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The application of silicon carbide (SiC) is often limited due to its low machining efficiency and unpredictability about the results of
the grinding process. The aim of this paper is to set up finite element analysis models (FEM) about microgrinding process of SiC,
to study the change processes about tangential and normal grinding force which can lead to stress and strain inside SiC material
under different grinding parameters, and to predict the results before the grinding process. Adaptive remeshing technique is used
to minimize the computational time without sacrificing the accuracy of the results in the simulation of SiC grinding process. The
research results can be used to choose reasonable grinding parameters based on the required surface quality.

1. Introduction

Due to its high strength, high hardness, and chemical stability
at high temperatures, silicon carbide, as an advanced mate-
rial, has attracted more attention and a wide range of appli-
cations, such as optical instrument, automotive, aerospace,
and construction industry [1, 2]. In fact, considering the
lightweight of the spatial optical system, SiC optical mirror
can do well in spatial optical system and components [3].

As the abrasive is embedded inside the microgrinding
tool, abrasive belt grinding has a longer life span than
the electroplated one. In recent years, studies of surface
generation and process optimization have been conducted
about the microgrinding of ceramic materials on account of
the above advantages [4-7]. The research of nanowires and
brittle single crystal materials on brittle-to-ductile transition
receives wide concerns and it is applied into other materials
behaving brittle and ductile properties [8-10]. Doman, Barge,
and Qiuning discussed the brittle-to-ductile transition and
critical cutting depth by developing several single-grit models
and conducting many experiments [11-13]. It is known that
ductile-regime grinding is capable of attaining better surface

quality. However, due to the brittle nature and high hardness,
postmachining will be difficult and increase the cost of SiC
product significantly in the fabrication of parts with big size
and complex shape. Furthermore, Wang et al. investigated the
changes of grinding force influenced by the velocity in the
grinding process [14]. Arrazola et al. have established several
models and they do some experiments of other materials
to study how the grinding geometrical shapes of tool affect
the grinding results [15-19]. But fewer simulation models are
successful owing to either lack of considering the nose radium
or inability to establish steady-state models.

In this paper, the finite element method simulation based
on the single point diamond turning (SPDT) technology is
studied, and the simple variable method is adopted to analyze
the effect caused by depth, velocity, and tool’s parameters
in microgrinding process. The main purpose is to generate
the effective grinding simulation according to the given
microgrinding parameters, which can forecast and optimize
processing ahead of machining. To verify the finite element
simulation of microgrinding process, experiments are con-
ducted for scratching the SiC sample with different depths
and velocities. This paper not only reports the performance



of SiC microgrinding process combined with geometrical
parameters of tool but also provides a rational reference for
practical manufacturing.

2. Description of Finite Element Model

2.1. Single Abrasive Grinding Principle. In order to generate
SiC chip and cutouts in microgrinding process, it is necessary
to consider the critical grinding depth. The cutting edge of
abrasive can make the material flow and bulge in front and it
can make the chips of the cut slide along the cutting edge.
When the depth of microgrinding is less than the critical
grinding depth, the chip of silicon carbide material is formed
and removed in a manner of the plastic flow. Whereas the
microgrinding depth is greater than the critical grinding
depth, manufacturing process is brittle grinding. As shown
in Figure 1, y is the rake angle; « is the clearance angle; @ is
the shear angle; t is the initial microgrinding depth; I is the
primary deformation zone; Il is the second deformation zone;
III is the third deformation zone.

2.2. Single Abrasive Finite Element Model of Microgrinding. In
the study of microgrinding mechanism, the grinding process
of SiC mirror can be simplified to the two-dimensional
orthogonal microgrinding finite element analysis model. The
hardness and modulus of elasticity of single diamond abrasive
are far more than SiC workpiece, even though the machining
process is elastic belt grinding. Therefore, abrasive grit is
assumed to be analyzed rigid body during the simulation. As
shown in Figure 2, the model size of SiC workpiece is 2 ym x
1.5 ym. Quadrilateral element mesh is generated by linear
reduced integration unit (CPE4RT) and structured mesh
technique, which is stable in the meshing process. Moreover,
edge biased seed is applied to encrypt meshes in the region
to be manufactured. In addition, improved Lagrange law
(ALE) is adopted so that mesh distortion would be avoided in
microgrinding process. Both accuracy of solving the premise
and operational efficiency are taken into account.

2.2.1. Material Constitutive Model. Drucker and Prager
model, proposed by Drucker and Prager, is chosen, in
which the influence on the yield of hydrostatic pressure is
considered. The yield function for the Drucker-Prager model

is as follows:
f(Il,@>=@—a11—k=o, )

where I; and+/], are the invariant of the stress tensor. « and
k are the material constant.
In Abaqus, coefficient of expansion § can be represented
by the expansion angle y
8 =tan (v),
tr DP 2
5= r ) 2)
' \1/2
(2D?" : D?')

where D is on behalf of the plastic of the deformation rate
!
tensor D. D? represents the deviation section of D?.
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FIGURE 1: Microgrinding process of abrasive.

Normal direction

Tangential direction

FIGURE 2: Two-dimensional finite element model.

In Mohr-Coulomb model, the angle of internal friction
can be obtained by single-yield tensile and compressive stress:

S
¢ = sin <—O‘C+O‘t>. €)

By comparing the Mohr-Coulomb model with the linear
Drucker-Prager model,

(4)

where f3 is the slope of the linear yield surface in the p-t stress
plane and is commonly referred to as the friction angle of the
material. K is the ratio of the yield stress in triaxial tension
to the yield stress in triaxial compression [20]. The specific
parameter is shown in Table 1.
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FIGURE 3: Yield diagrammatic sketch.
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FIGURE 4: The tangential force comparison for the different micro-
grinding depths.

TaBLE 1: Constitutive model parameters of the SiC workpiece
material.

Density (kg/m3) 3250  Angle of friction (°) 13

Young’s modulus (GPa) 205 Flow stress ratio 0.92
Poisson’s ratio 0.16 Dilation angle (*) -5

Thermal conductivity 185  Yield stress (MPa) 12500
(J/mK)

f:rie;?s)ion coefficient alpha Specific heat (J/kg-K) 800

2.2.2. Chip Separation Criterion. The stress-strain response,
as illustrated in Figure 3, shows distinct phases. The material
response is initially linear elastic, a-b, followed by plastic
yielding with strain hardening, b-c. Beyond point ¢, there is
a marked reduction of load-carrying capacity until rupture,
c-d. The deformation during this last phase is localized in a
neck region of the specimen. Point ¢ identifies the material
state at the onset of damage, which is referred to as the
damage initiation criterion. Beyond this point, the stress-
strain response c-d is governed by the evolution of the
degradation of the stiffness in the region of strain localization.

Normal force (uN)
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Step
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—— Microgrinding depth: 50 um

FIGURE 5: The normal force comparison for different depths.
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FIGURE 6: Changes of the equivalent stress and the equivalent plastic
strain based on the depth.

The criterion for damage initiation is met when the
following condition is satisfied:

pl
wajdg -1, (5)

_Pl
85

where wj is a state variable that increases monotonically with
plastic deformation proportional to the incremental change

in equivalent plastic strain, €7 ! is the equivalent plastic strain,
and d&" is the equivalent plastic strain increment.

3. The Results of Finite Element Analysis

In the microgrinding progress, the force of microgrinding
is affected by microgrinding depth, rake angle, clearance
angle, microgrinding velocity, and the abrasive nose radius of
cutting edge to different extent, and then the smooth grinding
process changes, so that rough precision of microgrinding
surface emerges. Now the influence of parameters of tool in
simulation is studied in microgrinding process, and different
models in simulation are shown in Table 2.
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FIGURE 7: Comparison of the maximum equivalent stress.

TABLE 2: Models of the finite element simulation.

Microgrinding Clearance angle Nose radium of

Group  Number depth (nm) Rake angle (*) &) cutting edge (nm) Velocity (m/s)
1 20 =20 16 5 1
1 2 30 =20 16 5 1
3 40 =20 16 5 1
4 50 =20 16 5 1
1 40 -30 16 5 1
2 2 40 =20 16 5 1
3 40 -10 16 5 1
4 40 0 16 5 1
1 40 =20 12 5 1
3 2 40 =20 16 5 1
3 40 =20 20 5 1
4 40 =20 24 5 1
1 40 =20 16 5 1
4 2 40 =20 16 10 1
3 40 =20 16 15 1
4 40 =20 16 20 1
1 40 =20 16 5 1
5 2 40 =20 16 5 5
3 40 =20 16 5 10
4 40 =20 16 5 15
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FIGURE 8: Comparison of the maximum equivalent plastic strain.

The third generation of mirror is made from SiC and
carbon fiber reinforced SiC composites. SiC mirror has
advantage in lightweight, whose radius-thickness ratio could
reach 20:1 easily. The optical properties of SiC can be on a
par with optical glass so that high polishing accuracy could
be achieved [21]. As rough SiC surface would be achieved in
the brittle machining process, the plastic processing is mainly
studied in order to achieve higher precision SiC mirror. The
critical microgrinding depth of SiC material is 65 nm; thus,
several microgrinding depths of models in simulation are
20 nm, 30 nm, 40 nm, and 50 nm. As shown in Figure 4, the
corresponding tangential forces are 0.04428 uN, 0.07368 uN,
0.09302 uN, and 0.1109 uN, respectively; and the homolo-
gous normal forces are 0.02376 uN, 0.03765 uN, 0.04647 uN,
and 0.05758 uN, respectively. With the steady increase of
microgrinding depth, the tangential force and the normal
force rise stably. Due to the increase of microgrinding depth,
undeformed chip thickens, and abrasive cutting area involved
becomes bigger. Thus, the plastic deformation energy the
abrasive needed to overcome and the grinding force grow
bigger. Comparing the curve shape in Figure 4 with those
in Figure 5, the tangential force is larger than the normal
force in microgrinding process of identical depth. At the same
time, the fluctuation of grinding force of group 1-model 4
whose microgrinding depth is 50 nm becomes bigger than the
other models in group 1, resulting from the microgrinding

depth close to critical depth. The maximum equivalent
stresses of group 1 are 13838 MPa, 13792 MPa, 13691 MPa, and
13552 MPa, respectively; and the maximum equivalent plastic
strains are 2.48, 2.73, 2.85, and 2.92, respectively. As shown
in Figure 6, with the increment of microgrinding depth,
the maximum equivalent stress decreases successively, while
the maximum equivalent plastic strain increases gradually.
Figures 7 and 8 show that the maximum equivalent stress
mainly emerges in the primary deformation zone and the
second deformation zone, while the maximum equivalent
plastic strain appears in the second deformation zone.

The theoretical formula of single abrasive grinding force
[22]:

7'[ _ —
F, = ZFPQ; sin 0,

(6)

F,, = Fpa, sin6 tan 6,

where @ is semitip angle, 80° < 20 < 140°; a, is undeformed
microgrinding depth; F,, is unit microgrinding force:

o 4R
P 2 . 7
nagsme
F (7)
Fp=—2—
N T
a-sinftan6

g
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The average of F,; and F), is adopted as F,,

- Fp1 + Fp2

=2 ®)
Taking the efficiency and accuracy of microgrinding into
account, a, is used as 40 nm. The unit microgrinding force

can be calculated as approximate 8.44 x 10’ N according to
the simulation by Abaqus. The macroscopic force could be
figured out simply after that.

Comparing the models in group 2, the result is shown
in Figure 9. With the negative rake angle increasing steadily,
the microgrinding force grows stably, while the ratio of the
tangential force and the normal force of microgrinding F,/F,
monotonically decreases. This is because the increment of the
negative rake angle makes the contact area of abrasive and
workpiece bigger, so does the load of abrasive cutting edge.
The shear angles of the corresponding models are shown to
be 32.89°, 27.50°, 23.37°, and 21.22°, respectively. The balanced
augmenter of the negative rake angle gets the shear angle
down. However, the cutting deformation changes conversely.
Thus, the relation between the negative rake angle and the
shear angle is consistent with Lee and Shaffer shear angle
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theory [23]. Knowing the rake angle and the shear angle, the
shear strain y, can be further computed as follows:

cosy
singcos (¢ —y) ©)

where y is the rake angle of abrasive and @ is the shear angle.

As shown in Figure 10, there is a rise of the maximum
equivalent plastic strain and the shear strain along with the
negative rake angle being larger. Furthermore, both alphabets
of lines have the same trends.

With the clearance angle increasing gradually, the chang-
ing trends of the tangential force and the normal force are
shown in Figure 11. The slight increase of the tangential force
and the normal force can be negligible. What is more, the
ratio of the tangential force and the normal force F,/F, almost
has no change. In other words, the changes of clearance angle
do not affect the stability of the machining process of SiC.

As shown in Figure12, the elevation of the abrasive
nose radium of cutting edge makes the microgrinding force
become larger. Nevertheless, the tangential force has a small
amplification, and the normal force has a big one. When
the abrasive nose radium of cutting edge is far less than the
microgrinding depth, the ratio of the abrasive nose radium

Yo =
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of cutting edge and the microgrinding depth is nearly 0.
Certainly, the changes of the abrasive nose radium of cutting
edge do not affect the machining process of SiC. In other
words, once the abrasive nose radium of cutting edge is at
the same order of magnitude with the microgrinding depth,
the nose radium of cutting edge can be ignored. In fact,
the ratio of the tangential force and the normal force F,/F,
is almost determined by the geometrical parameters of the
abrasive, barely influenced by the microgrinding depth. Due
to the rise of the nose radium of cutting edge, the ratio of the
nose radium of cutting edge and the reference microgrinding
depth r,/40 ascends, whereas F,/F, comes down gradually.

As shown in Figure 13, with the velocity of microgrinding
process increasing progressively, the tangential force and
the normal force improve slightly, and both have weak
increasing trends. The maximum equivalent stresses become
13699 MPa, 13967 MPa, 14074 MPa, and 14117 MPa, respec-
tively. Considering the reduction of loss of machine tool and
the perspective of energy conservation, 1 m/s is regarded as a
good choice.

4. Experiments

According to the present limited research condition, to verify
the validity of the above theoretical simulation model for the
SiC microgrinding process, a series of scratch experiments
have been conducted on the nanoindentation apparatus
Agilent Nano Indenter G200 shown in Figure 14. And the
scratch picture is given in Figure 15.

FIGURE 14: Agilent Nano Indenter G200.

In the experiments, simple variable method was adopted
to observe the variation caused by microgrinding depth and
the velocity. As to every depth and velocity, data of groups are
obtained by the scratch experiments. Thus, the average load
calculated in Table 3 could definitely give expression to the
relationship between load and microgrinding depth.

After SiC workpiece polished finely, triangular pyramid
head loading 1 mN scratched the SiC workpiece for 2 mm
displacement, whose velocity is 1mm/s. As the scratch
improves from 20 nm to 30 nm to 40 nm to 50 nm, the load
of triangular pyramid head reaches 0.0455 mN, 0.0463 mN,
0.0481 mN, and 0.0492mN as illustrated in Figure 16. The
normal force given in Figure 5 changes from 0.0238 uN to
0.0387 uN to 0.0471 uN to 0.0570 uN in simulation. Although
the specific data is not in full consistency due to the situation
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TaBLE 3: Changes of load due to the depth and velocity.

Simple variable

Simple variable

Average load (mN i Average load (mN
method, depth (nm) Load (mN) verag (mN) method, velocity Load (mN) verag (mN)
(mm/s)
0.0457 0.0480
20 0.0450 0.0455 1 0.0486 0.0481
0.0458 0.0476
0.0465 0.0477
30 0.0462 0.0463 5 0.0473 0.0472
0.0462 0.0466
0.0469 0.0477
40 0.0491 0.0481 10 0.0476 0.0475
0.0483 0.0472
0.0492 0.0468
50 0.0495 0.0492 15 0.0476 0.0474
0.0489 0.0478
0.05
0048 p ey
z I
§,0046
ae]
S 0.044 |
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FIGURE 15: Scratched SiC workpiece.

0.048

0.046

Load (mN)

0.044 L ool

QA2 [ oo i

0.04

15 20 25 30 35 40 45 50 55
Depth (nm)

FIGURE 16: Load change based on the depth.

difference between the scratch and the grinding, both the
experiment data and the simulation data show an obvious
rising trend accompanied by the increase of scratch depth.
In addition, a group of experiments, with same triangular
pyramid parameters and 40 nm microgrinding depth, were
implemented to indicate the effect of velocity. the nodes
velocities in Figure17 are 1mm/s, 5mm/s, 10 mm/s, and
15mm/s, respectively, and the corresponding loads reach
0.0481 mN, 0.0472 mN, 0.0475 mN, and 0.0474 mN, respec-
tively. At the same time, the normal force in simulation

FIGURE 17: Load change based on the velocity.

achieves 0.0466 uN, 0.0474 uN, 0.0483 uN, and 0.0491 uN
as shown in Figure13. The data shown in the experiment
and simulation vividly mean that triangular pyramid head
load hardly goes with the change of velocity. Above all, good
agreement is shown between the experimental results and the
simulation results by Abaqus.

5. Conclusions

Based on the simulation of SiC microgrinding process pre-
sented in the paper, the following conclusions can be drawn.

(1) The depth of microgrinding plays a great role in
the machining process. The process owns a 40 nm
microgrinding depth having both small fluctuation
and superior efficiency.

(2) For negative rake angle, a small one is a benefit to
obtain the surface of SiC optical component.

(3) The clearance angle has barely an influence on the
manufacturing of SiC surface in microgrinding pro-
cess.

(4) To obtain a high accuracy of machining process, the
abrasive nose radium of cutting edge needs to be
compressed.
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(5) Velocity of about 1 m/s is a proper choice in simula-
tion of microgrinding process.

(6) Simulations of finite element in microgrinding pro-
cess could provide a reference for the load in the
coarse and fine grinding process of SiC mirror.
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