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Abstract

Brittle-to-ductile transition plays a crucial role in ultra-precision machining of hard-brittle materials. In the present work, we
investigate the brittle-to-ductile transition in diamond grooving of monocrystalline silicon by finite element modeling and
simulation based on Drucker-Prager constitutive model. The brittle-to-ductile transition behavior is distinguished by analyzing
evolutions of chip profile and cutting force. Corresponding diamond grooving experiment using the same machining configu-
ration with the finite element simulation is also carried out to derive the critical depth of cut for the brittle-to-ductile transition.
The comparison of experimental value of the critical depth of cut and predicted one by the finite element simulation demonstrates
the high accuracy of as-established finite element model. Subsequent finite element simulations are performed to investigate the
influence of rake angle of cutting tool on both diamond grooving and conventional diamond cutting with a constant depth of cut,
which demonstrates a prominent dependence of brittle-to-ductile transition of silicon on the rake angle ranging from — 60° to 0°.
And a critical rake angle for the most pronounced ductile machinability of silicon is found.
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1 Introduction

Silicon is a widely used semiconductor material in optoelec-
tronic industries for its unique chemical, physical, and me-
chanical properties. For instance, monocrystalline silicon is
the basic technological photovoltaic material for solar cells
[1]. Ultra-precision optical machining is commonly applied
to achieve ultimate surface finish of silicon, which has an
important influence on the mechanical, optical, and electrical
performance of silicon-based components and devices [2].
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Ultra-precision single-point diamond turning (SPDT) has
been demonstrated to be a powerful technique to achieve
high-integrity mirror surface of non-ferrous metallic materials
[3, 4]. However, achieving ultra-smooth surface of silicon by
diamond cutting is challenging due to its low machinability,
which is intrinsically associated with the hard-brittle charac-
teristic accompanied by the strong covalent bonds [5].

It has been demonstrated that the ductile mode cutting of
hard and brittle materials can be achieved by rational selection
of machining parameters, such as cutting parameters, material
orientation, and geometry of cutting tool [6—18]. For instance,
the utilization of a negative rake angle of a diamond cutting
tool leads to formation of local compressive hydrostatic pres-
sure at the contact regime between workpiece material and
cutting tool, which efficiently suppresses crack propagation
and thus facilitates the material removal through plastic flow
rather than brittle fracture [19, 20]. To achieve high surface
integrity of silicon through ductile mode cutting, it is critical to
obtain a fundamental understanding of underlying mecha-
nisms governing the brittle-to-ductile (BTD) transition in dia-
mond cutting of silicon, which also provide important guide-
lines for the rational development of cutting tools [21, 22].

Grooving experiments with gradually increasing depth of
cut (DOC) have been popularly used to characterize the BTD
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transition of different types of hard-brittle materials [23-26].
Specifically, the transition from ductile mode cutting at low
DOC to brittle mode cutting at high DOC can be characterized
by ex situ imaging the groove morphology with optical mi-
croscopy. Thus, a critical DOC for the BTD transition can be
derived, which is greatly significant to determine the DOC
used in subsequent ductile mode SPDT. However, it is ex-
tremely difficult to reveal underlying mechanisms of BTD
transition by conventional experimental techniques due to
the resolution limitations of both machining and measurement
apparatus. Furthermore, although the direct and straightfor-
ward analysis of subsurface deformation behavior of silicon
by state-of-the-art cross-sectional transmission electron mi-
croscopy (TEM) discovered new nanostructure in silicon in
single grain grinding, it incurs a high cost and is time-
consuming [27, 28]. On the other hand, as an important sup-
plementary to experimental investigation, finite element (FE)
simulation-based numerical investigation has been widely
performed to investigate machining process of silicon
[29-32].

Although considerable FE simulations have been per-
formed to provide valuable insights into diamond cutting of
silicon, an exhaustive description of the BTD transition of
silicon by FE simulation is far from being completed.
Firstly, while most of previous FE simulations adopted con-
stant DOCs [29-32], there is limited attention paid to the FE
simulation of grooving trial and its machining parameters’
dependence. Furthermore, a quantitative comparison between
experimental results and FE simulation prediction data in di-
amond grooving is still lacking. Moreover, while the BTD
transition can be experimentally identified from various as-
pects such as groove profile [24-27], cutting force [25, 33],
and acoustic emission signal [34, 35], the BTD transition in
previous FE simulations is solely distinguished from the evo-
lution of chip profile. Therefore, other theoretical aspects are
also expected for providing robust evidence of the BTD tran-
sition in FE simulations. Furthermore, there are diverse con-
stitutive models such as Johnson-Cook [29] and Von Mises
yield criterion [36] used in previous FE simulations, which
failed to provide accurate reflection of the brittle fracture be-
havior of silicon. Since proper description of material proper-
ties is critical for the accuracy of FE simulation results, it is
prerequisite to adopt suitable constitutive model that can fully
represent ductile and brittle characteristics of silicon for eluci-
dating mechanisms of BTD transition.

Both theoretical and experimental studies indicate that di-
amond cutting of silicon is essentially an intricate process that
includes elastic deformation, plastic deformation, brittle frac-
ture, and phase transition, and the interaction between differ-
ent deformation modes strongly relies on the configuration of
machining parameters [37]. Specifically, the rake angle of the
cutting tool is one of the most prominent machining parame-
ters that are closely associated with the BTD transition in
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diamond cutting of silicon. It is normally accepted that the
ductile mode cutting of silicon can mainly be achieved by
using a cutting tool with negative rake angles [25-28]. Fang
et al. [38] experimentally showed that the effective rake angle
plays a more important role than nominal rake angle in cutting
brittle materials. However, the consensus on the quantitative
dependence of BTD transition of silicon on rake angle has not
been reached. Zhao et al. [39] reported that the rake angle
between — 25° and — 15° is suitable for achieving the ductile
mode cutting of silicon. Krulewich et al. [37] concluded that
the rake angle for ductile mode cutting of silicon should not
exceed — 60°. Durazo-Cardenas et al. [40] pointed out that a
rake angle of — 25° is the best conducive to achieve ductile
cutting of silicon. Wang et al. [41] demonstrated that a rake
angle of — 40° leads to better machined surface quality than a
rake angle of — 25°. These discrepancies in the rake angle—
dependent BTD transition of silicon may be originated from
different configurations of utilized machining parameters.
Therefore, revealing the rake angle—dependent BTD transition
in diamond cutting of silicon by an accurate FE model is
greatly needed.

Therefore, in the present work, we establish a FE model of
diamond cutting of monocrystalline silicon based on the
Drucker-Prager (DP) constitutive model, which is capable of
capturing plastic flow and brittle fracture of silicon. We sub-
sequently perform FE simulation of grooving to investigate
the BTD transition of silicon by analyzing evolutions of both
chip profile and cutting force. Furthermore, corresponding
diamond grooving experiment using the same machining pa-
rameters with that used in the FE simulation is also carried out,
and the derived critical DOC for the BTD transition is quan-
titatively compared with the predicted value by the FE simu-
lation. Finally, sequential FE simulations of grooving and con-
ventional cutting using a constant DOC are performed to in-
vestigate the influence of rake angle on the BTD transition of
silicon.

2 Methodology
2.1 FE modeling of grooving of silicon

Figure 1 shows the 2D FE model of orthogonal grooving of
silicon, which consists of a monocrystalline silicon specimen
and a diamond cutting tool. The specimen has dimensions of
30 um in length and 10 um in height, and is meshed by
CPEA4R type element with an element size of 8 nm. To restrict
rigid motion of the specimen in the cutting process, the spec-
imen bottom is fully restricted. The diamond cutting tool treat-
ed as an analytical rigid body has a relief angle of 10° and a
cutting edge radius of 40 nm. To address the influence of rake
angle on the cutting process, five rake angles, as 0°, — 15°, —
30°, — 45°, and — 60°, respectively, are considered.
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Fig. 1 2D FE model of

orthogonal grooving of silicon
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Prior to the cutting process, the cutting tool edge is placed
above the right corner of the specimen with a distance of 5 nm.
In the FE simulation of grooving process, the cutting tool
moves with a constant speed of 30 mm/s and 3.6835 mm/s
along the cutting direction and the DOC direction, respective-
ly. The maximum cutting length and DOC of the grooving
process are 2.44 and 0.3 pum, respectively. Correspondingly,
the inclination angle of cutting tool trajectory with respect to
the specimen top surface is 7°, as illustrated in Fig. 1. It is
expected that the silicon material sequentially undergoes elas-
tic deformation, plastic deformation, and brittle fracture upon
the advancement of cutting tool. Specifically, plastic removal
and brittle fracture dominate ductile mode cutting and brittle
mode cutting, respectively.

The DP constitutive law is utilized to describe material
properties of silicon in the FE simulation. Table 1 lists specific
parameters of the DP constitutive law for silicon [42]. In ad-
dition, the unit failure criterion is adopted in the shear failure
model based on the equivalent plastic strain value of the unit.
The fracture strain of silicon is set as 0.01 [43].

2.2 Setup of grooving experiment

Figure 2 illustrates the experimental configuration of diamond
grooving of silicon using a single-crystal diamond cutting
tool. The workpiece is a mechanically polished monocrystal-
line Si(100) with a diameter of 30 mm, a thickness of 2 mm,
and a surface roughness of 1 nm. Both the rake face and flank
face of the diamond cutting tool have a (100) crystallographic
orientation. The cutting tool with an arc-shaped cutting edge
has a radius of 1 mm, a rake angle of — 15°, a relief angle of
25°, and a cutting edge radius of approximately 40 nm. The

30 um

experiment is carried out with the Precitech Nanoform X ultra-
precision lathe. The lathe has a linear position motion accura-
cy of 1 nm, which enables the precision reciprocating motion
along cutting direction and feed direction. In the cutting pro-
cess, the workpiece and cutting tool are fixed to the Z and X
axes of the linear motion axis of the lathe, respectively. To be
consistent with the FE simulation, in the grooving experiment,
the cutting tool has a cutting speed of 30 mm/s and 3.6835
mm/s along the cutting direction and the DOC direction, re-
spectively. Thus, the inclination angle of cutting tool trajectory
with respect to the specimen top surface in the grooving ex-
periment is 7°, which is the same with that in FE simulation.
The machined surface is characterized by optical microscopy
and scanning electron microscopy (SEM).

3 Results and discussion
3.1 BTD transition of silicon

FE simulation of grooving using a rake angle of — 15° is firstly
carried out to investigate the BTD transition behavior of sili-
con. Figure 3 shows representative snapshots of cutting pro-
cess at different cutting regimes, in which the specimen is
colored by stress contour. As indicated by the scale bar shown
in Fig. 3a, the height of the intercepted part from the specimen
is 465 nm. Figure 3 a shows that in the initial cutting regime,
the material undergoes pure plastic deformation without chip
formation, and the stress mainly concentrates in the vicinity of
tool edge. Upon further advancement of cutting tool, Fig. 3 b
shows that there is continuous saw-tooth chip formed by plas-
tic flow, i.e., ductile mode cutting. Figure 3 b shows that

Table 1 Parameters of DP constitutive law for silicon [42]

Parameters Density Elastic modulus Poison’s ratio Initial yield Friction angle Dilation angle K
(ton/mm®) (MPa) (MPa) ©) )

Values 23x107° 193000 0.28 7000 18 5 0.9
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cutting stress is mainly concentrated in the first deformation
zone in the vicinity of the cutting edge. Figure 3 a also shows
that the magnitude of stress increases with increasing DOC.
Operating ductile and/or brittle material removal of silicon
is strongly dependent on the applied stress state. The
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generation of compressive stress around the tool-workpiece
contacting zone prevents crack propagation due to the absence
of tensile stress in the cleavage plane [12]. Liu et al. theoret-
ically demonstrated that the compressive stressed zone acts as
a shielding zone for crack propagation, because the stress
intensity factor K at the crack tip is reduced by the large com-
pressive stress. Consequently, material removal within the
shielding zone is dominated by dislocation flow [6, 8, 25].
In addition to dislocation activity-governed plastic flow, phase
transformation and amorphization occurred under highly
compressive pressure also play an important role in the BTD
transition of silicon [34—49]. Yan et al. [50] reported a com-
bined effect of both phase transformation and dislocation mo-
tion on the ductile mode cutting of silicon. Zhang et al. [27,
51] found that the formation of amorphous layer before chip
formation is also one important mechanism for ductile mode
cutting of silicon in high-speed grinding experiments, and the
critical DOC for BDT transition varies from 48.7 to 122.3 nm.

In addition to the stress concentration in the first deforma-
tion zone, Fig. 3 ¢ indicates that the stress concentration is
mainly retreated to the vicinity of cutting edge accompanied
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Fig. 3 Evolution of chip profile in FE simulation of grooving with a rake angle of — 15°. Silicon specimen is colored by stress contour. a Plastic
deformation. b Ductile mode cutting. ¢ BTD transition region. d Brittle mode cutting
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<« Fig. 7 FE simulation results of grooving silicon using different rake
angles. Silicon specimen is colored by stress contour. For each rake
angle, left and right snapshots in the same row are captured at a DOC
of 60 and 125 nm, respectively. Rake angles are the following: a and b 0°,
candd— 15°, eand f—30° gand h —45° i and j — 60°

with fracture failure of formed chips, i.e., BTD transition oc-
curs. Figure 3 d shows that material removal is dominated by
brittle fracture, i.e., brittle mode cutting. Therefore, the evolu-
tion of chip profile shown in Fig. 3 clearly demonstrates that
BTD transition occurred in the grooving of silicon with in-
creasing DOC. The critical DOC for the commencing of dom-
inant brittle mode cutting is estimated as 118 nm.

Figure 4 a shows machined surface morphology of silicon
after the FE simulation of grooving with a rake angle of — 15°.
Furthermore, Fig. 4 b plots derived coordinates of machined
surface in the entire grooving process, and the surface rough-
ness of machined surface in different cutting regimes is also
derived. Figure 4 a and b jointly demonstrate the significant
evolution of machined surface quality in different cutting re-
gimes. Specifically, the machined surface is smooth in the
ductile mode cutting. The derived surface roughness is 4
nm. However, the machined surface quality deteriorates in
the BTD transition regime. The cracks are generated on the
machined surface, which leads to an increased surface rough-
ness of 5 nm. Figure 4 a shows that there are pronounced
fracture propagation phenomena formed in the brittle mode
cutting with a surface roughness of 8§ nm.

Figure 5 plots the variation of cutting force in the FE sim-
ulation of grooving process with a rake angle of — 15°.
Furthermore, to qualitatively characterize the fluctuation of
cutting force, the evolution of deviation magnitude of cutting
force with DOC is also presented. The deviation magnitude of
cutting force is calculated by subtracting the base number
derived from the fitting of cutting force-DOC curve using
the measured number. The thrust force that has the similar
features with the cutting force is not presented. While a refer-
ence point is assigned to represent the analytical rigid cutting
tool, both cutting force and thrust force can be directly derived
from the reference point. Figure 5 demonstrates that there are
different characteristics of cutting force in different cutting
regimes. In the initial cutting regime with a DOC less than
40 nm, the cutting force increases smoothly with little devia-
tion magnitude due to considerable shear bands formed in the
saw-tooth chips. When the DOC is larger than 40 nm but less
than 118 nm, the fluctuation of cutting force is significantly
magnified. Although the amplitude of fluctuation increases
with DOC, the deviation magnitude of cutting force nearly
keeps constant, indicating a stable transition from ductile
mode cutting to brittle mode cutting occurred. However, the
evolution of deviation magnitude loses its regularity when the
DOC is larger than 118 nm, as the fluctuation of cutting force
aggravates significantly due to dominant brittle fracture

events. Figure 5 also shows that the increasing ratio of aver-
aged cutting force is slowed down in the brittle mode cutting.
The above analysis further quantitatively confirms the critical
DOC of 118 nm derived from the evolution of chip profile.
In addition to the FE simulation, corresponding grooving
experiment using the same machining parameters with the FE
simulation is carried out. Figure 6 a presents the top view of
machined surface morphology of the formed groove, which
clearly indicates a transition border of cutting mode from duc-
tile to brittle. It should be noted that since a large inclination
angle of 7° is utilized in the experiment, the ultra-small groove
length of 2.44 pum is far smaller than that of hundreds of
micrometers used in previous grooving experiments.
Figure 6 b illustrates the scheme to derive the critical DOC
from machined surface morphology. The critical DOC d, in
grooving experiment can be calculated following Eq. (1):

de = R—\/R=("/,)? (1)

where R is the nose radius of the diamond cutting tool and w is
the width of the groove at the critical DOC. The critical DOC
obtained in the grooving experiment is 121 nm. The deviation
of critical DOC between predicted value by FE simulation and
measured value in experiment is 2.4%, indicating the high
accuracy of as-established FE model of grooving of silicon.

3.2 Influence of rake angle on BTD transition

With the fundamental understanding of the BTD transition of
silicon in grooving by FE simulation and corresponding ex-
perimental validation, FE simulations of grooving using dif-
ferent rake angles are subsequently carried out to investigate
the influence of rake angle of cutting tool on the BTD transi-
tion of silicon. In addition to the rake angle of — 15°, other four
rake angles including 0°, — 30°, — 45°, and — 60° are consid-
ered. The machining parameters for the other four rake angles
are the same as those used for the rake angle of — 15°.

Figure 7 presents snapshots of cutting processes with the
same DOC for different rake angles, in which the specimen is
colored by stress contour. For each rake angle, left-row and
right-row snapshots correspond to a DOC of 60 and 125 nm,
respectively. It is seen from Fig. 7 that there are continuous
chips formed for each rake angle at the DOC of 60 nm, indi-
cating a ductile mode cutting. However, the rake angle has a
strong influence on the chip profile. Specifically, the smaller
the rake angle, the less pronounced the saw-tooth characteris-
tics of the chip, the less volume of the chip, and the less stress
concentration in the vicinity of the tool edge.

Atalarger DOC of 125 nm, the chips are continuous for the
rake angles of — 30° and — 45°. However, there are brittle
fracture of displaced base material and fracture of continuous-
ly formed chip observed for the rake angle of 0° and — 15°,
indicating the dominant brittle mode cutting. In particular for
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Fig.8 Evolutions of cutting force in FE simulations of grooving using different rake angles. Rake angles are the following: a 0°, b —30°, ¢ —45°,andd —

60°

the rake angle of — 60°, the formed chips accumulate into
blocks, with the absence of saw-tooth characteristics.
Figure 7 also indicates that the obtained machined surface is
smoother and of less surface cracks for rake angles of — 30°
and — 45°. For the smallest rake angle of — 60°, the continuous
chip flow on the rake face of the cutting tool is seriously
suppressed, and the interaction between formed chips and
machined surface leads to the deterioration of machined sur-
face quality. The as-observed rake angle dependence of the
critical DOC can be attributed to the transition of dominant
stress states from shear to compressive, which is conducive to
the formation of hydrostatic pressure zone and thus facilitating
ductile mode cutting.

Figure 8 plots the variation of cutting force with increasing
of DOC in FE simulations of grooving using different rake
angles. It is seen from Fig. 8 that the cutting force-DOC curve
presents similar characteristics of different cutting regimes for
each rake angle. And Fig. 8 also suggests that the rake angle
has a strong influence on the cutting force. Firstly, the regime
of ductile mode cutting increases with decreasing rake angle
in the range from 0° to — 45°, after which decreases with a
further decrease of rake angle from — 45° to — 60°. Secondly, a
decrease of rake angle leads to an increased average cutting
force in the brittle mode cutting. Thirdly, the fluctuation of
cutting force is less pronounced for a smaller rake angle.

@ Springer

Based on the investigation of chip profile and cutting force,
the derived critical DOC for the BTD transition is 105, 118,
132, 140 nm, and 116 nm for the rake angles of 0°, — 15°, —
30°, — 45°, and — 60°, as listed in Table 2. Therefore, above
results indicate that there is a critical rake angle of — 45° for
the largest critical DOC of 140 nm for the BTD transition in
diamond grooving of silicon, corresponding to the most pro-
nounced ductile machinability of silicon.

In order to further explore the influence of rake angle on the
BTD transition of silicon, FE simulations of conventional cut-
ting using different rake angles but with a constant DOC of
70 nm are performed. Figure 9 a shows the schematic diagram
of chip formation in the cutting process. The area of the pri-
mary shear zone is controlled by the shear plane length L.
The change in the rake angle of the cutting tool significantly
affects the Lap. As the area of the shear zone increases, the
strength of the material increases and the deformation energy
increases. Figure 9 b presents a typical cutting configuration
by FE simulation with a rake angle of — 15°. It is obvious that

Table 2 Critical DOC for different rake angles

Rake angle 0° - 15° —-30° —45° - 60°

Critical DOC 105 nm 118 nm 132 nm 140 nm 116 nm
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Fig. 10 Shear plane length by FE simulations of conventional cutting with a constant DOC of 70 nm. Rake angles are the following: a 0°, b — 15°, ¢ —

30°,d —45° and e — 60°

@ Springer



890

Int J Adv Manuf Technol (2019) 104:881-891

the stress concentrated in the primary zone and the shear plane
length L, is about 175 nm.

Figure 10 presents FE simulation results for each rake an-
gle. Specifically, the measured values of Lp are provided. It
can be seen from Fig. 10 that both the length of shear plane
and von Mises stresses increase with a decrease of rake angle
in the range from 0° to — 45°. However, the length of shear
plane decreases from 215 nm at the rake angle of — 45° to
205 nm at the rake angle of — 60°. These results strongly
demonstrate that the hydrostatic pressure in the vicinity of
cutting region is advantageous for achieving ductile mode
cutting of silicon. And the distribution of pressure concentra-
tion in the cutting process is strongly affected by the rake
angle of the cutting tool.

4 Summary

In summary, we establish a 2D finite element model of orthog-
onal cutting of monocrystalline silicon based on the DP con-
stitutive model, which is capable of describing co-existing
deformation behaviors of plastic flow and brittle fracture of
silicon. Finite element simulation of grooving is performed,
and the BTD transition is identified by analyzing both evolu-
tions of chip profile and cutting force. The predicted value of
critical DOC for the BTD transition of silicon for a rake angle
of — 15° is 118 nm, which is of well agreement with the
measured value of 121 nm from corresponding grooving ex-
periment using the same machining parameters. Subsequent
FE simulations of grooving and conventional cutting demon-
strate that the critical DOC for the BTD transition is strongly
dependent on the rake angles ranging from 0° to — 60°. And a
critical rake angle of — 45° possesses the most pronounced
ductile machinability of silicon in diamond cutting.
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