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Conventional machining theory states that the machining of a ductile material may create continuous, serrated,
and/or fragmented chips with increasing machining speeds. In this study, transitions of failure mode under
varied machining speeds in single-crystalline silicon were analyzed based on molecular dynamics (MD) simu-
lations of the ultra-high-speed machining of single-crystalline silicon. The MD simulations employ the periodic
boundary conditions along the third direction which can mimic the material failure in cutting plane. The uncut
depth reaches 39 nm, which is sufficiently large to accommodate complex atomic evolutions. The simulation
results indicate that jetted chips occurred in front of the cutter, when the machining speed is increased to
approximately 2.7 x 10% m/s, which is attributed to the shock pressure induced by the chip inertia. Essentially,
the Rankine-Hugoniot jump conditions were introduced to explain the influence of the shock pressure. Both the
calculations based on Rankine-Hugoniot jump conditions and the MD results imply that the shock wave speed is
equal to the machining speed at the steady machining state. In addition, the transition from fragmented-chip to
jetted-chip morphology exhibits a stage wherein the two primary adiabatic shear bands are simultaneously
activated. The present work sheds light on the underlying mechanism of chip formation at an ultra-high-

machining speed beyond 1000 m/s.

1. Introduction

In the previous studies, high-speed machining (HSM) incurred con-
ventional failure modes, namely, the adiabatic shear band (ASB) which
is intrinsically induced by material instability and is prevalent in HSMs
of ductile materials [1]. With increasing machining speeds, the
morphology of chips changes from continuous to serrated and further to
fragmented [2-5]. However, it is unclear whether fragmented chips are
the final morphology. Various scholars have conducted studies on chip
morphology to investigate the final morphology of chips. Molinari [6]
reported that chip morphology changes from fragmented to continuous
in the results of finite element analysis (FEA) of a Ti6Al4V material at a
machining speed of 350 m/s, because the characteristic time of ASB
onset to reach the free surface is longer than the characteristic time of
chip-material convection. Essentially, an ASB does not have sufficient
time to grow and reach the free surface under ultra-high-speed
machining (UHSM) conditions to form fragmented chips.

There are some limitations to the current FEA methodology that was
used to simulate UHSM. First, when the machining speed is sufficiently
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high, the inertial effect induces high pressure. The current FEA simu-
lations consider only the material shear behaviors governed by the
deviatoric part of the stress tensor. Furthermore, the constitutive models
that describe the material shear behaviors, including the Johnson-Cook
model and Zerilli-Amstrong model [7-10], cannot predict the material
deformation behavior due to shock pressure of UHSM. Second, the
“element deletion” technique widely used in the current FEA simula-
tions is not physical and may incur unrealistic localized stress in front of
the cutter tip. The technique of “element deletion” requires configuring
a layer of elements between the chip elements and bulk material ele-
ments. Such a layer of elements, also called the “separation layer”
[5,111], is used to separate chip elements and bulk material elements. In
most cases, the elements of the “separation layer” are assigned based on
a relatively weaker damage criterion to ensure that the elements of the
“separation layer” are deleted during the chip formation [6,9]. These
simulations are not an accurate representation of the real-world sce-
narios, since the material of a single workpiece cannot satisfy two
distinct damage criteria. Additionally, materials do not disappear during
the machining process; in contrast, the materials represented by the
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“separation layer” are deleted in the FEA simulations. Unrealistic
stresses are another issue in “element deletion”. The stress distributions
surrounding the deleted element are singular and discontinuous.
Although stress singularity and discontinuity do not seem to influence
the evolution of chip morphology at relatively low machining speeds,
under the machining speeds characteristic of UHMS, they may cause an
unexpected chip morphology evolution. Molecular dynamics (MD)
simulation is another powerful approach to UHSM simulations. How-
ever, the primary issue in the current MD simulations is the size scale. In
the current simulation scales, the number of atoms involved in the MD
simulations is too small and results in atomic piles in front of the cutter
[12,13]. Therefore, it can be concluded that only a few simulations can
reasonably predict valid failure modes for UHSM with machining speeds
of the order of 10° m/s.

Presently, there are no widely recognized systematic frameworks to
obtain the failure modes in UHSM; however, few efforts have been made
in the past decades to establish such a framework. Salomon conjectured
that the machining temperature would decrease beyond the maximum
temperature point with increasing machining speeds [14]; however, this
still remains controversial and has not been verified [15]. Furthermore,
numerous experimental results have shown that the Salomon’s conjec-
ture may be incorrect [16,17]. In 2003, Zhou et al. [18] proposed that
the plastic wave speed decreases with increasing machining speeds.
Similar results were reported by Wang et al. [19]. Furthermore, it has
been concluded that when the machining speed attains critical speed,
the plastic wave speed exceeds the machining speed, which results in
brittle fractures in the ductile workpiece. Note that because the failure
mode transitions from plastic deformation to brittle fracture, the plastic
work does not contribute to the heat and the machining temperature
decreases. These conclusions agree with the temperature drop conjec-
tured by Salomon. However, these conclusions were based on the
stress-strain curve of tensile testing of a ductile material, wherein the
deformation was governed by shear stress. However, the material in
front of the cutter was governed by the shock pressure when the
machining speed is extremely high (10% m/s). Theoretically, the process
of a material experiencing a shock is treated as a discontinuous process
that can be described by the Rankine-Hugoniot jump conditions com-
bined with the equation of state (EOS) [20].

This study explores the evolution of the material failure mode of
single-crystalline silicon (SCS) machined in the “ductile regime” mode
with increasing machining speeds ranging from 200 m/s to 8800 m/s. To
avoid stress singularity and artificial “separation layer” in the FEA, MD
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Fig. 1. Configurations of molecular dynamics in UHSM of CSC.
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simulations were conducted to obtain optimal and detailed descriptions of
the material failure modes. The simulation yielded the following findings.
First, microvoids were observed within the ASB. Second, the relationship
between the characteristic times of the primary ASB growth and the
material convection was not only competitive but also sequential. Third,
the simultaneous activation of the two primary ASBs was the key mech-
anism for the transition from shear triggering to pressure triggering. As
the machining speed was increased further, the two primary ASBs were
suppressed by the pressure induced by the atom inertia. Fourth, jetted
chips were formed when the pressure induced by the shock wave gov-
erned the failure mode. The shock wave speed was proved to be equal to
the machining speed at the steady machining stage using the Rankine-
Hugoniot jump condition and the simulation results. The pressure
induced by the shock might also result in several other phenomena,
including bifurcations and the wavy shape of the primary ASBs.

2. Methodologies
2.1. Modeling configurations

A molecular dynamic model was built at the nanometer scale to
simulate the orthogonal machining, as Fig. 1. The overall dimensions of
the workpiece were approximately 1000 x 1000 A? in the X-Y plane.
Because the machining force generated by the orthogonal machining
lied only on the X-Y plane [16], periodic boundary conditions were
imposed on the atoms at the two sides of the model. Owing to the
workpiece under compression in X-Y plane in machining, the com-
pressed atoms have a trend to move beyond the two sides normal to the Z
direction. Nevertheless, the periodic boundary condition requires that if
an atom moves beyond one side, it will enter into the boundary from the
opposite side, which implies the normal strain along Z direction is al-
ways zero. Therefore, periodic boundary condition is equivalent to the
plane strain assumption in the FEA simulation of the HSM. Significant
dimensions, including the cutter nose radius and uncut depth, are
labeled in Fig. 1. The entire workpiece was divided into three regions:
Newtonian, heat reservoir, and fixed regions. The Newtonian region
simulated the material deformation behavior under machining; the heat
reservoir region provided heat to the model; and the fixed region was
used for imposing the fixed boundary conditions. The total number of
atoms in the three regions was 841,008. The crystallographic orienta-
tions of [100], [010], and [001] of the workpiece were along the X, Y,
and Z axes, respectively (Fig. 1). A diamond cutter in the model was
assumed to be a rigid body. Before machining, relaxation was performed
to ensure that the workpiece was maintained at room temperature (298
K). During relaxation, the Newtonian region was treated as a micro-
canonical ensemble, and initial energy minimization was conducted.
Subsequently, the method proposed by Berendsen et al. [21] was applied
to couple the atoms in the heat reservoir region and the atoms in the
Newtonian region to stabilize the workpiece at the specified tempera-
ture. Both the energy minimization and coupling processes were
repeated for 7000 cycles, at least, until the workpiece attained the room
temperature. After relaxation, the cutter was slid along the negative
direction of the X-axis for machining under the fixed boundary condi-
tions. The simulations were conducted by the open-source software
LAMMPS with a post-process by the software OVITO.

In this study, the primary focus was on the material failure modes
that vary with machining speeds. Eight cases (Case 1-8) were respec-
tively studied at the respective machining speeds: 200, 1086, 1300,
2000, 2715, 4073, 5431, and 8800 m/s. These machining speeds were
selected to cover the machining speed range corresponding to the shear-
triggering failure mode and pressure-triggering failure mode.

2.2. Calculation approaches employed in the simulations

In the MD simulation, the interactions among the silicon atoms can
be defined using the Tersoff potential function [22], which is given by
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where f¢ is the cut-off radius function; fx is the repulsive potential term;
by is the bond order between atoms i and j; f4 is the attractive potential
term; ry; is the cut-off distance; and 6 is an optional negative shift of the
equilibrium bond length. The coefficients and parameters in the three-
body Tersoff potential function were obtained from Tersoff’'s work
[22]. This potential function defined the interactions among the atoms
of the workpiece (Si—Si interactions) and the interactions between the
cutter and the workpiece (Si—C interactions). The file used in MD
defining the parameters of Tersoff potential function can be downloaded
from the webpage of National Institute of Standards and Technology.

The stress, strain, and temperature fields obtained from the MD
simulation exhibited discontinuous characteristics and had to be aver-
aged to obtain smooth fields. The averaging method employed in this
study is shown in Fig. 2. As the figure, the quantity at the central atom
was averaged. The adjacent atoms were considered in the averaging
process. All the atoms were assumed to be within a sphere with a cut-off
radius for the averaging process. The average quantity at the central
atom is given by

1 N
g =3 D%, @
i=1

where q; is the quantity of the ith atom; ay,g is the averaged quantity of
the central atom; and N is the total number of atoms within the assumed
spherical space. The cut-off radius used in this study was set to 4 or 8 A
to ensure smooth quantity fields.

The Green-Lagrangian strain tensor was adopted in this study to
describe the large deformations of a solid. The Green-Lagrangian strain
tensor is given by Ej = 1(FiF; — &), where F; is the deformation
gradient tensor; &; is the Kronecker delta; and i and j are indices, which
are assigned the values 1, 2, and 3 corresponding to the X, Y, and Z
directions, respectively. The deformation gradient tensor is obtained

ox;i

from the atom locations and is given by F;; = x The equivalent strain at

each atom used in the following sections is given by egom =
,/%Ege" :Ege“ where Ege" represents the deviatoric part of the strain

tensor.
Virial stress is used to indicate the stress level. It is calculated using

I'he central atom

.
.

sniped Jjo-m)

Fig. 2. Sphere for quantity averaging.
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the superposition of the kinetic energy contribution and pairwise force
contribution [23]. The virial stress is given by

v 3

1 N
ml),'l)j*‘ri Z(rl,-Plj+r2,-P2j) s

n=1
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where V, is the space for averaging; m is the mass of the atom; r; and r,
are the positions of a pair of neighbor atoms; and P; and P are the forces
of a pair of neighboring atoms. Because the workpiece was loaded by the
cutter, the stress state of the workpiece usually had a negative hydro-
static part. For convenience, the pressure was utilized as an alternative
to represent the negative hydrostatic stress; the pressure is given by p =
_ outopton
Temperature is another significant factor that influences the failure
mode evolution in a shock. In this study, the temperature was calculated
by averaging the kinetic energy of each atom. Thus, the temperature can
be obtained using the following equation
N
2
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where vy, x, Uny, and vy, are the velocities of the nth atom along the X, Y,
and Z directions, respectively; N is the total number of atoms within the
spherical space; kg is the Boltzmann constant; T is the average temper-
ature of the central atom; and N, is Avogadro’s number. The atoms of
the workpiece loaded by the cutter had translational mass-center ve-
locities in the X-Y plane. The mass-center velocity did not contribute to
heat generation; therefore, they were excluded from the temperature
evaluation. Based on the reference MD shock simulations [24,25], it was
assumed that the temperature was proportional to the atomic thermal
motion along the Z-direction because the mass center velocity compo-
nent along the Z-direction at some extents was not affected by the cutter
loading. Then, Eq. (4) is modified as

N
> muy
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T="L
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The localized density of the workpiece was evaluated by the Voronoi
tessellation method. In the simulations, the software package
Voronoi++ (version 0.4.6) was used, which provided a cell-based Vor-
onoi tessellation algorithm. The localized density of one atom was
calculated by dividing the atomic mass by the tessellation volume
occupied by the atom. The specific volume used in the following sections
was calculated by inverting the density. Additionally, the algorithm,
which was developed by Maras (2016) [26], was adopted in the simu-
lations to identify cubic structures.

The radial-pair distribution function (RDF) was used to identify the
amorphous structure. The RDF can be defined as [27]

N(r+dr) —N(r)

0 Ve v

(6)

where N(r) and N(r + dr) are the number of atoms within the spherical
space with radius r and r + dr, respectively; po is the density of the
number of atoms in the bulk material; and V(r) and V(r + dr) are the
volume of the spherical space with radius r and r + dr, respectively.
When r increased to a larger number, the RDF of the amorphous struc-
tures approached 1; in contrast, even when r was a large number, the
RDF of the crystalline structure was always in a periodic characteristic.
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3. Results and discussion

3.1. Failure mode transition and corresponding metallurgical structure
and temperature variations

3.1.1. Failure mode transition with machining speeds

Typical material failure modes at different machining speeds were
represented by equivalent shear strain fields, as Fig. 3. The overall trend
of the material failure mode changed from a heterogeneous failure mode
to a homogeneous failure mode with increasing machining speeds. As
Fig. 3(a), when the machining speed v¢ was 200 m/s, a typical hetero-
geneous failure, i.e., the primary ASB, was active and propagated;
consequently, the primary ASB caused a fragmented chip formation.
When the machining speed vc was elevated to 1086 m/s, the ASB
became wavy and ASB bifurcations were observed, as Fig. 3(b). The
bifurcation nucleated within the ASB and deviated from the primary
ASB. When the machining speed was vz = 1300 m/s, as Fig. 3(c), the
second-primary ASB was active from the free-surface corner marked in
Fig. 3(c). The two primary ASBs propagated and connected. The second-
primary ASB prevented the primary ASB from propagating to the free
surface and forming fragmented chips. At a high machining speed of
2715 m/s, the propagation of the two primary ASBs was suppressed, as
Fig. 3(d). Additionally, several crossed minor ASBs nucleated in the
high-pressure region surrounded by the two primary ASBs, as Fig. 3(i).
The suppression of the primary ASBs and the occurrence of the high-
pressure region showed that the material failure modes transitioned
from shear failure to pressure failure. When machining speed was v¢c =
5431 m/s, the two primary ASBs were almost eliminated, and the
crossed minor ASBs also disappeared. The failure modes at high
machining speeds were more homogeneous compared to the failure
modes at lower machining speeds. These failure modes are illustrated as
equivalent strain and pressure fields in the supplementary video.

Inertia was the root cause of the transition from the shear failure
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modes to the pressure failure modes, which can be inferred from the shift
of the maximum-pressure location, as Figs. 3(f)—(j). Maximum pressures
were observed under the cutter tip at the machining speeds of 200, 1086,
and 1300 m/s. The pressure concentration can be attributed to the round
shape of the cutter tip, because a common sense is that stresses usually
concentrate at notches. When the machining speed reached 2715 m/s,
the maximum pressure shifted to the atoms in front of the rake face; this
can be attributed to the fact that the atoms in front of the rake face had
higher inertial forces. The inertial forces were incurred by the acceler-
ation of the atoms along the machining direction. The atoms in front of
the rake face were accelerated to the machining speed in a short time;
however, the atoms under the cutter tip were not accelerated to the
machining speed because they were passed by the cutter in the
machining process. Therefore, the acceleration of the atoms in front of
the rake face was higher than that of the atoms under the cutter tip,
which causes higher inertial force of the atoms in front of the rake face.
Such inertial force is the origin of high pressure. When the machining
speed was 5431 m/s, higher inertia causes higher localized pressure in
front of the rake face.

The high pressure induced by the inertia in front of the rake face
suppressed the two primary ASBs. Molinari et al. studied ASB suppres-
sion by pressure [6] and reported that inertia slowed down the strain
concentration within the ASB because the high pressure induced by
inertia confined the atom movement within the ASB and further
impeded ASB propagation. In 2014, Cai et al. [28] experimentally
verified that pressure can suppress ASB propagation. In the MD simu-
lations, the pressure played an important role at a machining speed of
2715 m/s. The pressure on the atoms in front of the rake face suppressed
the growth of the two primary ASBs and led to the separation of the
primary ASBs, as Fig. 3(d). Additionally, when the machining speed was
2715 m/s, crossed minor ASBs were in the high-pressure region, which
indicates that shear effects were still present in the high-pressure region.

Case 1 2 3 5 7
Ve 200 m/s 1086 m/s 1300 m/s 2715 m/s 5431 mifs .
(a) (b) (¢) Free-surface corner @ .

Equivalent shear strain

Pressure

540

Suppressionds

Jouru passoa))

Suppression Suppression

Shear mixes shock Shock

Max. pressure

Elasé precursor

Fig. 3. Variation of the failure modes with machining speeds presented through equivalent shear strain fields. Five cases are selected under identical sliding distance
(96 A). The radius of the assumed sphere for equivalent strain field averaging was 4 A, and that for pressure averaging was 8 A. (a)-(d) represent the equivalent shear
strain fields; (f)-(j) show the pressure fields. With increasing the machining speeds, the failure modes transit from shear-stress triggering to pressure triggering.
Supplementary videos of three cases (Case 1, 3, and 7) were provided. (a), (f), (c), (h), (e), and (j) respectively corresponds to Video 1—6.
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3.1.2. Metallurgical structures within ASB and the high-pressure region

To determine the metallurgical structure in the primary ASB and
high-pressure region, a portion of the atoms of the damage region under
the cutter tip at the machining speed of 200 m/s and in the high-pressure
region at the machining speed of 5431 m/s were studied through RDF
evaluation, as Figs. 4(a) and (b). The atoms for RDF evaluation were
selected from a smaller region at a distance of at least 6 A from the
border of the damage region. In the cross-sectional view presented in
Fig. 4(c), the selected atoms marked in red were within a band region
with a thickness of 1 A in the middle of the section. The radius of the
assumed sphere for the RDF evaluation was set to 5.6 A, which ensured
that the diameter of the assumed sphere was smaller than the thickness
of the model, 15.0 A. This configuration ensured that there was no free
space in the assumed sphere.

The results are shown in Fig. 4(d). The RDFs of the selected atoms at
the machining speeds of 200 m/s and 5431 m/s are presented as Type 1
and Type 2, respectively. Moreover, the RDF of the crystalline structure
is presented as Type 3. The first peaks of the three cases shared a dis-
tance of 2.52 A, which is close to the published experimental results
[29,30]. The RDF of Type 1 and Type 2 structure converged to 1 with an
increase in the radius of the assumed sphere, which shows that a typical
amorphous structure. In other words, the amorphous structure was
transformed from the crystalline structure in the HSM and UHSM. This
conclusion was also confirmed by Zhao [31]. Nevertheless, the RDF of
the SCS had periodic features with an increase in the radius of the
assumed sphere, as Type 3.
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In the transformation from crystalline to amorphous, the Si—Si bond
breaks to form dangling bonds. The existence of dangling bonds reduces
the constraints to silicon atoms to benefit the formation of the micro-
voids in ASB that requires the surrounding atoms is of high flowability.
The formation of the microvoids will be discussed in Section 3.2.2.

3.1.3. The temperature fields influenced by machining speeds

The virgin materials experienced high stress or pressure for a period
of few picoseconds. As the period was very short, it can be assumed that
the heat transfer was limited and all of the heat was provided by the
work of the machining. Concerning the work-heat conversion efficiency,
the heat at one material point can be obtained using the following
equations

0= ﬂ(Teqyeq +P€\/)7 )

where Q denotes the generated heat; f§ is the Taylor-Quinney coefficient;
Teq is the shear stress; y.q is the equivalent shear strain; ey is the volu-
metric strain. Eq. (7) indicates that the heat can be divided into two
parts: the first part is incurred by shear stress, and the second part
originates from the pressure. Nevertheless, in the simulation, it was
observed that the two parts played significant roles in different
machining speed ranges. For machining speeds lower than 1300 m/s,
the heat was primarily created by the shear stress that accumulated
within the ASBs, as Fig. 5(a). When the machining speeds were higher
than 4073 m/s, the high temperatures were primarily created by the
pressure, which was concentrated in the high-pressure region. The cases

(b)

Damage region in
front of rake face

L~

Selected region
for RDF
calculation

Y [010]

X [100]
Z [001]

@

EN
L

g(n)

r (A)

Fig. 4. RDF of amorphous and crystalline structure; (a) and (b) show the regions of the selected atoms viewed from the Z-direction; (a) shows the amorphous
structure under the cutter tip at a machining speed of 200 m/s; (b) shows the amorphous structure in front of the rake face at a machining speed of 5431 m/s; (c)
shows the band region of the selected atoms viewed from the Y-direction; (d) displays the RDF of the amorphous and crystalline structure. Type 1 and Type 2
represent the RDF at machining speeds of 200 m/s and 5431 m/s, respectively; Type 3 represents the RDF of SCS. Type 2 and 3 are convergent to 1 with increasing
the radius of the assumed sphere implying Type 2 and 3 are the amorphous structure.
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Fig. 5. Variation of temperature distribution with machining speeds; (a) shows the variation of the temperature fields with machining speeds. All cases were
evaluated under the condition of the cutter sliding by 96 A a rectangle region was selected as the location for the temperature measurement under the cutter tip
marked in the case of v = 200 m/s; the cut-off radius of the assumed sphere for temperature averaging was 8 A; (b) displays the variation of the temperature under
the cutter tip with machining speeds; (c) displays the local region of (b). The overall trend of temperature increases with enhancing in machining speeds. When the
machining speed is higher than 4073 m/s, the work done by the pressure should be the major factor contributing to the temperature increase.

of machining speeds of 2000 m/s and 2715 m/s were of the feature
transitioning from the heat within the ASB to the heat within the high-
pressure region because high temperatures existed in both the high-
pressure region and within the ASBs.

Overall, the temperature under the cutter tip increased with
increasing machining speeds, as Fig. 5(b). The temperature under the
cutter tip decreased significantly with increasing machining speeds in
the range of 200-1300 m/s. In this range, the shear stress governed the
material failure mode, as Fig. 5(c). Based on Eq. (7), it can be assumed
that when the shear stress governed the material failure mode, heat was
primarily generated from the work done by the shear stress within the
primary ASBs. The shear stresses within the primary ASBs at the
machining speeds of 200 m/s, 1086 m/s, and 1300 m/s were compa-
rable. However, the equivalent shear strain within the ASB at the
machining speed of v = 200 m/s was twice the shear strain in the other
cases. The equivalent shear strain was the accumulation of the equiva-
lent strain rate over time and can be obtained as follows

ul
1= a
fo

where tp is the moment when the cutter comes in contact with the

(8)

542

workpiece; and t; is the moment when the cutter slid by 96 A. The
duration between the two moments was termed &t. Because the tem-
perature comparison was based on the fact that the cutter slid by 96 A,
the distinct machining speeds resulted in different ét in each case. The
duration for a machining speed of 200 m/s was 48 ps; whereas, for
machining speeds of 1086, 1300, 2000, and 2715 m/s, the duration
ranged from 4.4 to 8.8 ps. The shear strain within the ASB was found to
be twice the shear strain in the other four cases, because of the large time
duration in the case of 200 m/s. A larger strain and comparable stress
resulted in more plastic work, which generated more heat causing
higher temperature under adiabatic condition in the case of machining
speed of 200 m/s. For machining speeds of 2000 m/s and 2715 m/s,
shear governing transited to pressure governing. Therefore, in Fig. 4(a),
the high temperatures were located within the two ASBs and the high-
pressure region. In the cases of the machining speed higher than 4073
m/s, the localized heat was primarily contributed by pressure. A higher
pressure at higher machining speeds resulted in larger volumetric strain,
which resulted in more work. Therefore, as Fig. 5(b), the localized
temperature increased with increasing machining speed for the
machining speeds of 4073, 5431, and 8800 m/s, which disagree with
Salomon’s conjecture. Theoretically, a typical adiabatic shock line in
pressure-specific volume plot determines the volumetric work
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monotonically increase with specific volume decreasing. The more
plastic work at higher machining speeds converted to more heat trig-
gering higher temperature.

3.2. The mechanism of failure modes governed by shear stress

3.2.1. The duration of material convection during ASB growth

The amorphous structure within the primary ASB under the condi-
tions of v¢ = 200 m/s are shown in Fig. 6. As Fig. 6(a), the primary ASB
onset originated from the region under the cutter tip. The duration from
ASB onset to reaching the free surface was 18 ps, as Figs. 6(a)-(c). After
reaching the free surface, the primary ASB became wider, which was
caused by the material convection [6,32] and amorphization of the
adjacent crystalline. In addition, microvoids started to nucleate at 62 ps,
as Fig. 6(d). Subsequently, the microvoids coalesced to form a crack, as
Figs. 6(e) and (f).

Molinari et al. [6] proposed a mechanism wherein the disappearance
of fragmented chips in UHSM was induced by the competition between
the duration of the primary ASB propagation to the free surface, tyropa-
gations and the duration of the material convection of the primary ASB,
teonvection If tconvection < tpropagations then the primary ASB does not have
sufficient time to reach the free surface. Consequently, fragmented chips
are not formed. This mechanism is based on the results of the FEA
simulation on Ti6Al4V at the millimeter scale. Nevertheless, different
situations were observed in the MD simulation of SCS machining on the
nanometer scale. The relationship between the primary ASB propaga-
tion and material convection was not only purely competitive but also
sequential, which can be validated through the observation of the pri-
mary ASB width before and after reaching the free surface. The primary
ASB width at 39 ps was used as a reference. Before reaching the free
surface, the primary ASB width increased by 23.8 %, as Fig. 6(c).
Similarly, it increased by 528.5 % after reaching the free surface, as
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Fig. 6(f). Therefore, it can be concluded that the convection mainly
occurred after the ASB reached the free surface. Thus, the disappearance
of the fragmented chips in UHSM is not induced by the competition
between the primary ASB propagation and the material convection with
the primary ASB. Based on our MD simulations, it can be concluded that
the disappearance of fragmented chips is caused by the occurrence of the
second primary ASB, which will be discussed in Section 3.2.4.

3.2.2. The negative pressure around microvoids

The previous studies have shown that the ASB failure is incurred by
the microvoid evolution [33], including growth and coalescence.
Negative pressure was observed to be the trigger for the growth of voids.
Rice and Tracy studied the relationship between the void growth rate
and hydro stress [34,35] and concluded that the void growth depends on
the mean hydrostatic stress in the far field. Similar results were obtained
in MD simulations. The hydrostatic stress field at the moment of
microvoid nucleation is shown in Fig. 7(a). It can be observed that the
microvoids were surrounded by negative pressure. After 65.5 ps, the
number of atoms with high pressure was less than the number of atoms
present after 62.5 ps. However, after 65.5 ps, the microvoids started to
coalesce. After 70 ps, the coalesced microvoids formed a crack, and the
pressure magnitude around the microvoids decreased further to a lower
level. Note that the coalescence of the microvoids not only causes cracks,
but also results in dimples on the chip surface. The dimples were
observed on the chip of surface of Ti6Al4V [36].

To quantitatively depict the pressure variation, the number of atoms
with a negative pressure magnitude higher than 2 GPa was counted and
plotted against time, as Fig. 7(d). The average diameters of the five
largest voids are plotted against time in Fig. 7(d). In Fig. 7(d), the
number of atoms with a magnitude of negative pressure larger than 2
GPa was the largest at 62.5 ps. Subsequently, the magnitude decreased
with an increase in the average void diameter. After 64 ps, the growth

ASB propagating

Micro-voids coalescence

(d) 62 ps

(e) 69 ps

. Cubic structure

Amorphous

ﬂ Convection flow

Fig. 6. The process of fragmented chip formation at the *machining speed of 200 m/s. The ASB propagation was followed by material convection flow. No obvious
competition was observed between the ASB propagation and the material convection.
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Fig. 7. Pressure around the voids within ASB; (a)-(c) show the pressure around the voids and the void sizes after 61, 65.5, and 70 ps; (d) shows the variation in the
number of atoms with a magnitude of negative pressure larger than 2 GPa with time; (d) also shows the change in average void size with time. The negative pressure

stretching the materials governs the growth of the microvoids.

rate of the microvoids accelerated, and the amount of the atoms of the
pressure higher than 2 GPa decreases, which indicates that the strength
of the material surrounding the microvoids decreased.

3.2.3. Disturbance in the primary ASB

Side branches were discovered in the primary ASB under the
machining speeds of v¢c = 1086 m/s and v¢ = 1300 m/s, as Figs. 3(b) and
(c), respectively. Because the propagation of ASBs was driven by shear
stress, and the orientation of ASBs was related to the direction of the
maximum shear stress, the nucleation of the side branch was driven by
the maximum shear stress. Furthermore, the orientation was influenced
by the direction of the maximum shear stress.

To study the influence of the maximum shear stress on the side-
branch nucleation, statistical methods were applied to the maximum
shear stress. The atoms within the side-branch nucleation were selected
after 5.375 ps, 6.25 ps, and 8.125 ps, as Figs. 8(a-I), (b-1), and (c-I). The
atoms for statistical analysis were filtered based on the condition that
the von Mises values were greater than the stress thresholds. These
thresholds and the number of atoms are presented in Figs. 8(a-II), (b-II),
and (c-II). Additionally, the projection of the maximum shear stress di-
rection of the atoms within the side branch on the X-Y plane was defined
in Fig. (a-ID); the angle between the projection on the X-Y plane and Y-
axis was defined as the shear angle, which indicated the projection di-
rection, as Fig. 8(a-II).

The distribution of the maximum shear stress is shown in Figs. 8(a-
1), (b-11I), and (c-III). The expectations of the distributions of the
maximum shear stress fell in the ranges of 12.7-14.9 GPa, 16.9-19.4
GPa, and 19.1-22.1 GPa after 3.375 ps, 6.25 ps, and 8.125 ps, respec-
tively; which shows that the expectations of the maximum shear stress
increased in the side-branch nucleation. If the expectation of the
maximum stress distribution was treated as a side-branch nucleation
criterion, then the stress criteria would have fallen within the range of
12.7-22.1 GPa.

The shear angle distributions at the three moments are shown in
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Figs. 8(a-1V), (b-1V), and (c-1V). After 5.375 ps, the shear angle fell in the
range of —27.1°-35.5°, and the peak occurred in the range of 8.7°-17.7°;
after 6.25 ps, the shear angle fell in the range of —17.9°-18°, and the
peak occurred in the range of 9.0°-18.0°; after 8.125 ps, the shear angle
fell in the range of —17.8°-36.1°, and the peak occurred in the range of
—8.8°-0.1°. In contrast, the shear angle of the side branch was 36.7°,
and the shear angle of the primary ASB was 51.1°, shown as Fig.8(c-I).
The shear angle of the maximum shear stress was oriented at a lower
shear angle compared to that of the primary ASB and side-branch; this
orientation induced atoms within the side-branch nucleation to deviate
from the direction of the primary ASB. The shear angle deviation be-
tween the maximum shear stress and the primary ASB orientation might
have been related to the superposition of the pressure and shear stress
within the primary ASB. The superposition of the high pressure and
shear stresses changed the direction of the maximum shear stress and
drove the side-branch nucleation and wavy ASB formation. The ASB
bifurcation phenomenon has been observed in Ti6Al4V [37] and other
materials [38] through impact testing in previous studies.

3.2.4. Simultaneous activation of the two primary ASBs

When the machining speed reached 1300 m/s, the second-primary
ASB occurred. The second-primary ASB nucleated at the free-surface
corner, as Fig. 9. The primary ASB and the second-primary ASB were
simultaneously active; this is illustrated by the von Mises stress field at
3.75 ps in Fig. 9(a). Subsequently, both the primary ASBs propagated
and connected, as Figs. 9(b)-(d); this was the key material failure mode
that prevented the primary ASB from reaching the free surface and
prevented fragmented chip formation.

The onset of an ASB can be determined from the thermo- mechanical
coupling of the ASB onset location. A theoretical description of the
thermo- mechanical coupling of the ASB onset is present in the literature
[39]. It is based on a partial differential system constructed using basic
equations of solid mechanics. In 1982, Bai [40] proposed a criterion for
ASB onset by applying the perturbation method to a partial differential
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Fig. 8. Statistical analysis of the maximum shear stress and the corresponding direction of the atoms within the nucleation of the side branch; (a-I), (b-I), and (c-I)
show the maximum shear stress field without averaging; (a-II), (b-II), and (c-II) show the atoms that satisfied the stress criteria; (a-III), (b-III), and (c-III) show the
pressure distribution of the atoms shown in (a-II), (b-II), and (c-II), respectively; (a-IV), (b-IV), and (c-IV) show the direction of the maximum shear stress distribution
of the atoms showing in (a-II), (b-II), and (c-II), respectively. The side branch should be induced by the disturbance of the localized high pressure that changes the

orientation of the maximum shear stress.

system. The criterion is as follows:

(3
— 7 >, (C)]

PCV%

where p is the material density; ¢, is the volumetric heat capacity; and y
is the shear strain; 7 is the shear stress oriented along the direction of the
ASB, which is a function of the shear strain vy, shear strain rate y, and
temperature T. The criterion described above implies that the ASB onset
takes place when dr/0T overwhelms dr/dy. For most material, 0r/0T is a
negative number, and the shear stress should sharply fall off at a high
temperature between the room temperature and the melting point. In

machining, the high temperature was induced by the plastic work con-
version. Specifically, in Case 1 (200 m/s), the material in front of the
cutter tip was under stress concentration that did plastic work resulting
in accumulated heat. The accumulated heat elevates the localized tem-
perature that is beneficial to the increase of —dz/dT and decrease of
0t/dy, which further causes ASB.

As Figs. 9(e)-(h), the compression adjacent to the cutter-workpiece
interface manifests. The compression was induced by the inertial force
of the atoms that were sharply accelerated by the impact of the cutter.
The impact simultaneously results in the localized shear stresses further
causing the second-primary ASB and the minor ASBs to grow from the
cutter-workpiece interface, as Figs. 9(a)-(d). Owing to the compliance of
the surface material at the free-surface corner alleviating the localized
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Fig. 9. The simultaneous onset and propagation of the two primary ASBs under the machining speed of vc = 1300 m/s. The cut-off radius of the assumed sphere for
von Mises and pressure averaging was 8 A. The second-primary ASB was induced by the impacted materials adjacent to the cutter-material interface.
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shear stress, the onset of the second-primary ASB requires higher
machining speeds, compared with the machining speed only causing
minor ASBs. This mechanism explains why only minor ASBs occurs in
Case 2 (1086 m/s), and the second-primary ASB occurs in Case 3 with a
higher machining speed (1300 m/s).

The influence of stress on the ASB onset can also be corroborated at
the nanometer scale. In 2016, Zhao et al. [41] studied micro-ASB for-
mation in SCS and suggested that the difference in Gibbs free energy
between the crystalline and amorphous structures is caused by the en-
ergy barrier resisting the transformation from a crystalline structure to
an amorphous structure; this energy barrier can be overcome by stress
work and can be obtained using

AG,_,(T;P,r =0) = pey + 17 + AG._(T; P, 1), (10)
where AG,_, is the energy barrier that has to be surpassed to transition
from the crystalline to amorphous phase. When the work done by the
stress is sufficiently high, it satisfies the following condition:
AG._(T;P,7) = 0; this initiates the transformation from a crystalline
structure to an amorphous structure. For the ASB onset, the work done
by the stress should be primarily provided by the shear stress. Eq. (10)
can be used to obtain the amount of work required to activate the ASB
onset. A large amount of work requires sufficiently high shear stress,
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which can be induced by a high machining speed.

3.3. The mechanism of failure modes governed by pressure

3.3.1. Shock wave attenuation and jetted chips driven by pressure

The shock wave began to attenuate after the cutter contacts the
workpiece. The attenuation stage can be considered the transient state,
which is followed by a steady state in which the machining processes are
steady. The case under the machining speed of vc = 5431 m/s was
considered as an example to demonstrate the shock wave attenuation at
the transient state and the pressure field at a steady state in UHSM. In the
transient state, the shock wave propagated from the interface between
the workpiece and rake face and formed a high-pressure region, as
Fig. 10(a). Attenuation occurred in the first several picoseconds. After t
= 2 ps, the width of the damage region was 170.45 A. After 3 ps, the
width of the damaged region reached 309.3 A and remained at
approximately 307 A. Thus, the width of the high-pressure region
increased in the first 5 ps and remained constant thereafter. The material
response after 6 ps was in the transient state, and a steady state was
achieved after 6 ps. In the transient state, the shock wave attenuated,
causing the pressure to decrease and the width of the high-pressure re-
gion to increase. Once a steady state was achieved, the pressure field

Pressure
100

Unit: GPa

Pressure drives
&« chip formation

(@

Fig. 10. The process of jetted chip formation and shock wave attenuation; (a) shows the chip formation process driven by pressure; the machining speed was v¢ =
5431 m/s. The cut-off radius of the assumed sphere for pressure averaging was 8 A. (b) shows the pressure measurement process; (c) shows the measured stress at
distinct moments during the shock wave attenuation process; (d) shows the morphology of the rim of a crater caused by the impact from a projectile of stainless steel
with the speed of 3000 m/s [42]. The target is 1100-type aluminum. The morphology of the rim and the jetted chips are similar.
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stabilized. The pressure at several points within the high-pressure region
was measured to quantitatively present the pressure distribution in the
high-pressure region. The measurement points were evenly distributed
in a line with an interval of 27.8 10\, and the distance between the free
surface and the measurement line was 195 A, as Fig. 10(b). The
measured pressures are shown in Fig. 10(c), wherein it can be seen that
the pressure decreased in the first 5 ps, which shows the shock wave
attenuation occurred within the first 5 ps. Subsequently, the pressure
became stable, which implies a steady state was achieved. Because the
highest pressure was at the interface of the workpiece and the rake face,
the localized pressure drove the material to jet to the free-surface side
where the lower pressure region was located, as Fig. 10(a). In other
words, the formation of the jetted chips was driven by the pressure
gradient. The jetted-chip morphology is similar to the crater-rim
morphology in the crater-impacting experiments conducted by Murr
et al. [42]. In the experiments, 1100-type aluminum was impacted by a
stainless-steel projectile with the shape of sphere. The diameter of the
sphere is 3.18 mm. The impact speed of 3000 m/s causes the high
pressure in the target driving the crater-rim material to jet. For com-
parison, the characterization of the crater-rim morphology was pre-
sented in Fig.10(d). Additionally, as Fig. 10(a), many atoms vaporized
from the surface of the jetted chips and formed a gaseous state. Owing to
the article limit, the vaporization will not be discussed in details.

3.3.2. The relation of variables at transient state
In the transient state of UHSM, variations in variables, including
machining speed, shock wave speed, pressure, and compression ratio,
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are considered discontinuous processes in theory [20]; this is because
the duration of these variations is too short. To demonstrate such a
situation, a case with the machining speed of v = 5431 m/s was taken
as an example. Fig. 11(a) illustrates the process of one atom experi-
encing the shock front of a shockwave. Within 0.1 ps, the shock front
passed by the atom, and the shock wave elevated the pressure of the
atom from 4 to 200 GPa; the process of the shock front passing by the
atom was too short and difficult to study as a continuous process.
Therefore, the process was treated as discontinuous and depicted by the
Rankine-Hugoniot jump condition [20]. The Rankine-Hugoniot jump
condition is constructed by three conservation laws. Thus, the variables,
including pressure, machining speed, and shock wave speed, were
treated as state quantities, and the variations in the process were
ignored. Based on this theoretical framework, the relationship between
the shock wave speed and the machining speed is shown in Fig. 11(b). It
was observed that the transient shock wave speed monotonically
increased with increasing machining speeds. If the machining speed is
assumed to be the atom speed at the cutter-workpiece interface, then
this monotonic increase can be described by the empirical relation EOS,
which is given by vs = 1.03v¢ + 7.22 km/s through linear fitting. In
addition, the relationship between the machining speed and pressure at
the shock front was investigated; the results are plotted in Fig. 11(c),
which also displays a monotonic increase. Hence, it can be concluded
that the localized pressure induced by inertia drives the propagation of
the shock wave. A higher localized pressure results in a higher shock-
wave speed. A quantitative discussion on the relationship between the
shock wave speed and pressure is presented in Section 3.3.3.
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Fig. 11. The relationship among the variables at the transient state; (a) shows the pressure on the atom increased to 200 GPa during passing by a shock front within a
short time (0.1 ps); The short time results in the jump-style increase of the pressure. (b) shows the relationship between the shock wave speed and machining speed at
the transient state; (c) shows the relationship between the pressure and machining speed at the transient state; (d) shows the relation between the pressure and

compression ratio that was established based on the Vonoroi tessellation algorithm.
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Fig. 11(d) shows the pressure varied with the compression ratio. The
pressure is plotted against the compression ratio as red squares in Fig. 11
(d) and fitted by a third-order polynomial. It was observed that high
pressure resulted in a high compression ratio. The results were
compared with the impact experimental results provided by Goto et al.
[43] and Gust and Royce [44]. Based on the comparison, it was found
that higher pressures occurred in MD simulations in the compression
ratio range of 0.55-0.8; this range can be attributed to the fact that the
MD simulation was conducted at the nanometer scale, which may have
caused a “size effect” [45]. Additionally, the Hugoniot elastic limit was
approximately 9-15 GPa at a compression ratio of 0.95, which is
consistent with the results of the impact experiments.

3.3.3. Shock wave speed at steady state
Shock wave propagation was driven by the localized pressure in both
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the transient and steady states. Fig. 12 illustrates the transition from the
transient state to the steady state under the machining speed of v¢c =
2715 m/s; this case was selected as an example because the cases at
higher machining speeds required longer time to achieve a steady state,
which requires larger models to accommodate the longer time of
machining.

In Fig. 12(a), the left side of the workpiece is set as the origin of the
horizontal axis. The distance between the left side and cutter-workpiece
interface is Lo; the distance between the left side and shock front is Lq;
the damage region length is L. The variation in the damage region length
is given by

dL_dL_d

dr - dr dt an

= Ug — Uc¢.

Because the volumetric compression in the high-pressure region was
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Fig. 12. Shock wave speed transitions from the transient state to the steady state under the condition of vc = 2715 m/s. The transient state is followed by a steady
state. At transient sate, shock wave speed is higher than the machining speed; at steady state, shock wave is equal to the machining speed.
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caused by the cutter thrust along the machining direction, the volu-

metric compression ratio within the high-pressure region can be

assumed to be equal to the length compression ratio along the

machining direction. Then, the width of the high-pressure region is

related to the width of the high-pressure material under free status as
Vv

—Ly,
Vo 0

L= (12)

where V) is the specific volume of the damaged region at free status; and
Ly is the width of the damaged region at free status. Another relationship
that requires consideration is the conservation relationship. According
to the mass and momentum conservation at the shock front governed by

the Rankine-Hugoniot jump condition, the shock wave speed is given by
[20]

13

where p is the pressure at an arbitrary state after starting machining; and
Do is the pressure at the initial state. Note that Eq. (13) can be used to
describe the shock wave speed at transient state. Combining Egs. (12)
and (13), an equation regarding the width of the high-pressure region in
terms of the pressure and shock wave speed is given by

(14

1 —
A R .
Vo Vo(vspy)
The derivative of Eq. (14) with respect to time can be written as
follows.

O ar 1s)

3 _,dug

2(p —po)vs’p 2_:| .

From the equation above, it can be inferred that pressure p decreases
with time in the transient state and remains constant in the steady state,
which can be confirmed from Fig. 10(a). The shock velocity must be
constant at a steady state under constant machining velocity. Therefore,
in the steady state, two relations should exist:
dp dos

—=0and — =0.

dt 16

Substituting Eq. (16) into Eq. (15), the following relation is obtained:

dL
= an

Based on Egs. (11) and (17), it can be concluded that the shock wave
speed should be equal to the machining speed at the steady state (vs =
v¢); this conclusion is consistent with the results of the MD simulation
shown in Fig. 10(b), which shows the variations in the distance L; and Ly
with time. The slopes of L; and L, are the shock wave speed and the
machining speed, respectively. In the transient state, L; had a larger
slope, which shows that the shock wave speed was faster than the
machining speed. At the steady state, the slope of L; was —27.15 A/ps
and parallel to the slope of Ly, which shows that the shock wave speed
was equal to the machining speed. The width of the high-pressure region
at four moments in the steady state, marked by the four points in Fig. 12
(b), isillustrated in Fig. 12(c). The width was approximately 148 Ainthe
steady state, which shows that the shock wave speed was equal to the
machining speed and consistent with Eq. (17).

Combining the transient state and the steady state, the shock wave
speed is given by

1 -
— lfp Po transient state
Po V=Y

Uc

Vg =

steady state

This conclusion is different from the previous conclusion that states
the machining speed was larger than the plastic wave speed [18,19,46]
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when the machining speed was elevated to a critical value. In the pre-
vious conclusion, the plastic wave speed was derived from the plastic
part of the stress-strain curve of the workpieces. However, the simula-
tions showed no plastic shear wave at the machining speeds at which the
shear stress governed the material failure modes. In these cases, the
energy emitted from the cutter was consumed by the ASBs, and only a
few elastic waves propagated to deep locations. Furthermore, the sim-
ulations showed that when the machining speed increased to higher
levels at which the pressure governed the material failure modes, the
shock waves occurred. The shock wave speed can be derived from
Rankine-Hugoniot relation or calculated based on the curve represent-
ing the relation between pressure and specific volume as Fig. 11(d).

4. Conclusions

In this study, to explore the failure mode of SCS at different
machining speeds, MD simulations were conducted. The results from the
MD simulations were analyzed based on the current theoretical frame-
work and some phenomena in the impacting experiments. The following
conclusions were drawn.

e The MD simulations suggested that when the machining speed is
higher than that causing fragmented chips, jetted chips should exist.
Furthermore, the pressure induced by atom inertia in front of the
rake face is the primary cause of jetted chip formation. The transition
from fragmented chips to jetted chips experiences a stage wherein
two primary ASBs simultaneously onset and propagate.
No plastic/shock wave were observed in the machining speed range
in which the shear stress governed the material failure mode. The
shock wave speed was higher than the machining speed at transient
state, which can be described by the EOS. In addition, the shock wave
speed was proved to be equal to the machining speed in the steady
state. The Rankine-Hugoniot jump condition was introduced to
elucidate the shock wave speed.

e When shear stress governs material deformation behavior, the shear
strain played a significant role in heat generation, and the highest
temperature occurs within ASB. In the case of machining speeds at
200 m/s, the larger shear strain causes the higher temperature
compared with other cases of machining speed lower than 1300 m/s.
For the cases of machining speeds at 2000 m/s and 2715 m/s, the
location of high temperatures transited from ASBs to high-pressure
region. At machining speeds higher than 4073 m/s, the pressure
and volumetric strain became the primary factor contributing to heat
generation, which causes the maximum temperature in the high-
pressure region.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jmapro.2023.09.064.
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