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Abstract

Indentation test (Nano-indentation and Vickers-indentation), diamond scratching
and high spindle speed grinding (HSSG) are conducted to investigate the role of silicon
(S1) on the surface damage behavior of reaction bonded SiC/Si composites (RB-SiC/Si).
Even though the addition of Si contributes to densifying the bulk materials and
improving the toughness, the indentation and diamond scratching results firstly indicate
that the cracks initiate at the SiC/Si interfaces due to the non-uniform deformation
caused by the existence of Si, and the phase transformation of Si also leads to the pop-
out effect during the nano-indentation and the diamond scratching test. The ground
surface of RB-SiC/Si is characterized by scratching grooves and brittle fracture,
indicating the ductile material removal mode and brittle material removal mode for RB-
SiC/Si, respectively, and the surface reliefs form on the ground surface due to the
different hardness between Si and SiC phases. Moreover, the phase transformation of
Si contributes to the easy fracture of phase boundaries under the mechanical loading,
and the accompanied volume change also results in the dislodgement of hard particles
and the generation of surface burs on the ground surface.
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Nomenclature used in this article
B= brittleness of the material
E = elastic modulus
H= vickers hardness
Kc=fracture toughness
p=material density
a~ depth of cut
F=feed rate
P= the indentation load
L= the crack length by indentation
a=the diagonal length of the imprint
C=L+a



1. Introduction

Reaction bonded silicon carbides (RB-SiC) are widely applied in the nuclear field,
the optical industry and the electronic industry for the excellent mechanical properties
at the high temperature and in the harsh environments, which contribute to the longer
service life of the devices and environmental manufacturing (Ref 1-5). Actually, the
melted Si can fill the pores among the SiC grains during the sintering process through
the formation of the chemical bonds between Si and SiC ( Ref 6, 7), but the incomplete
reaction of Si resulted in a certain remaining amount of free silicon (Si) in the bulk
material (Ref 7-9).

As far as the great hardness and brittleness of SiC is concerned, the machinability
and the high precision manufacturing technologies of SiC materials have been widely
investigated. First of all, to improve the surface integrity of the machined SiC parts, the
ductile material removal should be achieved. A critical indentation load for the SiC
materials can be approximately determined by the indentation method, and the main
damage mechanism for both single crystalline SiC and poly-crystalline SiC is cleavage
fracture when the load is greater than the threshold (Ref 10,11). For RB-SiC/Si, the
existence of the phase boundaries between Si and SiC led to the heterogeneity of the
microstructure, and the bulk material dislodgement resulting from the crack initiation
and propagation during grinding led to the high cost for the production process (Ref
12). Agarwal (Ref 13,14) reported that the efficiency of the grinding process can be
improved by the brittle material removal and an improvement of the surface quality was
achieved by optimizing the machining parameters (Ref 15). For the simplification and
cost-effectiveness, diamond scratching has been undertaken to investigate the material
removal mechanism during grinding and the correlation between the surface roughness
and the subsurface damage (Ref 16-18). It was found that the high pressure phase
transformation (HPPT) of Si can be induced under the mechanical loading, and the
accompanied volume change prompted the surface fracture which led to the dropping
critical depth of cut than the calculated result (Ref 19-21). More specifically, the
accompanied 22% volume decrease caused by the phase transformation from Si-I to Si-

IT results in the decreasing slope of the load-displacement curve at this point, while the



volume expansion occurred during the transformation from B-Sn structure (Si-II) to R8
structure (Si-XII) which further transformed to Si-IIl. Both the volume decrease and
increase led to the generation of the abnormal load-displacement curves (elbow or pop-
out). Therefore, the existence of Si in the bulk materials has great influence on the
surface damage mechanics of RB-SiC/Si under the mechanical loading. Nevertheless,
the impact of Si on the nanometric surface characteristics of RB-SiC/Si under grinding
is still lack of direct and comprehensive investigation, and the damage mechanics under
the varied mechanical loading deserve much more attention.

In this study, the quasi-static mechanic behavior of RB-SiC/Si is firstly explored
by nanoindentation and Vickers hardness indentation test, focusing on the effects of Si.
To elucidate the impact of Si, the Vickers hardness indentation tests of single crystal
SiC and Si were also performed for comparison. Then, the diamond scratching of RB-
SiC/Si is undertaken to illustrate the material removal mechanism under the dynamic
loading. Finally, the impact of Si on the nanometric surface characteristics of RB-SiC/Si
composites during the high spindle speed grinding (HSSG) is explored.

2. Materials and experiments

The workpiece material is commercially available RB-SiC/Si composite
(Goodfellow Cambridge Ltd., UK), in which about 10 wt.% free silicon remains and the
diameter of the SiC particles is about 10 pm, and single crystalline Si and 6H-SiC
(Xiamen Powerway Advanced Material Co., Ltd., China) are also used for the
comparison experiments. Table 1 lists the detailed mechanical properties of RB-SiC/Si.
Before the indentation and the scratching tests, the workpiece material was firstly
polished with the diamond paste by hand and the surface roughness (Ra) after polishing

was about 10 nm.

Table 1 Detail mechanical properties of the RB-SiC/Si material

RB-SiC/Si ~10 wt.% Si
Elastic modulus £ (GPa) 410

Vickers hardness H (kgf mm) 2500
Fracture toughness Krc (MPa m'’?) 3
Compressive strength (MPa) 2000
Density p (g/cm?) 3.1




Nanoindentation test (Nano-Indenter® XP system, MTS) was undertaken to
characterize the varied mechanical properties of RB-SiC/Si at different points. The tip
used for the nanoindentation test was Berkovich tip and the test was performed in the
continuous stiffness measurement (CSM) mode. Five repeated indentations at each
parameter were conducted to make the results more reliable. To illustrate the damage
mechanics of RB-SiC/Si at higher loads, the Vickers indentation (MicroWiZhard) at 0.2
kg was performed for three repeated times, with the loading/unloading time of 5 s and
the holding time of 10 s. The indentation tests on the monocrystalline SiC and
monocrystalline Si were also performed for comparison. The diamond scratching test
was then performed on a precision grinding machine (MUGK7120X5, Hangzhou
Machine Tool Group Co., Ltd., China), with the diamond grit fixed to a steel disc and
the diameter of the sharp point was around 230 mm. The scratching setup is shown in
Fig. 1. High spindle speed grinding (HSSG) was conducted on a three-axes ultra-
precision grinding machine (450UPL, Moore Nanotech. USA). The scratching
parameters and the grinding parameters are listed in Table 2 and Table 3, respectively.
[lustration of the grinding setup can be found in our previous study (Ref 22).

Table 2 Detail parameters of the scratching test

Machine MUGK7120X5

Grit shape Face to face apex angle 120°
Scratching diameter 230 mm

Rotation speed 50 RPM

Feed rate 1000 mm/min

Table 3 Detail parameters of the high spindle speed grinding

Wheel (20 mm in diameter) 1500*G0787B195
'Wheel rotation speed (rpm) 20,000
Workpiece rotation speed (rpm) 120

Depth of cut (um) 0.5

Feed rate (mm/min) 0.5

Coolant CLAIRSOL 350

Size of the workpiece 16X16x5 mm
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Fig. 1 Illustration of the setup for the diamond scratching

The surface morphology of the polished RB-SiC/Si surface was checked by an optical
microscope (Olympus BX60) and a white light interferometer (WLI, ZYGO Lamda
Nexview). The indentation imprints and the scratching grooves were characterized by a
scanning electron microscope (SEM, Hitachi TM3000) and the white light interferometer,
and focused ion beam (FIB, JEOL Model JIB-4501) was utilized to examine the
scratched surface. The ground surface of RB-SiC/Si was examined by a scanning
electron microscope (SEM, JEOL Model JSM-6490), an atomic force microscope (AFM,
Park’s XE-70) and the white light interferometer to identify the surface characteristics. In
addition, the machined surface of RB-SiC/Si was characterized by Raman spectroscopy
(JYHRS800, Horiba) to study the phase transformation of Si, where the laser wavelength
is 458 nm and the spot size is around 1 pm.
3. Results and discussion
3.1 Damage mechanism of RB-SiC/Si under indentation

Fig. 2 shows the typical load-displacement curves of the nanoindentation test for
RB-SiC/Si at different loading/unloading conditions. When the maximum load was 5
mN, no obvious plastic deformation of SiC phase appeared, as shown in Fig. 2(a). The

further increase of the maximum loads to 25 mN and 50 mN result in higher residual



deformation, but the curvatures do not change evidently at the loading and unloading
stage. On the contrary, an ‘elbow’ begins to occur at the unloading stage for Si even
with the maximum load of 5 mN, which becomes more obvious at the maximum load
of 25 mN, as shown in Fig. 2(b). Moreover, it can be found that the ‘pop-out’ effect
appears during the unloading stage for the Si phase as the maximum load reaches 50
mN. The specific phenomenon indicates that the phase transformation of Si was

induced and the volume change accompanied during the fast unloading stage promoted

the appearance of the surface fracture (Ref 21, 23-25).
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Fig. 2 Load-displacement curves of the SiC and the Si phases in RB-SiC/Si at a
loading/unloading time of 5 s and with the varied maximum loads: (a) for SiC phases,
(b) for Si phases

To get a further insight into the impact of the phase boundaries on the surface
damage mechanism, the nannoindentation test was also conducted on the polished RB-
Si1C/Si surface at the max load of 100 mN with the loading/unloading time of 20 s. The
surface morphologies and the load-displacement curves of three typical indentation
imprints at different points are shown in Fig. 3. The positions are numbered in the optical
image, as shown in Fig. 3(a). Position 1 is the phase boundary of SiC and Si, while
position 2 is nearly on the SiC phase. Indentation test at position 3 is totally conducted
on the SiC phase. It can be easily found that obvious surface fracture was induced at the
phase boundaries of SiC and Si at Position 1. According to the previous studies (Ref 26-
29), the ratio of the hardness to the fracture toughness (H/Kic ) can be seen as the index
of the brittleness of the material, which can be calculated by Equ.(1). Based on the

results of the nanoindentation text, the brittleness (B) of the different phases (SiC and Si),



as well as the phase boundaries can be ordered as: Bphase boundaries™Bsic>Bsi. The higher

brittleness, the easier occurrence of the surface fracture (Ref 26).

B:H-ZE
KC

(1)

In addition, it can be easily seen that the phase boundary between the Si and the SiC
phase results in the non-coordinated deformation during the loading and unloading stages.
As shown in Fig. 3(b), the surface fracture also results in the abnormal curve in the
loading stage. Besides, the degree of the deformation for the different indentation points
also differed under the same loading conditions, which was attributed to the varied
hardness of SiC and Si, as well as the random phase distribution. The non-uniform
deformation of Si and SiC resulted in the phase boundaries fracture easier. On the one
hand, the phase transformation induced volume change of Si under the high pressure near
the indenter contributed to the boundary damage, as has been reported in the previous
studies (Ref 19, 20). On the other hand, the surface damage is dependent on the
percentage of the area of the Si phase in the imprint, where the surface fracture of the
indented position appeared if the imprint was mainly on the Si phase between the two
neighboring SiC grains. It has been reported that the strengthening effects of GNDS
(geometrically necessary dislocations) is limited as the deformation goes beyond a single
grain (Ref 30), so the surrounding phase effects should be taken into consideration to
explain the result. When the nano-indentation test was undertaken on the SiC phases, the
surrounding Si phases contributed to the plastic deformation for its lower hardness
compared with the SiC phases. On the contrary, the SiC phases around Si worked as rigid
substrates when the imprints were performed on the Si phases, so the volume change of
Si caused by phase transformation is limited, which promotes the surface fracture of the

phase boundaries.
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Fig. 3 (a) The surface morphologies of three typical imprints conducted at the varied
points, (b) the corresponding load-displacement curves

Fig. 4 shows the BSEM images and the surface topographies of the Vickers-hardness
indentation imprints of monocrystalline 6H-SiC, monocrystalline Si and RB-SiC/Si at
the maximum load of 0.2 kg, respectively. As shown in Fig. 4(a) and Fig. 4(b), the radial
cracks on both of the single crystalline Si and 6H-SiC are obviously induced under the
Vickers indentation, and the indented depth and the generated plastic deformation on Si
are greater than 6H-SiC due to the different hardness. Moreover, from the 3D surface
topographies of the imprints, it can be found that the single crystalline Si surface is
obviously extruded and swelled near the imprints. As shown in Fig. 4(c), obvious radial
and lateral cracks are also induced around the four edges on the polished RB-SiC/Si at
the same load, and the propagation of the radial cracks is dependent on the relative
direction between the crack tip and the phase boundaries. Specifically, the generated
cracks are more like to initiate and propogate if the phase boundary is nearly parallel to
the generated radial cracks. However, when the angle between the phase boundary and
the radial crack is in the range of 45-90°, the lengths of the radial cracks decrease
compared with the monocrystalline Si and 6H-SiC. For a multi-phase composite, the
formation and propagation of the radial cracks can be classified into transgranular cracks,
intergranular fracture, crack deflection, crack bridging and crack pinning. For RB-SiC/Si,
the grain boundaries between the SiC and the Si phases result in an increase of the
propagation path, which consume more energy. In addition, the appearance of the
transgranular cracks, crack deflection and crack pinning need to overcome the residual
stress and increase the energy dissipation. Therefore, the lengths of the radial cracks for

the SiC and the Si phases in RB-SiC/Si dropped, compared with that of the



monocrystalline SiC and Si. This is a good indication that the free Si in the bulk RB-

SiC/Si could improve the toughness to some degree according to Egs. (2) and (3) (Ref 2,

31).
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Fig. 4 BSEM images and surface topographies of the Vickers-hardness indentation

imprints at the maximum load of 0.2 kg: (a) monocrystalline 6H-SiC, (b) single
crystalline Si, (¢) RB-SiC/Si
However, as far as the size of the indentation imprint is greater than the grain size
of the SiC phase, the higher brittleness of the phase boundaries between the Si and the
SiC phases results in the surface fracture. Meanwhile, the surface integrity of the RB-
SiC/Si composites obviously dropped as the fracture and chipping occurred at the phase

boundaries of SiC and Si. Interestingly, the formation and propagation of the lateral



cracks and the slip bands resulted in the generation of a cave and some ripples for the
monocrystalline Si and the Si phase in RB-SiC/Si. Under the indentation load, the
plastic deformation occurs firstly and the radial cracks are then induced at the points of
the sharp edges, followed by the formation of the lateral cracks as the deformation
reaches the fracture strength (Ref 29, 32, 33). For RB-SiC/Si, the edge chipping
appeared during the indentation test, and the first appearance of the cracks at the phase
boundaries indicated that the remnant Si in the bulk RB-SiC/Si material led to the
weakened interfaces, which can be attributed to the stress concentration resulted from
the non-uniform plastic deformation of SiC and Si at the phase boundaries.

3.2 Damage mechanism of RB-SiC/Si under diamond scratching

Fig. 5 BSEM images of the diamond scratching grooves at different positions with
increasing cutting depth
From the surface morphology of the diamond scratching groove, as shown in Fig.
5(a), it can be clearly seen that the ductile scratching grooves formed at the beginning of
the scratch and no obvious chips remained on the workpiece surface, but some
discontinuous bulges, as well as some micro-ridges, appeared on the Si phases, as shown

in Fig. 5(b). With the increase of the cutting depth, obvious chips were generated and left



on the workpiece surface. It is interesting to find that the cracks firstly appeared at the
phase boundaries of SiC/Si, although the material removal modes for both Si and SiC
phases are ductile. As the cutting depth increased continuously, lateral cracks were
induced at the sides of the grooves, and their propagation prompted the bulk material
dislodgement. Therefore, the scratching groove was characterized by the bulk material
fracture and the random distributed block chips near the groove, as shown in Fig. 5(c)
and Fig. 5(d).

To get a further insight into the subsurface damage mechanism of RB-SiC/Si under
the dynamic loading condition, FIB section of the scratched groove was undertaken and
the subsurface morphology is shown in Fig. 6. The formed cracks between the SiC and
Si phase propagated along the boundary to a certain depth that was about in the size of
a SiC grain diameter in the selected position, and a layer of serious deformed substance

was induced under the dynamic loading of the diamond indenter.
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Fig. 6 FIB section of the scratching groove on RB-SiC/Si
In addition, the phase transformation induced volume change also affect the fracture
depth (Ref 20), which is indicated by the yellow arrows in Fig. 5. The surface
topography of the scratched surface is shown in Fig. 7. It can be readily seen that the
plastic deformation was induced at the initial stage of the scratching on both of the SiC
and the Si phases, as shown in position A in Fig. 7. With the increase of the cutting

depth, protrusion appeared at the phase boundary due to the phase transformation



(Position B and C in Fig. 7). The different hardness between SiC and Si also contributes
to the formation of pits as the diamond grit went through from SiC to Si, which even

appeared at the initial scratching stage.
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Fig. 7 Surface topography of the scratched groove on RB-SiC/Si with increasing cutting
depth

3.3 Damage mechanism of RB-SiC/Si under grinding

The surface morphology and surface topography of the ground RB-SiC/Si carbides
are shown in Fig. 8. It can be found that the machined surface of RB-SiC/Si is covered
by the randomly distributed micro-pits at the phase boundaries and the plastic scratching
grooves, as shown in Fig. 8(a) and Fig. 8(b). The surface quality was aggravated by the
block shedding and tearing of the workpiece materials, leaving deeper pits on the
machined surface. From the indentation results, it can be said that the existing phase
boundaries between SiC and Si promoted the edge chipping and the increased fracture
degree. In addition, it is interesting to find that the phase boundaries with a small angle
to the grinding direction (nearly in parallel direction) tend to be broken under grinding,
while those perpendicular to the moving direction of the diamond grits are of good
integrity, as shown in Fig. 8(a) and Fig. 8(b). This corresponds with the indentation results,
as shown in Fig. 4(c).

Moreover, it can be found from the 3D surface topography of RB-SiC/Si that some
projections formed and distributed randomly on the machined surface, as shown in Fig.
8(c). The formation of the reliefs on the machined surface appeared as the residual
height of the SiC phase is obvious higher than the Si phase for their different hardness.

The lower hardness of Si resulted in the greater penetration depth of the diamond grits



and thus greater material removal volume. For comparison, high spindle speed grinding
of the single crystalline Si and 6H-SiC was also conducted under the same condition,
and the typical surface topographies of the ground surface at the same radial position
of the machined RB-SiC/Si, the single crystalline Si and 6H-SIC surface are shown in
Fig. 8 (d), (e) and (f), respectively. It can be seen that the accompanied volume change
of the Si phase transformation resulted in the material dislodgement which is of the
similar surface characteristics with that of RB-SiC/Si, and the ground surfaces are both
much rougher than 6H-SiC, indicated by the typical surface roughness parameters (Ra,

Rq, Rt).
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Fig. 8 (a) SEM image of RB-SiC/Si after grinding, (b) 3D surface topography of RB-
SiC/Si after grinding measured by AFM, (c¢) 3D surface topography of RB-SiC/Si after
grinding measured by WLI viewed from 45°, (d), (e) and (f) 3D surface topographies of
RB-SiC/Si, single crystalline Si and 6H-SiC after grinding measured by WLI viewed
from 90°

The Raman spectra of the Si phase of the ground RB-SiC/Si surface showed that
the phase transformation of Si was induced by the dynamic pressure of the diamond
grits, which is indicated by the appearance of the broad peaks at around 154 cm™ and
520 cm™!, which corresponds to the crystalline Si-III and Si-I phase, respectively (Ref
23, 34), as shown in Fig. 9. The volume change caused by the phase transformation

promoted the fracture of the phase boundaries between SiC and Si, so the critical cutting



depth for the ductile to brittle transformation became much smaller than the theoretical
value (Ref 35, 36). In addition, the volume change accounts for the formation of the

burs on the ground surface shown in Fig. 8(c).
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Fig. 9 Raman spectra of the Si phase of RB-SiC/Si before and after the grinding
process: (a) before grinding, (b) after grinding

4. Conclusions

In the present work, the surface damage mechanism of RB-SiC/Si under the varied
mechanical loading at room temperature, including the indentation, the diamond
scratching and the high speed spindle grinding (HSSG), is systematically investigated.
The role of the Si phases on the nanometric surface characteristics is discussed, which
can establish a good foundation for the ultra-precision machining of RB-SiC/Si. Based
on the above experimental results and discussion, the following conclusions can be
drawn:

(1) Even though the existence of the Si phases contributes to densifying the bulk
material and improving the toughness of RB-SiC/Si, the phase boundaries become the
fragile position in the bulk materials for RB-SiC/Si, where cracks and edge chipping
were easily induced during the indentation and the diamond scratching;

(2) Nano-indentation results show that the plastic deformation for Si and SiC
differed under the same loading/unloading condition, and the existence of the Si phases
in the bulk RB-SiC/Si results in the obvious disparity of the measured elastic modulus
and hardness at different positions, which contributes to the preferential formation of
the cracks at the phase boundaries during the diamond scratching. The different material

removal rate of Si and SiC due to the varied hardness leads to the occurrence of the



surface reliefs on the ground surface by high spindle speed grinding (HSSG);

(3) The phase transformation of Si occurs under the mechanical loading, indicated
by the formation of ‘elbow’ and ‘pop-out’ during the nano-indentation and the
decreasing peak intensity of Raman spectra at 154 cm™ and 520 cm™!. The accompanied
volume change results in the appearance of the surface burs and the material
dislodgements under grinding.
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