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Abstract

Discrete element method (DEM) was employed in the research works presented in this paper to simulate the microscopic machining process
of ceramics. A densely packed particle assembly system of the polycrystalline SiC has been generated in DEM software package PFC2D using
bonded-particle model (BPM) in order to represent for the ceramic part numerically. Microscopic mechanical properties of SiC were calibrated
by comparing the numerical tests in PFC2D with the equivalent experimental results, and introduced into the subsequent modeling of the ceramic
machining process. The dynamic process of initiation and propagation of the micro-cracks under various machining conditions has been explicitly
modeled in the DEM simulations. The numerical results from DEM modeling agreed well with the experimental observations and theoretical
predictions. Rational relations between cracking damage of ceramics and cutting conditions have been established based on the analysis of
simulation results. A generalized model of defining the range of inelastic zone has also been developed based on the numerical results. Moreover,
this study has demonstrated the advantage of DEM model in its capability of revealing the mechanical details of machining process at micro-scale.
Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.
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1. Introduction talline materials at atom scale, e.g. copper,lo germanium,11 and
silicon.!213

Machining technologies of ceramics have been developed During the machining process of ceramics, residual defects

very fast over recent years due to the growing industrial  on the finished surface such as asperities and micro-cracks often

demand of higher machining accuracy and better surface qual-  appear. Even if the cutting depth is small enough for the plas-

ity of ceramic elements. But the brittle nature of ceramics  tic deformation to appear, the friction between the blunt tool
makes the machining process very difficult comparing to the and work piece may also lead to micro-cracks on the plastic
ductile materials. Many experimental researches have been surface.'* This process is very difficult to be experimentally

carried out to study the mzzczhining mechanis3ni of ceram-  measured or theoretically analyzed, and also is almost impos-
ics in the mode of gr15n6d1ng, © scratching test™” and single  sible to be modeled by the molecular dynamics method due to
point diamond turning.”” Furthermore, theoretical and numer- the excessive computing costs. It is therefore essential to adopt

ical methods have also been developed to compliment the alternative numerical approaches to study the initiation and prop-

experimental researches, with the application of indentation  agation of micro-cracks during the machining process in order to

fracture mechanics,” continuum damage mechanics® and finite improve our understanding of the mechanism of the machining
element method.” Recently, the molecular dynamics (MD) process of ceramics.

method has been used to simulate the nano-machining process Since the micro-structure of polycrystalline ceramics consist

and analyze the machining mechanism of some monocrys- of crystal particles and pores, the ceramic bulk can be treated as

an assemblage of discrete particles bonded together randomly.

Furthermore the intergranular fracture of the ceramics can be

* Corresponding author. Tel.: +44 113 3433200; fax: +44 113 3432265. naturally represented by the separation of particles due to break-

E-mail address: y.sheng @leeds.ac.uk (Y. Sheng). age of bonds. This principle has been adopted in the particle
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Nomenclature

E. Young’s modulus of the particles

E. Young’s modulus of the parallel-bond

kn/ks ratio of normal to shear stiffness of the particles

kn/ks  ratio of normal to shear stiffness of the parallel-
bond

Rmax/Rmin ratio of particles’ maximum radius to minimum
radius

Greek symbols

A radius multiplier of the parallel-bond

" friction factor

0 density of the particles

oq tensile strength of the parallel-bond

o5 shear strength of the parallel-bond

discrete element method (DEM) in the simulations of rock!>-16

and other particulate materials.!”-18

The aim of this study is to develop a DEM model of polycrys-
talline SiC to simulate the ceramics machining process so that a
quantitative description of the cracks initiation and propagation
can be obtained and used for the assessment of the machining
techniques.

2. Discrete element method and bonded-particle model
(BPM)

DEM was proposed by Cundall in the context of rock
mechanics!® and has been implemented in many other fields,
such as geomaterials,?? granular materials?! and concrete.??
The particle discrete element method assumes the particle ele-
ments are rigid spheroid or disc, and can overlap or detach. The
contact forces between two particles are determined from the
overlap and relative movements of the particle pair according to
a specified force—displacement law.

DEM allows particles to be bonded together at contacts and
to be separated under external forces. It can simulate the motion
of individual particles and also the behavior of bulk material
formed by assembling many particles through bonds at contacts.
The later was defined as BPM.?*23 In this study, the particle flow
codes in two dimensions (PFC2D),?* which is a program based
on the principle of DEM, is used as the simulation platform.
The assembly was made of microscopic particles which were
considered as circular disks with unit thickness. Parallel bond
model?® was adopted in this study to simulate the bonds at con-
tacts between particles. Through adjusting the particle sizes and
the strengths of the parallel bond, PFC2D can simulate various
mechanical behaviors of ceramics. The bonds between particles
will break when the external loading exceeds the strength of
bonds, and cracks will form directly between two particles.

In order to construct a DEM model in PFC2D which
is similar to the micro-structure of ceramics, the material-
genesis procedure was utilized to generate a dense packing
of non-uniform-sized circular particles in two dimensions, as

Fig. 1. Densely packed particle assembly in DEM.

shown in Fig. 1. Details of the procedure were described
elsewhere.?*26

3. Calibration of the DEM model for ceramics

The mechanical properties of ceramics are usually described
by their elastic modulus, unconfined compressive strength,
Poisson’s ratio, tensile strength, bending strength and fracture
toughness, etc. While in a DEM model, the properties of parti-
cles and the contacts between the particles need to be specified
at micro-scale, e.g. particle stiffness, parallel bond strengths
and the friction coefficient between particles. Since microscopic
properties at particle level are very difficult to be determined by
experimental measurements, it is essential to establish a correla-
tion between the properties of the bulk materials and properties
at the particle scale to validate the particle properties used in
DEM modeling. This can be achieved by a calibration process
suggested in PFC2D manuals.?® In this paper, the unconfined
compressive test, the Brazilian test, the three-point bending test
and the fracture toughness test of SiC were carried out to cal-
ibrate the properties of particles and parallel bonds in BPM so
that the particle assembly in DEM model can realistically repre-
sent for the mechanical behavior of ceramics in the subsequent
modeling of the machining process.

3.1. Unconfined compressive test

Since the shear strength of the ceramics is usually much larger
than the tensile strength, mode-I tensile cracks in forms of ver-
tical and lateral cracks can be observed residing on the finished
surface. The fracture toughness of ceramics has significant effect
on the quality of finished surface. Potyondy and Cundall related
the linear elastic fracture mechanics (LEFM) to the BPM, and
proposed a useful formula®*:

Kic = BoN7aR (1)

where o and $ are dimensionless factors, o7 is the tensile strength
of the parallel bond, R is the average radius of the particles.
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Fig. 2. Unconfined compressive test (cracks described by red/black lines). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Note that the Kjc is related to the tensile strength of the parallel
bond and the size of the particles. In order to match the Kjc
of the particle assembly in DEM to the observed experimental
value, the size distribution of the particles cannot be random,
and should be determined according to Eq. (1).

In PFC2D, the unconfined compression test can be simplified
to amodel of two moving walls compressing the particles assem-
bly, as illustrated in Fig. 2 with red dots indicating the break
of bonds and where the micro-cracks can be found. The tested
specimen of assembly is 0.8 mm in height, 0.4 mm in width and
consists of 11,313 particles. The smallest size of the particles is
2.2 pm, the ratio of the largest in size to the smallest is setto 1.5.
The porosity ratio is 0.16, which is areasonable value for a dense
packing.?” The modulus E, Poisson’s ratio v and unconfined
compression strength (UCS) of the SiC particle assembly can be
obtained through the DEM simulation. Numerical results with
the comparison of the experimental measurements are presented
in Table 1.

Table 1

Main mechanical properties of SiC in macro-tests and in DEM
Mechanical Experiment results?$-3> DEM model results
properties

Elastic modulus E 420 429
(GPa)

Poisson’s ratio v 0.14 0.14
UCS o, (MPa) 2000 1996
Bending strength 500-800 656
Obh3 (MPa)

Fracture 3.5 35
toughness Kic

(MPam'?)

Brazilian tensile 214 387

strength o (MPa)

(@) (b

‘v

Main crack

Fig. 3. Brazilian test. (a) DEM simulation result; (b) experimental snapshot of
the main crack in Ref. [28].

3.2. Brazilian test

Brazilian test was used to calibrate the tensile strength of
the specimen in DEM model. The diameter of the Brazilian
disk used in the numerical tests is 0.4 mm in diameter, and is
made of 4477 particles. The disk was crushed by the lateral
walls moved towards each other with a low speed. The split-
ting plane is basically horizontal and it agrees well with the
experimental observation,?® which is depicted in Fig. 3. Note
that the tensile strength of the SiC assembly in DEM model is
a bit larger than experimental measurements.?® This may due
to the fact that Brazilian test results are very sensitive to size
effect.”’

3.3. Three-point bending test

Biaxial test is usually employed to obtain the shear strength
and the strength envelope of rock.’»?® For ceramics, shear
strength is often much larger than tensile strength and therefore
is regarded as less important in the development of fractures.
In this research, the three-point bending test was adopted to
evaluate the bending strength of ceramics, which can be eas-
ily converted to the shear strength. The numerical model was
illustrated in Fig. 4, with dimensions of 1.0 mm in length and
0.2 mm in height. Two fixed balls were used to support the speci-
men. A rigid circular wall which is moving downward at a speed
of 0.05 m/s was used to apply quasi-static load. The maximum
force applied to cause the failure of the assembly is then used
to calculate the bending strength. The fracture plane is clearly
visible in the particle assembly, as is indicated by the red dots
in Fig. 4.

Fig. 4. Three-point bending test. (For interpretation of the references to color
in the text, the reader is referred to the web version of the article.)
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Fig. 5. SENB test.

3.4. Fracture toughness test

In order to calibrate the fracture toughness of SiC assembly, a
single-edge notch bending (SENB) test similar to the configura-
tions of the three-point bending test was introduced, as shown in
Fig. 5. The model used in three-point bending test was notched
at the centre of the bottom by deleting the particles at the notched
area. The depth of the notch is half of the height of the spec-
imen. Numerical result for the fracture toughness agreed very
well with the experimental measurement for SiC ceramics.>

Through abovementioned tests, the macroscopic mechani-
cal properties of polycrystalline SiC assembly in PFC2D were
obtained from numerical tests and compared with the experi-
mental results, results are listed in Table 1. As the numerical
results agreed with experimental measurements, it was con-
cluded that the SiC assembly constructed in PFC2D could
realistically represent for the mechanical behavior of a poly-
crystalline ceramic element. Therefore, the BPM parameters at
particle scale used for the above numerical tests, which was
listed in Table 2, could be introduced in the subsequent DEM
modeling of cutting process of ceramics.

4. DEM modeling of scratching test
4.1. DEM simulation of the scratching test

The PFC2D has been utilized in this research to develop a
DEM model for the simulation of the scratching test of ceramics,
using parameters calibrated in Section 3. The dimension of the
work piece used for simulation was 0.8 mm in length 0.2 mm
in height, and consisted of 5656 particles. There was no fric-
tion between the work piece and the lateral and bottom walls.
The scratching tool was simplified as a curve with 120° conical
angle and a tip radius of 200 pm. The friction factor between
the tool and the specimen was set as 0.17, according to the later
scratching test results. The scratching speed is 0.05 m/s which

Table 2

DEM parameters for polycrystalline SiC ceramic

Particles Parallel bonds

p=3132kg/m’

Rmax/Rmin = 1.5, Rpin =2.2 pm )_‘7: 1.0

E.=275GPa E. =275GPa

kalks=1.1 Jn/ks = 1.1

n=05 o, = 120 £ 12 GPa, oy = 960 £ 96 GPa

(a)

(b)

Fig. 6. Simulation of the scratching test. (For interpretation of the references to
color in the text, the reader is referred to the web version of the article.)

was very low to keep the system in quasi-static condition and the
scratching depth was 5 pum. An example of the scratching test
modeled by DEM has been graphically displayed in Fig. 6. As
the scratching tool moved forward, micro-cracks appeared along
the trajectory of cutting indicated by red dots in Fig. 6. Because
PFC2D is designed for planar problems, it can only describe the
vertical cracks. The cracks propagated along the particles’ con-
tacts forming tortuous crack paths. The analysis of scratching
force vs. the crack numbers is shown in Fig. 7. It can be found
in Fig. 7 that the total crack numbers and both the forces in X
(Fx) and Y (Fy) directions increase with the cutting time. There
are some spines in both the X-force and the Y-force curves, and
the number of the cracks increased rapidly at the spines which
indicate that the initiation of new cracks needs larger forces.

4.2. Experiment of scratching test

A scratching test, which has been described elsewhere to
study the SiC material removal mechanism in wear and machin-
ing process,’>3* was carried out, and results were used in this
paper to further validate the developed DEM model for ceramics.
The experimental specimen was commercially reactive sinter-
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T
£
o
o

1.0x10° 1 Cracks number
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5.0x10°
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T
-]
o

0.0+

-5.0x10" Fx

T T T T
0.0 4.0x10° 8.0x10° 1.2x10°¢

Scratching displacement (m)

Fig. 7. Scratching force vs. cracks number.
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S5pm

Fig. 8. Profile of the scratching groove.

ing SiC (WeiFang ZhiDa Co., Ltd., China). The scratching test
was operated on UMT-2 (CETR, USA). After being polished
by nano-diamond in olive oil, and agitated in acetone in an
ultrasonic cleaner, the specimen was scratched by a Rockwell
diamond indenter with a tip radius of 200 wm and a 120° apex
angle, under 20 N constant normal load (Fz), room temperature
and without lubricant. The scratching speed was 1 mm/min and
the scratching length is 5 mm. The resulting scratching depth was
about 5 wm which is the same as the DEM simulation, as shown
in Fig. 8 (Mahr S2, Germany). Acoustic emission (AE) also
has been used in the experiments to detect the fracture behav-
ior. The data from the scratching test is presented in Fig. 9, and
it can be found that the AE signal changes very sharply when
the tangential force (Fx) zoomed or precipitated, this coincides
with the fracturing events within the sample. Comparing to the
numerical results which is shown in Fig. 7, the observations
from the scratch test agreed with the DEM simulations qualita-
tively in terms of the detection of the fracturing in the ceramic
specimen.

After scratching, the specimen were polished again with an
assistant of an optical microscope (Nikon, USA) until about
half width of the scratching groove being removed to enable
a SEM (JSM6360, Japan) view of the subsurface right under
the scratching groove and parallel to the scratching direction.
As illustrated in Fig. 10a, there are many mciro-cracks accu-
mulating under the scratching groove, where material has been
heavily damaged and will easily be removed in the subsequent
machining process. Some of the micro-cracks propagated into
the bulk material and forming a macro-crack, leading to a sub-
surface damage (Fig. 10b). These observed crack propagation
and damage behaviors from the scratching test are very similar

AE Volt
Ex,N Fz,N

5.0+
45+ F
X
40357 [ 5
35f
30f
254

201

= Fz
1.0+ x i
051, ] b

of Dbt il it (WY

r-20

-05--0 T T T T T -25
0 50 100 150 200 250 300

Time,sec

Fig. 9. Scratching test of polycrystalline SiC with AE.

to those obtained from DEM simulation results, as can be seen
in Fig. 6.

5. DEM modeling of micro-cracks and damage in
machining process

Recently, DEM was applied to simulate cutting process of
rock.?”3% Though rock and ceramics are both brittle materials,
the focus of the machining methods for them is quite different.
The civil engineers concerned more about the probability and
difficulty of the cutting process, while researchers working in
the area of the ceramics machining paid more attention to the
precision and quality of the machining process. Hence, there
are just a few attempts to model the microscopic material and
mechanical behavior of ceramics during the machining process
using DEM. 36

After being validated by comparing the results of the DEM
simulation and the scratching experiment, DEM then was used
to simulate the SiC cutting process. The DEM model for simula-
tion of the cutting process of ceramics was similar to the model
in Section 4 except the geometry of the cutting tool. A rigid two-
double wall was formed to act as a cutting tool, and ploughed
into the work piece and moved with various assigned velocities
to simulate the cutting process of the ceramic work piece. The

=% .Mncro-cmck =

e

L 28%0 X508 S8 rm-

Fig. 10. SEM images of the longitude section of the scratching groove. (a) Micro-cracks accumulated under the scratching groove. (b) Macro-cracks propagated into

the subsurface.
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Fig. 11. Simulation of the cutting process.

total cutting distance was 0.6 mm. Through changing the cut-
ting speed v, the rake angle of the cutting tool y, and the cutting
depth ap, the propagation of micro-cracks and the damage on the
finished surfaces can be observed and evaluated under different
cutting conditions. An example of the cutting process modeled
by DEM has been graphically displayed in Fig. 11, with v=35,
ap =15 pm. As the cutting tool moved forward, there were more
and more dispersed or still bonded particles accumulated in front
of the cutting tool in Fig. 11. There were also some cracks prop-
agating forward and leading to the removal of the front material.
In order to estimate the effects of the cutting speed and the cut-
ting depth on the crack damage to the finished surfaces, three
different cutting speeds (v = Sm/s, 10m/s, and 15m/s) and
six different cutting depths (ap=2 pum, 5 pm, 10 wm, 15 wm,
20 pm, and 25 wm) were simulated in PFC2D. Every case has
been repeated five times in DEM simulation with different ran-
dom generating seeds in PFC2D so that the random effect of
packing can be eliminated. An average result from five runs was
used in the later result analysis. The results of total crack num-
bers and crack maximum depth underneath the finished surface

700 T T T T T

m v=5m/s

500 + v=10m/s |

v=15m/s

500+

400

Cracks number /V

300+

200+

Y T T T T T T T T
0 5 10 15 20 25
Cutting depth a, (pm)

Fig. 12. Total cracks number beneath the finished surface.

were presented against different cutting speeds, depths and cut-
ting angles in Figs. 12 and 13. The inelastic zone which was
analyzed in Ref. [31] has also been observed and supported by
the numerical results, as illustrated in Figs. 14—17. Numerical
results are further analyzed in Section 6 of this paper.

6. Results and discussion
6.1. Crack damage analysis

The cracks number and the maximum crack depth on the
machined surface were used as critical quantities for the inves-
tigation of the damage caused by micro-cracks; corresponding
numerical results are presented in Figs. 12 and 13. A general
trend can be identified in Fig. 12 that the faster the cutting tool
goes into the work piece, the more cracks beneath the finished
surface can be found; the crack number also increases with the
cutting depth, and the lower the cutting depth, the less effects of
the cutting speed on the cracks number. It is not difficult to see
in Fig. 13 that under a faster cutting speed, the maximum depth
of cracks increases quicker with the cutting depth. Combining
Fig. 12 with Fig. 13, it can be concluded that when cutting speed
is higher, the effects of the cutting depth on the quality of the

150 T T T T T

m  v=bm/s
e v=10m/s
v=15m/s

s
N
w

L

-

L

100 + -

Cracks maximum depth (um)

|

50 Y T X T T T T T r
0 5 10 15 20 25
Cutting depth a, (um)

Fig. 13. Maximum depth of cracks beneath the finished surface.
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(a)

macro-cracks

elastic zone

inelastic zone

Fig. 14. (a) Micro-cracks and macro-crack described in Ref. [31]; (b) DEM simulation in the process of micro-cutting.

finished surface become more significant. Based on the findings
from DEM modeling, lower cutting depth should be combined
with higher cutting speed so that the damage to the finished sur-
face can be reduced, and optimal results of machining can be
achieved.

6.2. Inelastic zone

According to the theory proposed in Ref. [31] as demon-
strated in Fig. 14a, the material under the cutting tool can be
divided into two different zones, the inelastic zone and the elastic
zone. In the inelastic zone, there are a number of micro-cracks,
some of which may propagate through the inelastic zone and
formed macro-cracks in the elastic zone. Similar phenomena
can be observed in DEM simulation, as is shown in Fig. 14b. In
order to estimate the depth of the inelastic zone, the results of the
simulations were plotted in terms of accumulated crack numbers
vs. depth beneath the finished surface. A typical cutting speed
(v = 10m/s) and cutting depth (ap =15 wm) were chosen as a
representative case, and results are presented in Figs. 15 and 16.
It can be found in both figures that the crack numbers firstly
increase linearly with the depth beneath the finished surface,
then show a trend of slower increase below a certain depth, and
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i @ a=10pm
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E 450 ] v ap:;gpm W
4 a= m
[ 400} b M "v,v‘""
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b4
w 350 - v
2 300 >
300
& ] v
T 250 Bl cosonanttattenetiti
= Lot
o 1 v {1l
S 200 v -
E ] ‘;i -'....
§ 150—_ y" "~.'=..-l
< 100 v uR"
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-n')"x‘v"—"';-
0 T ¥ T % T L T v T ¥ T ¥ 1
0 10 20 30 40 50 60

Depth beneath the finished surface (upm)

Fig. 15. Accumulated cracks number vs. depth beneath the finished surface
(v=10 m/s, ap =5pum, 10 um, 15um, 20 um, and 25 um).
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Fig. 16. Accumulated cracks number vs. depth beneath the finished surface
(ap =15 pm, v=>5Sm/s, 10m/s, and 15m/s) .

eventually turn into a steady number represented by the hori-
zontal segments in the data lines. A sketch is generalized from
the numerical results to analyze the problem more schemati-
cally, as shown in Fig. 17. Section OA can be regarded as the

v

Accumulated cracks number

C D
o ! =

Depth beneath the finished surface

Fig. 17. A sketch of cracks number vs. depth beneath the finished surface.
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representation of the numbers of micro-cracks in inelastic zone,
whereas AB represents for the number of micro-cracks in a tran-
sient elastic zone and BE represents for a completed elastic zone
without any damages. The coordinate value of point C can be
taken as the depth of the inelastic zone. The distance between
C and D can be regarded as the average length of macro-cracks.
The generalization process demonstrated in Fig. 17 was applied
to analyze the numerical results presented in Figs. 15 and 16. As
can be see in Fig. 15, under cutting speed v = 10 m/s, the depth
of inelastic zone increased with the cutting depth; as for a fixed
cutting depth a, =15 pm in Fig. 16, higher cutting speed would
lead to deeper inelastic zone. The effects of cutting speed and
cutting depth on the length of the macro-cracks can also been
observed in Fig. 13.

7. Conclusions

The discrete element model for polycrystalline SiC ceramics
has been developed to study the machining process of ceramics.
Microscopic material properties for particles and contacts were
calibrated by comparing the results of numerical experiments
such as unconfined compressive test, Brazilian test, three-point
bending test and fracture toughness test with the equivalent
experimental results. The numerical results showed that DEM
is a suitable approach to simulate the mechanical behaviors of
ceramics. The machining process of SiC ceramics under differ-
ent cutting conditions has been simulated by the developed DEM
model using the calibrated properties for microscopic particles.
Numerical results have clearly demonstrated rational trends of
the correlations between microscopic damage on the finished
surface and the cutting conditions. DEM model has also been
validated against the observations from scratch test and SEM
pictures. The inelastic zone beneath the finished surface has
been identified and quantified by DEM simulations, and range of
such a zone can be defined through the analysis of the numerical
results. The capability of DEM in the simulation of the ceram-
ics micro-cutting process has been confirmed by this study, and
further applications of DEM will focus on three-dimensional
simulations and more quantitative investigations on the ceramic
machining process.
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