high spindle speed is

in the level of 0.1 kgf, so the Vickers indentation under 0.1 kg is conducted to compare the

indentation results with grinding experiments. Specifically, three times of indentation were

conducted on the polished original materials surface by Vickers micro-hardness tester

(MicroWiZhard), with the loading time of 5 s, holding time of 10 s and unloading time 5 s.
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Fig. 2 Schematic of plunge grinding setup

Table 2. Plunge micro-grinding parameters

Wheel(20mm in diameter) 1500*G0787B195
Coolant CLAIRSOL 350
Wheel RPM (rpm) 20,000
Workpiece RPM (rpm) 1

2.2 Characterization and measurement

The phase composition of original materials was analyzed by X-ray diffraction (XRD, Rigaku

SmartLab) with CuKa radiation (45 kV, 200mA). The scanning angle of X-ray was chosen to be 25

to 100 deg. and the XRD spectrum was analyzed by Jade 6.5 software. The morphology of the

indentation dimples, grinding surfaces and wheel surface after grinding were characterized by

scanning electron microscope (SEM, Hitachi TM3000). Surface topography of each indentation



dimple was then measured by atomic force microscope (AFM, Park’s XE-70). Nexview 3D profilers
(ZygoLamda) was used to examine the typical 3D surface topography of 1500 diamond wheel after
grinding, while the cross-sectional profile of the plunge grinding trace was analyzed by the white
light interferometer (Wyko NT8000) with vertical scanning interferometry in a range of 154.5x115.9
pm.
3. Results

Before the grinding process being conducted, the wheel was first trued by a diamond nib on the
workpiece spindle. As is shown in Fig. 3, the grinding wheel with 60° degree sharp edge could be
obtained after truing and dressing process. The achieved sharp edge radius of grinding wheel was
about 20 pm. Therefore, much less diamond grains would be involved in the cutting process which

was helpful in analyzing and tracking the cutting trajectory of individual diamond grits.

W00 120 140

60 %0

X(pm)
Fig. 3 Sharp edge of grinding wheel after truing by diamond nib

Fig. 4 shows the indentation profile on WC/Co and RB-SiC/Si. Regular deformed indentation

dimples were produced on WC/Co and no apparent crack was generated. On the contrary, evident

cracks occurred at each indentation position on RB-SiC/Si. Furthermore, the varied size of



impression was resulted from the varied hardness of SiC and Si. The topography of each indentation

dimple was shown in Fig. 5. It could be easily found that the shape of three indentations left on

WC/Co was uniform, and no obvious extrusion of workpiece material appeared at the pit edge. For

RB-SiC/Si, the pop-out phenomenon occurred for each dimple. To be more specific, the swell and

the accompanied lateral crack mainly appeared at the phase boundaries between SiC and Si.

Fig. 4 Vickers-hardness indentation profile on WC/Co and RB-SiC/Si composites



Fig. 5 Topography of the Vickers-hardness indentation profile: (a) WC/Co-1, (b) WC/Co-2, (¢) WC/Co-3; (d)
RB-SiC/Si-1, (e) RB-SiC/Si-2, (f) RB-SiC/Si-3
As is shown in Fig. 6, the machined surface of both WC/Co and RB-SiC/Si carbides were
characterized with plastic scratching groove at the very beginning of the grinding process (indicated
by the pink arrows). However, things differed with the increasing depth of cut. For WC/Co, WC

particles were extruded to be denser under the impact pressure of diamond grits (indicated by yellow



ellipses), while the extruded Co binder between the neighboring hard phases was removed with less

binder remained. Afterwards, some of the WC grains were crushed as the depth of cut for parts of

grits involved in cutting became greater than the critical depth (indicated by red rectangles). For

RB-SiC/Si, the ductile removal appeared on the surface of both SiC and Si phases at the beginning,

but discontinuous micro-pits at the SiC and Si phase boundaries along the grinding direction were

induced under the pressure of diamond grits. Worse, non-regular surface fragmentation occurred

(indicated by yellow curves), and the surface quality was aggravated by the breaking and tearing of

workpiece materials with the increasing cutting depth. Besides, although more diamond grits were

involved in cutting the workpiece material with the increase of depth of cut, the material removal

mode for a single grit differed from each other considering the surface profile of wheel and random

protruding height of grits, which can be seen from Fig. 6.
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Fig. 6 Surface morphology of the creep feed plunge grinding trace: (a) and (b) for WC/Co; (c) and (d) for RB-SiC/Si

As is illustrated in Fig. 7, three obvious stages of material removal can be found. At the
beginning, a limited number of diamond grits participated in the material removal at a smaller depth
of cut. Then, more diamond grains were involved in cutting with the increase of grinding depth. As
the cutting depth reached about 600 nm for WC/Co, the dislodgement of WC grains appeared before
it was crushed at about 1.5 um. As the depth of cut for a protruded grit become greater than the
critical depth which was measured to be lower than 65 nm for RB-SiC/Si, the grinding process
entered into the ductile to brittle stage, and obvious pits can be found in the grinding trace due to the
brittle fracture of workpiece material. Afterwards, the material removal mode transferred into total

fragmentation stage with the further increase of grinding depth.
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Fig. 7 Surface topography and profile of plunge micro-grinding trace measured by WYKO: (a) and (b) for WC/Co; (c)

and (d) for RB-SiC/Si



The cross-sectional profiles of the plunge grinding trace at varied position is shown in Fig. 8.
As can be seen from Fig. 8(a), the cross-sectional profile at the very beginning of grinding indicated
obvious extrusion between different diamond grits. With the increase of grinding depth, the
cross-sectional profile remained similar. The cross-sectional profile for RB-SiC/Si bear much
variation, shown in Fig. 8(b). At the initial position, only several diamond grits participated in the
material removal, and both Si and SiC experienced ductile removal stage. However, the phase
boundaries between SiC and Si were fragile and fracture occurred there, leaving some
non-continuous pits. Considering the stochastic distribution of diamond grits and phase boundaries
of SiC and Si, non-regular surface fracture occurred at larger cutting depth and the surface

morphology also changed randomly.
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Fig. 8 Cross section profile of plunge micro-grinding trace at varied position indicated in Fig. 7: (a) WC/Co, (b)
RB-SiC/Si
Obvious wheel wear occurred during the grinding process and the materials microstructure
should also have a great influence on the wear of diamond grinding wheel. As can be seen from Fig.
9(a) and (b), the diamond grits that involved in material removal experienced obvious wear,

including grain dislodgement, surface flattening and splintering. It can also be easily seen that the



protruded height of diamond grits is in random and stochastic distribution. Compared with the fresh
sharp grains located aside, the surface profile of worn grits was found to be non-regular, shown in
Fig. 9(c). The profile indicates that flattening and splintering occurred to diamond grits with a higher
protruded height. The wear would lead to the decrease of protruded height of diamond grains. Then,
the actual cutting depth for the individual grit would decrease, so the material removal mode was

dependent on the depth of cut and the diamond grits wear simultaneously.
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Fig. 9 (a) and (b) SEM surface morphology of the diamond grits of 1500# wheel after grinding; (c) surface profile of
the diamond grits after creep-plunge grinding measured by ZYGO
4. Discussion
High pressure induced phase transformation (HPPT) for both Si and Co under indentation has
been reported previously [12, 29, 34, 35]. There is no doubt that phase transformation would lead to

the change in volume and have a great influence on the bond strength between the hard particles and



binders. Phase transformation of both Si and SiC was identified in the previous study [34, 35, 36],
and this would contribute to the fracture of phase boundaries under micro-grinding. Through the
indentation results, it could be deduced that the pop-out effect of brittle Si near the phase boundaries
was resulted from the phase transformation. Furthermore, the finer microstructure and ductile Co
binder of WC/Co contributed to the plastic deformation and improved mechanical properties [16].

In grinding of brittle ceramics, the critical depth of cut d. for hard and brittle materials was

given as following [2, 17, 37, 38]:

2
i.-o1 (E)(%) 0

Where E is the elastic modulus, H is the hardness, and K. is the fracture toughness. Compared with

the grinding depth a., a simplified surface generation condition was achieved:
Plastic deformed surface:a, < d, 2)
Fractured surface: a, > d, 3
Based on the mechanical properties given in Table 1, the calculated critical depth of cut for
WC/Co and RB-SiC/Si composites was 1.643 um and 37.6 nm, respectively. This is consistent with

the experimental results, shown in Fig. 7.
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Fig. 10 Illustration of the generation and geometry of the maximum undeformed chip
Nevertheless, it should be noted that the criterion between the surface generation and material
removal mode should be distinguished. The generation and geometry of the undeformed cutting
chips is illustrated in Fig. 10. The maximum undeformed chip /.4 is generated related to material
properties could be achieved based on the following relation [22]:
GRERR|
o R B D vl e “)
E, C-riv, \d,
Where E; is the elasticity modulus of the wheel (GPa), E: is the elasticity modulus of the workpiece
material (GPa), C is grit number per unit area in wheel, » is the chip width-to-thickness ratio, v, is
workpiece speed, v, is the wheel speed, a. is grinding depth, d, is the equivalent wheel diameter.
Based on the above analysis, the material removal mechanism in present work was expressed as
following:
Ductile material removal mode: hmax <d c )
Brittle material removal mode: A, 2>d, (6)
As is shown in Fig. 10, the maximum undeformed chip thickness occurred at a certain height (/)
from the machined surface. What should be noted was that, even though the requirement of equation

(6) might be met, the crack length (¢) might not reach the machined surface (c<#), so it was not

enough to affect the surface profile generated.
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Fig. 11 Grain dislodgement mechanism for (a) WC/Co, (b) RB-SiC/Si

In the present work, plastic deformation occurred firstly under the pressure of diamond grits for
both WC/Co and RB-SiC/Si, with diamond grits sliding and scratching on the material surface. This
corresponds to the stage of ductile material removal. In ultra-precision machining of monocrystalline
and single phase materials, three stages of material removal were often discussed: ductile, ductile to
brittle and brittle material removal [2, 24, 39, 40]. Nevertheless, there existed another stage for
WC/Co and RB-SiC/Si composites under the dynamic pressure of diamond grit, namely grain
dislodgement, if the binder effect was taken into account in machining composites. Combining the
results of indentation test and the plunge micro-grinding, it is quite reasonable to say that the
material dislodgement mechanism for WC/Co and RB-SiC/Si composites are different. Specifically,
hard particle dislodged from the surrounding binders under the dynamic pressure of diamond grit for
WC/Co. While for RB-SiC/Si, lateral crack firstly formed and induced, then shedding of these
fractured parts from machined surface occurred. Fig. 11 illustrates the two different grain
dislodgement mechanism.

During grinding of brittle materials, the radial crack was responsible for surface roughness

while the lateral crack contributed to the material removal. According to [41-43], the cutting force fq,



the tangent cutting force fg;, the normal cutting force f;, of a single grit and grinding specific energy

ki was expressed as follows:

ful@)=k, -4 (o) (7)
1
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Y7,
S Vs

k g

! a,v b(a)) ©

Where A.(w) is the cross-section area of chip, w is the angle of the grit from the engaging position,
b(w) is the width of chip relative to w, and x is a constant. From equations (7) and (8), it can be seen
that both of the tangential and normal grinding force will increase with the increasing depth of cut.
As the values become greater than the fracture strength, surface fracture will be induced, described
by the following equations [27, 44]:
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Where o; is the tangent stress exerted by diamond grit, o, is the normal stress exerted by diamond
grit, oris the critical fracture stress of workpiece material, y, is the specific surface energy of the hard
grain, v is the Poisson’s ratio.

For RB-SiC/Si, as the grinding force reached the fracture strength of the workpiece material,
lateral and radial crack would be induced. Discontinuous cracks occurred along the same trace of a
diamond grit, which was attributed to the stochastic and random distribution of diamond grits in

grinding wheel, as well as the extension of obvious phase boundaries. The existing phase boundaries



between SiC and Si would weaken the surface strength for RB-SiC/Si composites, and it would
promote the edge chipping under the dynamic pressure of grits. Besides, the pop-out effect caused
by the phase transformation under grinding force should also be considered. Both will prompt the
chipping of surface material. For WC/Co, Co binder is much softer compared with hard particle, and
then it will be removed more easily and quickly. The non-uniform removal would result in the
reduction of binding force between the surface hard phase and the nearby binder. The dislodgement
condition of hard grains from binder in composites could be determined based on the following
equation [6, 45]:

2.L-y, P
Vi + ‘ >¢ (12)
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Where y; is the specific fracture energy at the grain boundary, y, is the specific surface energy of the

grain, 7 is assumed to be the constant average shear stress exerted by one grain against the matrix or

another grain, 2a is the diameter of a grain, L is the length. ¢ is a constant depending on the angle of

incidence of the hard particle to the surface. The same mechanism could also help to explain the grit

dislodgement wear mode of diamond wheel. Furthermore, the impact and friction effect from the

hard particles in the workpiece materials would cause the surface splintering and flattening of

diamond grits at the elevated grinding depth. Therefore, the surface profile transferred to be smooth

again after the WC crush stage as friction and extrusion effects will rise caused by grit flattening and

splintering.

5. Conclusions

In present study, indentation test and high spindle speed grinding (HSSG) of WC/Co and

RB-SiC/Si composites were conducted to investigate the surface generation mechanism. The



indentation test indicate that Co binder addition in WC/Co could improve the toughness of bulk

materials. However, the phase boundaries became the most fragile point in RB-SiC/Si where evident

edge chipping and cracks appeared, considering the influence of phase transformation. The grinding

experimental results showed that an increasing depth of cut would deteriorate the surface integrity

seriously, and the material removal mechanism differed for WC/Co and RB-SiC/Si composites

obviously. It was found that WC/Co composite exhibited three stages of material removal: ductile

removal, grain dislodgement and WC particles crush, while ductile removal, phase boundaries crack

(along the grinding direction) and chipping occurred for RB-SiC/Si. The mechanics for the different

material removal mode were analyzed and discussed based on varied models, which would promote

the understanding of ultra-precision machining of advanced ceramic composites. Furthermore, the

wheel wear prompted the surface damages, such as surface fracture and binder extrusion.
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