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Abstract

High-speed machining (HSM) has been studied for several decades and has potential
application in various industries, including the automobile and aerospace industries. However,
the underlying mechanisms of HSM have not been formally reviewed thus far. This article
focuses on the solid mechanics framework of adiabatic shear band (ASB) onset and material
metallurgical microstructural evolutions in HSM. The ASB onset is described using partial
differential systems. Several factors in HSM were considered in the systems, and the ASB onset
conditions were obtained by solving these systems or applying the perturbation method to the
systems. With increasing machining speed, an ASB can be depressed and further eliminated by
shock pressure. The damage observed in HSM exhibits common features. Equiaxed fine grains
produced by dynamic recrystallization widely cause damage to ductile materials, and
amorphization is the common microstructural evolution in brittle materials. Based on previous
studies, potential mechanisms for the phenomena in HSM are proposed. These include the
thickness variation of the white layer of ductile materials. These proposed mechanisms would
be beneficial to deeply understanding the various phenomena in HSM.

Keywords: high-speed machining, adiabatic shear band, subsurface damage,
dynamic recrystallization

1. Introduction who stated that the machining temperature initially increased
and then decreased with increasing machining speed [2].

High-speed machining (HSM) has considerable potential in  However, over the last several decades, many debates over
various industries because it is highly efficient and saves Salomon’s assumption have ensued [3]. This article sets aside
energy [1]. The concept of HSM was proposed by Salomon  these arguments and focuses on the underlying mechanisms of
various phenomena in both HSM and ultrahigh-speed machin-

. ing (UHSM) in terms of solid mechanics and material sci-
Author to whom any correspondence should be addressed. ence. In HSM, the occurrence of adiabatic shear band (ASB)

is an important phenomenon that intrinsically results from

O.rlgmal content from this Work. may be usec.l under the s haterial instabilities. Another vital phenomenon is shock.
BY of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the Although gener ally ignored by researchers, shock occurs at a
title of the work, journal citation and DOL machining speed of approximately 1000 m s~! based on the
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molecular dynamics (MD) simulation conducted. Because the
machining speed that causes shock usually reaches the order
of 1000 m s~!, in this study, the speed range of HSM is set to
less than 1000 m s~ !, and that of UHSM exceeds 1000 m s~!
for simplicity.

Zener and Hollomon discovered the ASB in the 1940s [4].
Its mechanical framework, named as ASB onset system, was
established by Wright and Batra in the 1980s [5]. The mechan-
ical framework was subsequently modified by many research-
ers to define more applicable systems [6—13] for HSM. By
applying appropriate boundary and initial conditions, these
systems can be solved using numerical methods, such as the
finite difference method. Additionally, these systems can be
handled by the perturbation method to establish ASB onset
criteria [8, 11, 13—16]. These criteria are convenient to assess
if the ASB occurs under specific conditions. This topic is dis-
cussed in detail in section 2.1.4.

In these ASB onset systems, constitutive models are vital
and responsible for describing the material deformation beha-
vior. In HSM, material deformation behavior is depicted by
thermo-visco-plastic constitutive models that typically con-
sider the strain, strain rate, and temperature to predict stress.
Constitutive models can be divided into two categories: empir-
ical and physical. The former exhibits a coupling pattern
between the strain, strain rate, and temperature. The lat-
ter is built from bottom to top, involving material activit-
ies at the atomistic scale (e.g. dislocation dynamic beha-
vior) [17]. Specifically, when the strain rate is lower than
10* 1 s~!, the constitutive models are dominated by disloca-
tion thermal activation [18]. When the strain rate is in the range
10*~107 1 s™', the constitutive models are mainly influenced
by phonon drag [19-22]. Nevertheless, in this strain rate range,
some researchers suppose that the multiplication of the geo-
metric dislocation density must be the governing factor in the
constitutive models [23]. Further, when the strain rate exceeds
107 1 s~!, the relativistic effect plays the most vital role in the
constitutive models.

A typical ASB failure in ductile materials results from void
evolution. Researchers have investigated the contribution of
void evolution to material failure. Among the well-known
articles is Gurson’s work [24], which was the first to intro-
duce micro-void fraction in material behavior. Subsequently,
because void fraction was attributed to void nucleation and
growth, some researchers started to focus on the law for void
nucleation and growth. In 1976, Seaman et al [25] described
void nucleation and growth. In 1984, Gurson’s model was
improved by Tvergaard and Needleman through a finer char-
acterization of void nucleation and growth [26]. With advance-
ments in numerical computational power, many researchers
performed finer studies [27-31] using MD to reveal the under-
lying mechanism triggering void evolution. The MD results
showed that complex dislocation activities caused void evolu-
tion. However, these results were challenged by Nguyen and
Warner [32]. They contradicted the conventional viewpoint
that stress triaxiality causes void growth [33, 34].

Various types of damage are caused by thermomechan-
ical coupling in HSM. For ductile crystalline equiaxed fine
grains (EFGs) [35], plastic deformation and micro-voids are

the major types of damage occurring at the mesoscale in HSM.
The evolution of these types of damage is related to disloca-
tions, twinning, and phase transformation [36—38] at the atom-
istic scale. These types of damage at the mesoscale frequently
occur within the ASBs of chips or in the subsurface [39-
41]. For brittle materials, cracks, stacking faults and amorph-
ization are the major damage types in the subsurface [42—
44]. In HSM, cracks initialize in the high-pressure zone,
and propagate to deeper and lateral locations. In HSM,
except for the cracks in brittle materials, the damage to both
ductile and brittle materials is the result of thermomechanical
coupling [35, 45, 46]. These types of damage are introduced in
section 3.

We acknowledge the efforts of the researchers who pub-
lished reviews over the past several decades. These reviews
focused on many aspects of HSM, including manufacturing
equipment and processes [47, 48], manufacturing processes
on specific materials [49, 50], material property changes [51,
52], subsurface damage [53], and HSM advancement [54]. To
the best knowledge of the authors, a comprehensive review of
HSM and UHSM in solid mechanics and material science is
lacking. The first part of this paper reviews the solid mech-
anics of ASB onset and failure in HSM. Specifically, phys-
ical constitutive equations and dynamic dislocation gliding are
highlighted. Then, a novel finding, the transition from ASB to
shock, is discussed based on the MD simulation conducted by
the authors. In the second part, various types of damage to both
ductile and brittle materials in HSM were analyzed. In addi-
tion, because the current machining speed cannot reach the
critical speed resulting in shock, the damage caused by one-
dimensional (1D) shock is instead reviewed to compensate for
the foregoing deficiency. Owing to a limited space, a few top-
ics regarding solid mechanics and material damage in HSM,
including ASB spacing [55], residual stress in the subsurface,
surface hardness, and roughness, were not discussed. Besides,
nanoscale effects were not included either [56, 57].

2. Solid mechanics description of ASB and shock

2.1. Mechanics of dynamic shear

2.1.1. Dynamic dislocation gliding. =~ The underlying metal-
lurgical activities of plastic strain at the mesoscale are mainly
those of dislocation evolution. Among the various dislocation
evolutions, dislocation gliding is the major activity at a rel-
atively low strain rate. Compared with other activities, such
as dislocation climbing and dislocation nucleation, dislocation
gliding requires lower stress. When the dislocation velocity is
relatively low, thermal activation is the core mechanism for
dislocation gliding. In this section, the core mechanisms are
introduced as they have been widely utilized by physics-based
constitutive models.

The stress that resists dislocation gliding can be classified
into two parts: athermal and thermal. The total resistant stress
can be given by stress superposition, as follows:

T = Tath + Tah, (D
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Figure 1. Various mechanisms in dislocation gliding: (a) three factors reversely affecting dislocation gliding; (b) energy barrier overcome
by thermal activation mechanism; (c) three factors influencing shear stress at distinct strain rate ranges (Reprinted from [17], Copyright

(1987), with permission from Elsevier).

where 7 is the shear stress; 7,4, 1S the athermal stress caused
by the long-range interactions among atoms; and 7y, is the
short-range stress relative to the thermal effect. Specifically,
T can be further classified into three types of interactions, as
shown in figure 1(a): Peierls—Nabarro force [58, 59] influenced
by thermal activation, viscous force induced by the phonon
drag mechanism, and relativistic force interpreted by relativ-
istic inertia. These resistant forces play important roles at dis-
tinct strain rate ranges. When the dislocation velocity is lower
than 40% of the elastic shear wave speed, Cs, the thermal activ-
ation mechanism is the main contributor to resistance [17].
The viscous force must be considered, and the thermal activa-
tion mechanism can be neglected when the dislocation velocity
exceeds 0.4Cs. The relativistic force must be considered when
the dislocation velocity exceeds 0.8Cs. The contributions of
the three factors to stress are shown in figure 1(c). The disloca-
tion velocities of 0.4Cy and 0.8Cs approximately correspond
to strain rates of 10* and 103 1 s~!, respectively.

Dislocation gliding requires atoms to construct dislocations
for overcoming energy barriers along the gliding path. These
energy barriers originate from atom interactions and can be

overcome by the synergism between stress work and thermal
fluctuation. As shown in figure 1(b), the total energy barrier is
Ad . If shear stress is absent, the energy barrier to be over-
come is the total energy. Once shear stress is applied, Ad
remains as the residual energy barrier overcome by thermal
fluctuations. Therefore, the energy barrier can be divided into
two parts:

A(I)O = Aq)l + Wihear, (2)
where Wypeor 1 the work done by shear stress. Theoretically,
the thermal fluctuation energy depends on the vibration fre-
quency of the atoms causing the dislocations. This relationship
can be described by an equation in Arrhenius form, as follows

[60]
B A,
Vv = l/()eXp k@ 5

where vy is the atom vibration frequency at 0 K; v is the
atom vibration frequency successfully overcoming an energy
barrier at temperature 6; and k is the Boltzmann constant.

3)
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Because v is the frequency at which an energy barrier is
successfully overcome, 1/v; is the time consumed for suc-
cessfully overcoming a barrier. As shown in figure 1(b), the
average barrier width, d, can be expressed as d =v; /v =
vo/ vy, Where vy and vy are the average velocities of disloca-
tions at 6 and 0 K, respectively. Subsequently, the two fre-
quencies in equation (3) can be replaced by velocity (i.e.
vi = voexp (—A®P | /kf)). Recall that the Orowan equation is
a power tool that can bridge the strain rate at the macroscale
and dislocation velocity through the form

1
;y = Mpdbvda (4)

where - is the shear strain rate; py is the dislocation density;
b is Burgers vector; v, is the dislocation velocity; and M is a
constant relative to the angle between the direction of the shear
strain and dislocation velocity. Furthermore, the velocity in the
Arrhenius equation, v; = voexp (—A® /kf), can be replaced
by the strain rate expressed in equation (4). Then, the Arrhe-
nius equation becomes

.. AD
Y1 = Yo€Xp <— ] ) , 5

kO

where “ is the reference strain rate at 0 K. The relation-
ship between strain rate v and temperature 6 is clarified by
equation (5). By inserting equations (5) into equation (2) and
rewriting the shear stress work in terms of shear stress, the total
energy barrier can be given by [61]

A = kfln <7°> + bldry, ©6)
Y

where b is Burgers vector, and [ is the length of the disloca-

tion line. Conventionally, the variables in front of 7y, in the

last term, bld, is the thermal activation volume; however, the

activation volume is not a real volume in the three-dimensional

space.

Equations (3), (5), and (6) in Arrhenius form are the core
concepts for constructing various physics-based constitutive
equations, including the mechanical threshold stress model
[20] and the Wedberg—Lindgren model [62]. Thermal activ-
ation volume is another widely used concept. It is adopted by
another set of physics-based constitutive equations, such as the
Zerilli-Armstrong [63] and Gao—Zhang models [23].

The thermal activation model is associated with the rela-
tionship between heat and stress. The essence of heat is the
stochastic vibration of atoms. After one dislocation structure
gliding by the atoms that construct itself, the atoms are stimu-
lated to vibrate intensely, generating local heat. When the dis-
location glide speed increases, the adiabatic effect gradually
plays a significant role because the vibrations of the atoms con-
structing dislocations cannot be transferred to a more distant
field over a short time.

For the cases where the dislocation velocity exceeds 0.4Cs,
the viscous force and relativistic effect play vital roles that
dominate dislocation gliding. The influence of the two factors
can be summarized into one equation in general form:

ma+ Bvg+ F,. = Fy,, @)

where m =mg/y/1 —v3/C% (my is the equivalent mass, and
Cs is the elastic shear wave speed); B is the viscous damping
coefficient; F, is the force resolved by the tension in the dislo-
cation opposite to the direction of Fyp; and Fyp is the applied
stress. The first term on the left side of equation (7) is iner-
tia, which is only effective when the strain rate exceeds 0.8Cj.
Because dislocation is a structure and not a mass, the effective
mass is not a property of dislocation. One possible explana-
tion is that the relativistic effect originates from the inertia of
atoms that construct dislocations. When a dislocation acceler-
ates to an extremely high speed to overcome one barrier, atom
inertia resists the accelerating activities. Consequently, resist-
ance is considered as a relativistic effect. The second term on
the left-hand side of equation (7) can be derived from the vis-
cous effect: the process of overcoming one barrier provides
kinetic energy to the atoms involved. The kinetic energy dis-
sipates in the form of crystalline vibration (also called phonons
in quantum mechanics). As shown in figure 1(a), the phonons
have two main effects. One is the heat that assists the dislo-
cation in overcoming the barrier results in a faster dislocation
motion. The other is viscous damping drags the dislocation
motion when the velocity exceeds 0.4Cs. The third term on
the left-hand side of equation (7) is caused by the tension in
the dislocation line. In typical dislocation motions, the dislo-
cation is driven by shear stress and exhibits a bow shape owing
to the pinning on two sides. The tension in the bow-shaped dis-
location line can be resolved in a direction opposite to that of
the applied stress.

2.1.2. Constitutive equations. ~ When the strain rate is lower
than 10* 1 s—!, thermal activation is the core mechanism on
which physics-based constitutive equations are established.
One relationship obtained from the experiments is typically
used to express the remaining energy barrier:

P14
A®, —Mb3go[1 (TTO) ] : )

where p and ¢ are factors that describe the shape of the energy
barrier; y is the shear modulus depending on the temperature;
and go is the normalized total activation energy. By insert-
ing equation (5), which describes the thermal activation in
equation (8), the mechanical threshold stress model [20] is

given by
1/p
k0 : 1/q
Tth = Tth0 1-— ( 3 1n%> . (9)
pbgo

Several other physics-based constitutive equations were
built in a similar manner, combining some other empirical
or physical equations with equation (5). For instance, Hoge
and Mukherjee [64] suggested that dislocations glide on a slip
plane by forming kink pairs. The activation energy equation
of the kink pair is in the form of equation (5). The Hoge—
Mukherjee model is built based on the activation-energy
equation of the kink pair by including another relationship
between thermal activation and flow stress.
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Table 1. Mechanisms and strain rate ranges of physics-based constitutive equations.

Constitutive equations

Major mechanisms

Strain rate ranges (1 s7h

Mechanical threshold stress [20]
Hoge—Mukherjee [64]

Thermal activation
Thermal activation

¢ < 10*
Not explicitly confirmed

Viscous dragging

Gao—Zhang [23]

Thermal activation for & < 10*

< 10°

Dislocation multiplication for ¢ > 10*

Steinberg—Lund [65]
Wedberg-Lindgren [62]

Thermal activation
Thermal activation

£< 10°
Not explicitly confirmed

Viscous dragging

Zerilli-Armstrong (1992) [19]

Thermal activation

e< 10*

Viscous dragging

Zerilli-Armstrong [63] Arrhenius form

e< 104

Among a few physics-based constitutive equations, the
Gao—Zhang model [23] is special because it may be the only
model that adopts the dislocation density increase as the mech-
anism for interpreting the sharp stress increase when the strain
rate exceeds 10* 1 s~!. As mentioned, phonon drag is the main
contributor to stress when the strain rate exceeds 10* 1 s,
However, the experiments conducted by Follansbee and Kocks
[20] offered another possible mechanism for the stress increase
at a strain rate of 10% 1 s~ In the tensile experiments, the cop-
per specimen exhibited a sharp strain increase when the strain
rate was 10* 1 s~!. The sharp strain increase implies a sharp
increase in the dislocation density at the microscale. This res-
ult was confirmed by Zerilli and Armstrong [19]. Thus far, the
mechanism of the stress increase at a strain rate of 10% 1 s~!
is vague. Another possible reason is that both dislocation mul-
tiplication and phonon drag contribute to the sharp increase
in stress. The phonon drag mechanism is corroborated by the
results of theoretical dislocation dynamics [13]. For quick ref-
erence, a few physics-based constitutive equations are listed in
table 1.

For the above equations, no solid evidence proving that
one of them is better than the others. All these equations
are based on the dislocation dynamics theory. Nevertheless,
in the real world, microstructural evolution is considerably
more complex than ideal assumptions in constitutive mod-
els. For instance, in the ASBs of steel, microstructural evolu-
tion includes phase transformation, dynamic recrystallization
(DRX), and twinning. The dislocation density in EFGs caused
DRX was extremely low. In the DRX process, the dislocations
in the original large grains were released to the grain boundar-
ies to form EFGs; such a DRX process is not included to any
one of these physics-based models.

These microstructures reciprocally strengthen materials,
including dislocation, twinning, and phase transformation.
The intersections among massive dislocations form multi-
junctions that build dislocation nets, which cause glissile dis-
locations to settle, forming sessile dislocations. Consequently,
the dislocation density increases to form a dislocation
forest. High dislocation densities cause strain hardening
that strengthens materials. A famous material strengthen-
ing law is the Taylor hardening law, which presents that
flow stress is proportional to the square root of disloca-
tion density [66]. The strengthening mechanism of twinning

and phase transformation can be introduced by two clas-
sical effects, twinning-induced plasticity (TWIP) and phase-
transformation-induced plasticity (TRIP). The two effects are
often seen in steel. TWIP steel has low stacking fault energy
resulting in isolated stacking faults and twinning [67]. Dis-
location evolution is still the major mechanism in the plastic
deformation of TWIP. Massive twinning planes are the energy
barriers resisting dislocation gliding. Therefore, the similarity
of TWIP and dislocation forests is that material strengthening
is obtained by increasing the number of energy barriers for dis-
location gliding. More energy barriers shorten the free-moving
path of the gliding of glissile dislocations. In consequence,
the plastic flow is confined, and flow stress is elevated. The
strengthening mechanism of TRIP is different from the pre-
vious two. The phase transformation from soft to hard phase
in loading is the strengthening mechanism of TRIP [68]. The
phase transformation from Ferrite to martensite is frequently
seen in TRIP steel.

The other category includes empirical constitutive models.
The most famous among them is the Johnson—Cook (J-C)
model [69] because of its simple form and frequent use in
engineering. Notably, the logarithmic form of the strain rate
term in the J-C model is similar to the form of the strain
rate in equation (6). Such a pattern balances its simplicity and
effectiveness. This is possibly the reason for the wide applic-
ation of the J-C model. Another empirical model, the Klopp—
Clifton—Shawki model, must be mentioned because it has the
simplest form among all the models [70]. This model is con-
structed by the simple coupling of a set of exponential func-
tions in terms of strain, strain rate, and temperature, render-
ing it extremely convenient for mathematical operations. This
model was adopted by several researchers in the stability ana-
lysis of ASB [13, 71, 72]. For convenience, other empirical
constitutive equations can be found in the article of Yang and
Zhang [51].

2.1.3. Governing systems of ASB onset.  Shear failure is
a widely considered failure mechanism of ductile materi-
als. In HSM, this mechanism still holds. Specifically, in the
HSM, shear damage is concentrated on a narrow band to
form an ASB, which is caused by the intrinsic instability of
the material. In terms of solid mechanics, the ASB can be
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simplified into a 1D model that allows field variables (includ-
ing temperature, strain, strain rate, and stress) to vary along the
width direction of the ASB. This simplification is reasonable
because the field variables considerably change in the width
direction but remain steady in the slipping direction. Based
on Wright’s theoretical framework [73], a general form of the
description can be given by an ASB onset system consisting
of partial differential equations:

%; = paav; momentum

POV = RGE +Bre  energy

F=4 (aa”y) = %‘) geometry o
% =p (%Vy" — %) elasticity

e = f(r,r,0) plastic flow

%ﬁj = (7,K,0) material hardening

where v, is the material velocity along the x direction; u, is
the displacement along the x direction; y is a coordinate; -, is
the plastic shear strain; « is the shear strain; p is the mater-
ial density; ¢ is time; x is the thermal conductivity; Cy is the
volumetric heat capacity; ¢ is material hardening; and (3 is
the Taylor—Quinney coefficient. The ASB onset system (i.e.
equation (10)) is a general form that can be concretized into
distinct applications. Over the past two decades, a few spe-
cific systems describing the ASB in HSM have evolved from
system (10).

In 1997, the ASB onset system for serrated chips was built
by Davies et al [6]. It is given by

%; =7 momentum

2 )
pCy % = ngyg + T%‘; energy an
Oy _ O (Ou\ _ Ov ’
ar o \oy ) = oy geometry
T=f(7,%,0) constitutive

where h is the uncut depth, and o is the normal stress in
the ASB induced by cutter loading. The comparison of sys-
tems (11) and (10) indicates that the equation describing the
elasticity in system (10) is omitted. This is because elastic
behavior typically occurs within a small strain range compared
with that of plastic strain. In HSM, such a small strain range
can be neglected. Additionally, the plastic flow and mater-
ial hardening in system (10) are replaced by the constitutive
equation in system (11). This is because thermo-visco-plastic
constitutive models are capable of describing the material
behavior (including plastic flow and material hardening). Not-
ably, the normal stress from the cutter tip was considered in
the momentum equation, which implies that a complex stress
state causes the ASB onset in HSM. Nevertheless, the inertial
term was omitted in the momentum equation of system (11).
Consequently, system (11) is only applied to cases with a rel-
atively low machining speed. The improvement of system (11)
is that the normal stress in HSM is considered.

More sophisticated systems have been proposed by Ma et al
[9], Cai and Dai [10], and Ye et al [11, 16] in the recent dec-
ade. The research of Ma et al focused on the shear stresses at

the junction of the primary shear zone (PSZ) and secondary
shear zone (SSZ). Therefore, the 1D ASB onset system was
expanded into a two-dimensional system based on the plane
strain assumption. The system is given by

ey BZ(J\’+O-V) &7, 1y
o7 — ~ oxoy + o2 + 2y? momentum
80 _ 8%0 | 9%0 . . .
pCv o =k < o T o ) + B (Tayéxy + 0xEx + 0yéy)  energy 7
d%e, d’e, ey
By? 5y oxdy geometry
T =f(7,%,9) constitutive
(12)

where oy, 0y, Ty, €y, €y, and €, denote the normal stress along
the x direction, normal stress along the y direction, shear stress,
normal strain along the x direction, normal strain along the y
direction, and shear strain, respectively. Any quantity with the
dot (“-’) at the top denotes the time differential of the quantity.
System (12) offers an approach to mimic the complex stress
state in front of a cutter tip because of the overlap of PSZ and
SSZ.

In 2014, Cai and Dai [10] developed an apparatus for
depressing ASBs in machining by setting a constraint that
renders the cutter resembling a wood planer. A constraint
against the rake face compressed the ASB along the ASB slip-
ping direction. Compression depresses ASB growth. In the
system of solid mechanics, the compressive normal stresses
exerted by the constraint and rake face are considered.
Therefore, two compressive stress terms are involved in the
momentum equation. Additionally, the influence of material
convection within the ASB is involved in the energy equation
of the system because material convection affects the heat
transfer in the system.

In 2018, Ye et al [16] established a comprehensive sys-
tem in which material convection contributed to strain and
heat. The compressive stress induced by the cutter tip on the
ASB was assumed to decrease linearly toward the free surface
where the compressive stress became zero. The information on
the ASB described by the system is illustrated in figures 2(a)
and (b). As shown in figure 2(a), the ASB occurs at the PSZ
when the cutter moves at a constant cutting speed, V. The
normal stress induced by the cutter tip and the direction of
material convection are shown in figure 2(b). The correspond-
ing system is given by

% + gsi,mp o= P%%Y momentum
pCvaE = pr (% + Vf%}) + ngif —pCyV; 32 energy

g’fg; + V/%ZT.Z’ = —% (% + W'%) (un) loading ,
% = % (%f,) = %V} geometry
T=f(7,9.9) constitutive

13)

where £ = 1+ utan (o — ¢) is a constant depending on the
shear and rake angles, ¢ and «, respectively; o is the nor-
mal stress caused by cutter compression; Vy is the convection
velocity; E is Young’s modulus; and ¢ is the ASB length. In
system (13), the second term, (¢ sinp /b) o, of the momentum
equation is attributed to the compressions due to the cutter.
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Figure 2. ASB occurrence at PSZ: (a) geometric information of
ASB in PSZ and (b) normal stress induced by cutter tip and material
convection direction.
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Figure 3. Stress—strain history in ASB at various machining speeds
(Reprinted from [16], Copyright (2018), with permission from
Elsevier).

The third term on the right side of the energy equation is
the heat removed by material convection; the ‘(un)loading’
equation is formulated based on the chip loading-unloading
process. This equation is a compensative equation due to the
extra introduced variable, o.

In the systems discussed above, the constitutive equation
is given in a general form. Ye er al [16] replaced the con-
stitutive equation of system (13) with the 1D J-C model and
provided the numerical solutions to Ti6 Al4V through the finite
difference method based on Euler’s coordinates, as shown in
figure 3. This figure presents the solutions of the four cases for
comparison. Case (i) is an adiabatic case in which heat diffu-
sion and material convection are prevented. Case (ii) involves
heat diffusion, and case (iii) includes the effect of both heat
diffusion and material convection, which can be formulated
by leaving the corresponding terms in system (13). As shown
in figure 3, an ASB onset can be determined by engineering
criteria:

-
<0.

Criterion 1 : —
iteri 9

(14)

Criterion 1 demonstrates that the ASB onset starts at the
location where the slope of the curve is zero. The ASB onset
occurs in case (i) even at the lowest machining speed. Never-
theless, the ASB onset in case (iv) requires the highest machin-
ing speed than the other cases. This is because heat diffusion
and material convection dissipate local heat. Hence, to provide
higher transient local heat, the ASB onset requires a higher
machining speed. In addition, compression causes high hydro-
static stress, which negatively affects the onset of ASB.

2.14. ASB instability.  Section 2.1.3 demonstrates that the
ASB onset can be determined by solving the system. This
onset can be explicitly obtained by applying the perturbation
method to the system. For example, the system of case (ii) in
figure 3 is given by

oy — "o

9r 83‘ momentum

2
12} X
pcv% = /ﬁ‘g—y‘f + BTG energy
Oy _ 0 [Oug ) _ O
or — 9t \ 9y )] — 9y
T=f (’Ya ¥ 0)
To eliminate the stress, 7, the constitutive equation in sys-

tem (15) can be rewritten as a stress gradient pattern by the
chain rule:

5)

geometry

constitutive

(16)

where P, Q, and R are defined as

(5),
/50

et (O
Q":f<87> ,
Y/ 5.0

det [ OT
R_(> |
a0 .

The solution of system (15) can be assumed in vector form:
v = [yv0n]", where y = 90 /dy. Based on the strain rate dis-
tribution in ASB [74], the strain rate along the y direction can
be approximated as constant. Thus, the term containing Q in
equation (16) is zero and can be eliminated. By substituting
equation (16) into the momentum equation in system (15), the
system can be linearized in matrix form, as follows:

1 0 0 0 0 -1 0 0
0100/ |ov, |-2 0 -2 0
. BT K
00 1 0|a 0 -Z o0 --=
0 0 0 O 0 0 1 0
0O 0 0 O
ov 0O 0 0 O
a—y_ 000 0 v. (17)
0 0 0 1
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For the three matrices in equation (17), M;, M», and M3
are assigned as references. They are given by

1 000
01 00
Mi=1o 01 0l
00 00
0 -1 0 0
_P 0 R 9
M, = ﬁ‘rp s
0 -5 0 —&
0 0 1 0
00 00
00 00
Ms=10 00 0
0 0 0 1

The solution, v, in a general form can be given by the super-
position of an exact solution and a perturbation, as follows:

Ozt+iky’ (18)

V = Vo(,y) T Vi€
where Vo, ) is the exact solution of system (17); vie® Tk g
the perturbation; v; is a constant; « is the perturbation decay;
and k is the wave number. Because the solution, v, and exact
solution, Vo, ), must satisfy system (17), the perturbation part
must also satisfy this system. The perturbation equation is
given by

o eaz-&-iky o eat+iky )
M M =M artiky)
1V1 ot +Myv, By 3V1 (6 )
19
Equation (19) can be rearranged into one term as
MV1 = 0, (20)
where
@ —ki 0 0
_ Pki «a _ Rki 0
M= _ Brki _ rki
pCv pCv
0 0 ki —1

Equation (20) requires that the determinant be zero to guar-
antee that v is not trivial. Consequently, a spectral equation
is obtained by solving det(M) =0 in polynomial form as
follows,

Cyal P>+ Cy oK kp? 4+ Cy Pak? p+Ra ST+ Cy Pk kp =0.

2y
The solution of equation (21) is given by

4Cv P2 K2 03
15 1_% . Q2
(CvPp+RpBT)

o Cvpp-i-RBT
o 2Cykp?

By assuming that k> — oo, the square root term in
equation (22) becomes an imaginary number and is thus neg-
lected. Subsequently, system stability is only determined by
the real part,

Cva + RBT

(23)
Substitute the definitions of P and R into equation (23).
The perturbation amplification requires Re («) > 0. Then, the
unstable domain of the system is reached by satisfying an
unequal relationship,
or
or - ﬂT% .

Criterion 2 : — <

24
Oy Cvp @9

In Criterion 2, the right-hand side is consistently positive
because 97/06 must be a negative number for typical ductile
materials. Thus, Criterion 2, given by the perturbation method,
is less stringent than Criterion 1 that requires 97 /97 to be less
than zero. Criterion 2 is consistent with Bai’s criterion [14].
Notably, Criterion 2 does not explicitly include the contribu-
tion of the strain rate. However, the strain rate does affect the
ASB onset. In 1982, Bai [14] provided an additional criterion
involving strain rate. The extra criterion is in terms of the char-
acteristic time,

o pCvy

E__pv 2
5 BrR—pCyP’ *)

Ic 2
where #c is the characteristic time comparable to the ASB
onset time, and Q™ is the current strain rate hardening. Inequal-
ity (25) indicates that the ASB onset must be completed within
tc, which is a relative value. Therefore, the strain rate, -, is
required by the ASB onset to be on the right side of inequal-
ity (25); it must be sufficiently high to ensure that the right side
is less than the characteristic time.

In 1962, Recht proposed a simple criterion [15] derived
from a constitutive equation in a general form. The criterion,
which neglects the strain rate is, defined as 7 (v, 6 (7)). The
derivative of the general constitutive equation is given by

or db

dr Ot L ords
00 dv’

& o 20

Based on the criterion 1, the criterion can be expressed as

ot /oy

tar :0< S
Criterion 3 : 0 (—07/00) (df | d~y) 1

27

Criterion 3 depicts the competition between thermal soften-
ing and strain hardening. Nevertheless, the fundamental prin-
ciple of this equation is originally based on engineering
experience. In particular, material instability occurs when the
stress—strain curve exhibits a negative slope because mater-
ial softening overcomes material hardening. Therefore, Cri-
terion 3 is more of an engineering standard rather than a sci-
entific rule. Another drawback is that temperature is typically
determined not only by strain. In Criterion 3, temperature is
considered a function of strain, but in other criteria temperat-
ure is usually treated as an independent variable.
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In 2014, Cai and Dai [10] built an ASB onset system for
constraint cutting in which the compressions from the cutter
tip and the constraint were considered. The criterion is given
by

1

B
> 1,
1+N+2,/A(M+ CN)

where N, M, A, B, and C are dimensionless numbers construc-
ted by material properties and mechanical quantities. In 2018,
a criterion involving cutter compression and material convec-
tion effect was established by Ye e al [16]. In their study, Bai’s
criterion is modified as follows,

Criterion 4 : Cry =

(28)

1

Criterion 5: Cr; =
14 P, —Da

Cr; > 1, 29)

where P, is the Prandtl number (ratio of viscous diffusion velo-
city to thermal diffusion velocity); II is the tool compression
coefficient; and Da is the effective damage number proposed
by Johnson [75]. In Criterion 5, the contribution of strain rate
hardening is implicitly included in P, and II. Generally, Cri-
teria 4 and 5 can similarly depict the ASB onset in the PSZ.

All these criteria pertain to the timing of the ASB onset with
increasing loading rate. However, the ASB onset cannot occur
when the loading rate is sufficiently high to cause shock. In
the future, the criteria for assessing the ASB onset transiting
to shock needs to be established.

2.15. Failure models of ASB.  The failure of ASBs is dom-
inated by microscopic void nucleation, growth, and coales-
cence. As shown in figure 4(a), during the ASB formation pro-
cess, stress initially increases with void nucleation. When the
stress reaches the summit of the curve, the material between
the two adjacent voids also reaches the ultimate stress. With
the further growth of the ASB, the materials surrounded by
voids start to neck, and the voids continuously grow in size.
These voids coalesce to form complete cracks, resulting in the
complete material failure. These voids evolution can be identi-
fied in figure 4(b). Several failure models have been proposed
to describe the process. Different from conventional stress-
based or strain-based models, failure models examine the void
volume fraction in materials to assess failure. The void volume
fraction is given by D = Vygia/ (Vvoid + Vsolia)» where Vygiq and
Visolia are the void and solid volume parts in unit volume. The
concept of ‘unit volume’ is different from its conventional
meaning. This volume must be sufficiently large to indicate the
void volume fraction at the macroscale and sufficiently small
to represent a unit. Gao and Zhang [23] first proposed this
concept in 1977. In his work, two types of unit volumes with
different shapes were assumed: cylinders and spheres. Based
on assuming a unit volume, the void fraction volume can be
included in the yield surface equation by equating the plastic
work at the mesoscale and macroscale. Although the failure
criterion was not explicitly expressed in Gurson’s model, the
study provided enlightenment to subsequent research.
Seaman et al [25] conducted shocking experiments and
counted the number of voids in aluminum 1145. They found

that the number of voids followed a negative exponential dis-
tribution with respect to the void radius:

R
N = Nyexp <_R) ,
1

where R| is a distribution parameter; R is the void radius; N is
the total number of voids; and N is the number of voids whose
radii are greater than R. Based on this statistical distribution,
the total volume of the voids in the unit cube can be obtained
by integration over the entire distribution:

ooy T 4r L dN
Vioid = / ledN / MRt dR
0

By differentiating equation (30) with respect to R and
substituting equation (31), the total void volume can be
expressed as

(30)

€29

Vioid = 8T NoR3. (32)

The total volume of voids is derived from two sources:
void nucleation and growth. Assume that the void volume
contributed by the two sources obeys equation (32). The
volume increase rate can then be expressed in a discrete time
manner:

AVvoid = AVn + Avg = SWNlloe[PS_PnO]/PIRzA[

+ 87 NoRj e 1Ps ~Frol i/ (4m), 33)

Because the volume fraction, D, is defined by Vigig,
equation (33) can be used to calculate the critical volume frac-
tion, D, for assessing material failure. All the variables with
the subscript ‘0’ denote the variables at the beginning of the
time interval.

In 1984, Tvergaard and Needleman [26] developed a model
modified from Gurson’s model [24] by redefining the micro-
structural evolution as

2
F= (Zeqv> —2D"q; cosh (Zk > —1—g:D7?, (34)

Oy gy

where D* is a function of volume fraction D. Moreover, D*
can be expressed by

D D < D

D* = D: D )

{ cr + D - (D Dcr) D > Dcr
where D, is the volume fraction at the void coalescence stage;
Dr is the volume fraction at the material fracture stage; and
D! is equal to 1/g;. This model (also called the Gurson—
Tvergaard—Needleman model) offers an improved way to
describe the void volume fraction because the void shape
changes significantly after coalescence.

In 1986, Perzyna [76] estimated the evolution of void
volume depending on stress, strain, and thermal activation. In
2001, Tonks et al [77] proposed a void volume fraction model
based on the impact testing of a uranium alloy. Generally,
these models based on void volume fraction provide a more
realistic description of the void volume evolution.
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Figure 4. Micro-void evolution influence curve of stress versus void volume fraction: (a) curve of stress versus void volume fraction and

(b) stages of micro-void evolution [36, 86].

In recent decades, researchers have studied the underlying
mechanism of void evolution at the atomic scale. To determine
this mechanism, at least two questions must be answered. The
first question is, how do voids nucleate? To answer this, void
nucleation is classified into two categories [78]. In the first
category, voids preferentially nucleate at interfaces, such as
grain boundaries and interfaces among different phases [79].
Before voids nucleate, microcracks nucleate owing to local
stress. As the local stress around the cracks increases, local
plastic deformation drives microcracks to transition to micro-
voids. In the second category, voids may nucleate from dis-
location networks and vacancies. In 1995, Cuitino and Ortiz
[80] built a void nucleation model based on dislocation jog
and pipe diffusion. However, the time for a void to nucle-
ate must be in the order of 1 min, which is extremely long
for dynamic activities and inconsistent with the characteristic
time of ASB formation. In 2011, Reina ef al [81] discarded
the assumption that voids are generated by dislocation jog-
ging. Instead, the equilibrium void concentration is assumed to
correlate with temperature and volumetric deformation. Based
on this assumption and the Monte Carlo simulation approach,
void nucleation was verified to be caused by the aggregation of
vacancies and cavity clusters. In their study, strain rate, tem-
perature, and hydrostatic stress were considered. The results
show that the void nucleation time is in the order of 10~ s.

The second question regarding void evolution is what con-
tributes to void growth? In 1960, Rice and Tracey [33] pro-
posed a relationship in which void growth is controlled by
the strain rate around an isolated void and hydrostatic stress.
This relationship was modified by Huang in 1991 [34] based
on the Rayleigh—Ritz method. Johnson and Cook [69] pro-
posed a criterion based on stress triaxiality for assessing
ductile material failure; hydrostatic stress was the dominant
factor in the criterion. To study the underlying mechanism of
micro-void growth further, numerous subsequent studies util-
ized large-scale MD that could improve characterizations for

simulating the void evolution process. Seppala et al [28, 29,
82] simulated the void growth in the single-crystalline copper
at high strain rates and observed that dislocations grew around
the voids. Marian et al [83, 84] studied single-crystalline alu-
minum and found that pre-existing voids grew by emitting dis-
locations that multiplied to form loops and junctions. In 2008,
the same phenomenon was observed in copper and aluminum
[31, 85]. Nevertheless, Nguyen and Warner [32] discovered
that the time for dislocation nucleation was unreasonably long
based on the results of MD simulations and transition state
theory calculations. In 2020, based on the findings of Nguyen
and Warner, Sills and Boyce [30] proposed a mechanism that
attributed void growth to the dislocation-adsorption mechan-
ism. Therefore, a discrepancy is apparent; both the hydrostatic
stress and dislocation multiplication trigger dislocation growth
because dislocation multiplication is driven by shear stress.
This discrepancy can be explained by the scale effect. This
means that hydrostatic stress works at the macroscale but in a
local site, and the resolved stress drives dislocation multiplic-
ation to expand voids.

Thus far, the mechanism for void nucleation and growth has
been studied based on simulations and theoretical calculations;
however, conclusive experimental evidence is insufficient. In
the future, more experimental observations are required to elu-
cidate the underlying mechanisms.

2.2. Solid mechanics description of shock

2.2.1. Transition from ASB to shock.  Studies on ASB in the
PSZ have lasted for several decades. Previous studies have
mainly focused on the ASB formation with increasing machin-
ing speeds. In 2013, Monilari et al [55] reported the depression
of ASB with increasing machining speed. Based on the results
of the MD simulation we conducted, the ASB is depressed
because of the increase in hydrostatic stress caused by the
shock in UHSM.
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Figure 5. Evolution of ASB in single-crystal silicon machined at
various cutting speeds simulated by LAMMPS: (a) configuration of
simulation and (b)—(e) morphs of ASB at various cutting speeds.

The MD simulation configuration of UHSM is shown in
figure 5(a). As shown in figure 5(a), a single-crystal silicon
model was machined using a diamond cutter along [100] dir-
ection with an uncut thickness of 39.1 nm. The thickness of
the model is 1.5 nm. The cutter moved at a speed ranging 200—
2715 ms~!; cutting was operated at room temperature. A win-
dow was set in front of the cutter to observe the microstructural
evolution during cutting. The shear strain field is used to indic-
ate the ASB, as shown in figures 5(b)—(d). This MD simulation
was conducted using a large-scale atomic/molecular massive
parallel simulator.

The diamond cutter was assumed as a perfectly rigid body.
Three type atoms were set for the workpiece. Newtonian atoms
were used for the interaction among single-crystalline silicon;
heat reservoir is used for model temperature balance; the fix
boundaries were set as figure 5(a). The potential function used
in this simulation is the modified Tersoff function [87] that
has been validated by the shock experiments [88] and the first-
principle calculation [87].

The distinct failure modes in front of the cutter with increas-
ing machining speed are shown in figures 5(b)—(d). As shown

in figure 5(b), the main ASB onset originates from a loca-
tion beneath the cutter nose and extends to the free surface
at an angle of approximate 52°. Most plastic deformation
occurs within the ASB, resulting in extremely heterogeneous
deformation. As shown in figure 5(c), when the machining
speed is 1086 m s~1, the ASB becomes wavy. The subsi-
diary branch deviates from the extending direction of the
main ASB, forming a bifurcation. The local maximum shear
stress and corresponding direction may be responsible for the
ASB bifurcation. Additionally, many micro-ASBs grow from
the interface between the cutter and material. A similar phe-
nomenon regarding temperature turbulence was reported by
Teng et al in 2007 [89]. In figure 5(d), the main ASB originates
from the upper-right corner and extends to join the main ASB.
Compared with the case in which the speed is 1086 m s~!,
the main ASB at the lower location becomes wavier. Further,
more micro-ASBs grow from the material-cutter interface. In
figure 5(e), when the cutting speed is increased to 2715 ms™!,
the main ASB is eliminated, and more micro-ASBs occur.
These micro-ASBs are immature and cross each other to form
ASB nets. This damage in a net pattern is a prominent fea-
ture of shock damage. By examining the cases in figures 5(b)—
(e), the failure mode transits from extremely heterogeneous
deformation caused by the ASB to homogeneous deformation
caused by shock damage. The material failure transition also
represents the stress-type dominant material behavior trans-
ition from shear stress to hydrostatic stress [18, 90].

2.2.2. Shock wave in UHSM.  The shock in UHSM has
not received sufficient research attention; nevertheless, UHSM
can be considered as a special impact process. This lack of
attention is probably because the machining speed in an exper-
iment cannot reach the speed that causes shock. Based on
our simulations, shock occurs at a machining speed exceed-
ing 2700 m s~ for the single-crystalline silicon. In contrast, in
the Molinari simulation [55], ASBs are depressed at a machin-
ing speed of 350 m s~! for titanium alloys. This machin-
ing speed is already extremely high for most experiments.
To build a complete theoretical framework for UHSM, this
section reviews the fundamental theorem for shock in UHSM.

In UHSM, a shock wave is formed by the impact of a cut-
ter, as shown in figure 6(a). In figures 6(a) and (b), one shock
wave is emitted from the interface between the workpiece and
cutter. It is led by the shock front, which has extremely high
hydrostatic stress. As the shock wave propagates, its energy is
consumed by the material through which it passes; it dissipates
in the form of plastic deformation. Therefore, the shock wave
continuously attenuates as it propagates; This attenuation is
described in figure 6(b). In figure 6(b), the horizontal axis is
the x axis of the Euler coordinates defined in figure 6(a), and
the vertical axis represents the hydrostatic stress at the shock
front. The shock wave decay and attenuation take place during
the time #,—4 and cease when a steady state is reached, which
is rendered by the time #4 and #5 in figure 6(b). At the steady
state, the shock wavelength remains constant.

Notably, the stress state for an arbitrarily selected mater-
ial point varies from a free state to an extremely high stress



Int. J. Extrem. Manuf. 5 (2023) 022003

Topical Review

4 P Adiabatic shock line

Wave

4

propagation

(a)
: Shockflront | Interface

Att

|

|

enyati
>Iit’in\
t t | t, |

Figure 6. Shock wave evolution and stress jump from free state to
extremely high-stress state in UHSM. (a) Shock wave profile is
caused by impacting of cutter. (b) Shock wave decays and attenuates
from ¢, to 5. The time #4 and f5 represents the steady state is
reached. (c) Point A jumps to extremely high stress state from free
state over extremely short time (fs — 4).

Hydrostatic
stress

[ ]

¥x

state over an extremely short period. In figure 6(c), the time
required for the arbitrary material point, A, to jump to an
extremely high-stress state is extremely short such that the pro-
cess must be treated as discontinuous. The mechanical descrip-
tion of the discontinuous process is based on state variables. As
shown in figure 6(c), point A is initially free at time #4, imply-
ing that no volume compression exists for point A at time #4.
Once the shock front passes point A, the corresponding time
is denoted as s, and the stress directly jumps to an extremely
high level. Because the process from time #4 to #5 is discontinu-
ous, the conservation equations can link the physical quantities
at the states corresponding to 74 and 5. The three conservation
equations are

povs = p(vs — vp) Mass conservation

(P — Py) = povsvp Momentum conservation

E—Ey=3(P+Po)(Q—S) Energy conservation

(35)

where pyg is the material density at the initial stage; 2 is the
specific volume at the initial stage (equal to 1/pg); p is the
material density at the high-pressure stage; €2 is the specific
volume at the high-pressure stage (equal to 1/p); Py is the pres-
sure at the initial stage; P is the pressure at the high-pressure
stage; vs is the velocity of the shock wave; vp is the velocity
of the material particles; Ey is the internal energy at the initial
stage; and E is the internal energy at the high-pressure stage.
The three equations in system (35) are conventionally called
Rankine—Hugoniot jump conditions to commemorate the stud-
ies of Rankine and Hugoniot [91]. By combining the mass and
momentum conservation equations in system (35), the shock
wave speed can be given in terms of hydrostatic stress and spe-
cific volume:

(36)

The second term in the square root of equation (36) is the
volumetric modulus; it can be expressed as the slope of the line
connecting initial and end state shown in figure 6(c).

In UHSM, the material volumetric compression caused
by the cutter can be simply evaluated through conservation
equations and an extra equation of state (EOS). For a simple
microstructural evolution, the EOS can be expressed in a
simple form [17]:

vs = Co+ S Vp 37

where Cy is the speed of sound in the material without pres-
sure, and S; is a material parameter. If phase transformation
or other complex metallurgical evolution is involved, the EOS
must be given by the Mie—Griineisen form [92]:
P—Py=L(E—E

K= ( 0K) » (38)
where Pok is the pressure in the material at 0 K; Eog is the
internal energy at 0 K; and ~ is the Griineisen constant. The
theoretical frame constructed by the Rankine—Hugoniot jump
condition and EOS can provide a complete description of the
shock. Moreover, it can be involved in standard numerical
simulations [93].

3. Material microstructural evolution

3.1 Material deformation history in HSM

The plastic flow in front of the cutter can be divided into two
streams. The upper stream flows upward to form chips, and
the lower stream flows down to form a new surface and a
part of the subsurface. Because the upper and lower streams
flow along different paths, the plastic deformations in the two
streams differ.

To demonstrate this, the general stress state beneath a cut-
ter is analyzed, as shown in figure 1. In figure 7, a stagna-
tion region is assumed because it can occur in the HSM. The
machining process is decomposed into two actions: vertical
and horizontal. The two actions induce distinct stress states
in the subsurface of the workpiece. For the stress state caused
by vertical compression, the compressive stress (Pcomp) along
the vertical direction dominates the stress state in the central
region beneath the cutter, and the shear stress (Scomp) s loc-
ated in the side region beneath the cutter. For cutter sliding-
induced stress, a more complex stress distribution occurs. As
shown in figure 7(b), the stagnation region divides the uncut
materials into two material streams. The upper material stream
flows toward the cutter rake face, forming chips. In the chip
formation process, the material forming chipping experiences
severe shear stress (Schipping), resulting in severe strains of up
to several hundreds of percent based on the Piispanen card
model [1]. The lower material stream flows under the cutter
nose and bears higher compression. In this process, the com-
pressive stress (Pgjiging) and shear stress (Sgiging) are caused
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Figure 7. General form of stress superposition in cutting: (a) stress
distribution caused by vertical compression and (b) stress
distribution caused by the horizontal sliding.

by the cutter sliding. In cutting, the stress below the stagna-
tion region is superposed by the stress respectively caused by
compression and sliding, affecting the damage to the top layer
of the subsurface. The stress exceeding the stagnation region
governs the formation of chips. Therefore, the material that
forms chips and causes subsurface damage experience distinct
deformation, further resulting in distinct extents of failure. The
material microstructural evolution in chips and subsurface are
reviewed in sections 3.2 and 3.3, respectively.

3.2. Material microstructural evolution in ASBs of chips

In HSM, the chip morphology evolves into continuous, ser-
rated, and fragmented chips with increasing machining speed.
The most severe deformation occurs in the ASBs of serrated
and fragmented chips [94-96], causing various microstruc-
tural evolutions. The degree of plastic deformation in continu-
ous chips is typically lower than that in ASBs. Accordingly,
this section focuses on the microstructural evolution of the
ASBs in ductile materials.

The formation of ASBs is a process associated with
thermomechanical coupling. This thermal effect causes the
temperature at the center of the ASB to be higher than the tem-
perature at the two ASB edges. In 1996, Zhou et al determ-
ined the temperature and its distribution within an ASB in a
Ti6Al4V material [97]. They found that the maximum tem-
perature at the center of the ASB may even reach the material
melting point under high-strain-rate loading [98, 99]. There-
fore, the microstructural evolution at the center of the ASB is
distinct from that at its two edges. For most ductile materials
(including body-centered crystalline (BCC) [100, 101], face-
centered crystalline (FCC) [102, 103], and hexagonal close-
packed [104, 105] alloys), EFGs are the main microstructures
at the center of the ASB. In contrast, at the two edges, elong-
ated grains are the main microstructures [38, 106]. The EFGs
at the center are typically considered to be the result of DRX,
which is one of the most significant microstructural evolutions
in ASBs.

The main underlying mechanism of the evolution of large
grains in the ASB to EFGs is DRX. Previous studies have gen-
erally classified DRX into three categories [107]: continuous

(b)

(d)

Figure 8. Rotation mechanism of EFG formation: (a)-(d) CDRX
process within ASB (Reprinted from [114], Copyright (2017), with
permission from Elsevier); (e) grain structure at transitional zone
near center of ASB ; and (f) EFGs at center of ASB in AISI 1045
steel (Reprinted from [38], Copyright (2012), with permission from
Elsevier).

DRX (CDRX), discontinuous DRX, and geographic DRX.
Specifically, the EFGs in ASBs are presumed to result from the
CDRX; this is because of at least two reasons. First, the tem-
perature within the ASB can reach a range exceeding 0.5T,,
where Tp, is the melting point. This temperature is neces-
sary to process the CDRX. Second, based on the character-
ization of EFGs in ASBs, the grain sizes are homogeneous;
the homogeneity of grain size is a key feature of CDRX [107].
A typical CDRX within the ASB is illustrated in figures 8(a)—
(d). Initially, the original grains exhibit an equiaxed shape, as
shown in figure 8(a). The grains are then elongated and driven
by shear stress, as illustrated in figure 8(b). In figure 8(c),
as the shear strain increases, dislocations accumulate to form
low-angle grain boundaries (LAGBs). The EFGs shown in
figure 8(d) are formed by rotating the EFGs of the LAGBs
shown in figure 8(c) [108]. Owing to the EFG rotations, the
grain misorientations in figure 8(d) are higher than those
shown in figure 8(c). Based on the post-mortem characteriza-
tion shown in figure 8(f), the dislocation densities in the EFGs
are lower than those in the original grains, and the grain size
of the EGFs is less than 1 pum. The underlying mechanism of
dislocation density decrease is that the original dislocations
were released by forming more grain boundaries [107]; This
mechanism also causes EFGs. The underlying mechanism of
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the EFG formation may be also related to the high cooling rate
within the ASB after it is formed [99], leaving the grains with
insufficient time for growth.

An argument on whether phase transformation occurs in
CDRX was raised. It originates from the fact that two types of
ASB may exist in ferrous metals: grain deformation-formed
ASB and transformed ASB. The latter is also called the white-
etched band because it is white and has boundaries distinct
from the surrounding materials when viewed under an optical
microscope. The transformed band is presumed to include
EFGs induced by phase transformation [36]. However, this
viewpoint is challenged by the opinion that DRX is the main
contributor to the formation of EFGs [109]. In this study, only
two microstructures are characterized within the ASB of the
AISI 304 L material; Duan and Zhang [38] and Velasquez et al
[110] have drawn similar conclusions for the AISI 1045 steel
and Ti6Al4V titanium alloy, respectively. In contrast, martens-
itic phase transformation has been identified in a type of armor
steel [111] and 30CrNiMoV low-alloy steel [112]. This dis-
crepancy may have arisen due to differences in loading rate
and material. Higher loading rate causes higher temperature
gradient across ASBs. The higher temperature at the center of
the ASBs provides an environment for some materials to trans-
form phase. However, for the other materials, phase transform-
ation cannot occur. Therefore, when loading rate is sufficiently
high, EFGs occur in most materials, but phase transformation
occurs in part of materials. Further discussion on phase trans-
formation in ASBs is found in the review of Xu ef al [113].

3.8. Material microstructural evolution in subsurface

Based on the analysis presented in section 3.1, the stress state
of the subsurface under the cutter nose is complex and super-
posed by compressive hydrostatic and shear stresses. Because
the machining speed in HSM is high, the complex dynamic
stress causes rapid heating and cooling at the subsurface. The
rapid heating and complex stress in machining cause DRX,
and the rapid cooling after machining influences the continu-
ous growth of EFGs at the subsurface.

In the manufacturing industry, the layer of EFGs at the sub-
surface is conventionally called the white layer (WL) because
it exhibits a white color under an optical microscope. Similar
to the classification in ASBs, the WL can also be classified
as a mechanically induced WL (M-WL) at a relatively low
machining speed and a thermally induced WL (T-WL) [35]
at a relatively high machining speed. This similarity may ori-
ginate from the fact that both the ASB and WL are material
responses to the combination of high stress and temperature.
This section reviews the phase transformation of WLs during
HSM. Subsequently, the WL depth and damage to the subsur-
face of the brittle material during HSM are discussed.

For decades, the phase transformation in the WL of fer-
rous and nonferrous metals has been investigated. In 1999,
Chou and Evans [45] proposed that austenitic transformation
could occur in the WL of ferrous metals. This was because
FCC(~) austenite was the major component of the WL after
the hard turning of VIMVAR 52100 steel. In 2005, Ramesh
et al analyzed the WL in an AISI 52100 steel manufactured

by hard turning [46]. The orthorhombic-(#) cementite clusters
in the WL were eliminated at a machining speed of 4.5 ms™!,
implying that carbon was dissolved. The dissolution of carbon
may imply that rapid heating causes austenitic phase trans-
formation (o — ). In 2012, Hosseini et al [115] proposed a
similar viewpoint. Subsequently, Hosseini et al [35] analyzed
the components of the WL of the AISI 52100 steel: BCC-(av)
ferrite and orthorhombic-(#) cementite were the major com-
ponents of M-WL; FCC(v) austenite, BCC(«) martensite, and
orthorhombic(f) cementite were the major components of T-
WL. The occurrence of FCC(y) austenite in T-WL may be
related to the phase transformation (o — ) during relatively
highspeed turning.

The phase transformation in the T-WL of nonferrous metals
(including nickel-based and titanium alloys) was investigated.
Osterle and Li [116] discovered the dissolution of phase-’
in Ni-based alloys. In 2019, Liao et al [117] characterized
a nickel-based superalloy (S135H) by transmission electron
microscopy and transmission Kikuchi diffraction. The char-
acterization of phase-y’ dissolution with depth in the WL is
shown in figure 9. The dissolution of phase-y’ and the cor-
responding local temperature are presented in figure 9(a), and
the metallurgical microstructure is illustrated in figure 9(b).
The WL depth measured from the free surface was 8 pum. As
shown in figure 9, both the temperature and strain rate gradi-
ents sharply increased at a depth of 2 um. The temperature
at this depth causes substantial phase-vy’ dissolution and the
occurrence of EFGs. When the depth is 2-4 pum, phase-vy’
dissolution is alleviated because of the low local temperature
and existence of large grains resulting from dynamic recov-
ery (DRV). At deeper locations, stress dominates the plastic
deformation at lower temperatures, causing phase-y’ to be
separated by dislocation arrays. At a depth of 2 pm, figure 9
clearly shows that DRX is associated with the transforma-
tion from phase-vy’ to phase-y through dissolution, verifying
the occurrence of phase transformation. For titanium alloys,
whether or not phase transformation occurs in the WL remains
controversial. Veldsquez et al [110, 118] claimed that no phase
transformation occurs in the WL of Ti6Al4V at machining
speeds of up to 11 m s~!. Nevertheless, in 2019, Xu et al [119]
discovered that phase-« transforms into phase- in the WL at a
machining speed of 4.25 m s~!. Based on the characterization
by precession electron diffraction, the precipitation of phase-
B from phase-a in the WL was observed. Thus far, insuffi-
cient evidence has been presented to support the occurrence
of transformation from phase-a to phase-(. Therefore, more
specific investigations on the phase transformation of the WL
in titanium alloys must be conducted in the future.

The EFGs created in the WL are detrimental to the perform-
ance of workpieces. For instance, in ferrous metals, the WL is
a hard and brittle material associated with residual stress [46,
120]. In nonferrous metals, such as nickel-based alloys, the
supersaturation of phase v diminishes the yield strength of the
WL [117], and the lifetime of workpieces subjected to low-
cycle fatigue tests is significantly reduced [121]. Nevertheless,
the WL depth decreases with machining speed (figure 10),
as reported by Bosheh and Mativenga [120]. As shown in
figure 10(a), the WL depth in the H13 tool steel was 2.3 ym
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Figure 9. Variation in phase-vy’ dissolution and microstructural features of nickel-based superalloy with temperature and strain rate along
depth direction (Reprinted from [117], Copyright (2019), with permission from Elsevier).

(b)

V=1.67 mis
WL depth: 2.3 ym

V.=11.67 m/s
WL depth: 0.17 pm

1 um

Figure 10. Variations in WL depth of H13 tool steel at two different
turning speeds, V.; WL depths are (a) 2.3um and (b) 0.17um
(Reprinted from [120], Copyright (2006), with permission from
Elsevier).

when the cutting speed was 1.67 m s~'. When the cutting
speed was increased to 11.67 m s~!, the WL depth decreases
to 0.17 pm. This decrease can be explained by the synergy
among the influential factors of heat transfer, heat generation,
and material softening at the top layer of the subsurface. An
explanation is provided in figure 11.

The metallurgical microstructural evolution in the subsur-
face, which is strongly affected by the local temperature.
The factors affecting the local temperature per unit volume
are shown in figure 11(a). High local temperatures originate
from mechanical work, specifically plastic work and the fric-
tion between cutter and workpiece. Another important factor
is heat transfer, which involves the flow of heat in and out
of the unit volume. Based on Fourier’s law of heat conduc-
tion, the heat flux transfer is determined by the temperature
gradient and material thermal conductivity. With increasing

machining speed, the temperature gradient along the depth,
and the machining process becomes adiabatic. Heat then
aggregates at the top layer and induces high temperature and
high-temperature gradients at the top layer along the depth dir-
ection. The high temperature causes local material softening at
the top layer, and the high temperature gradient results in the
rapid cooling at the top layer after machining based on Four-
ier’s law of heat conduction.

In 1999, Chou and Evans [45] discovered the relationship
between WL depth and cutting speed. This finding is shown
in figure 11(c). Bosheh and Matrivenga [120] suggested that
the WL depth decreased with increasing machining speeds
because the duration of the cutting force on the unit mater-
ial in the subsurface was shortened in HSM. However, this
interpretation cannot explain why the WL depth increases at
a relatively low machining speed, as shown in figure 11(c).
Accordingly, we propose a mechanism based on the thermo-
mechanical coupling relationship shown in figure 11(a).

The underlying mechanism of the variation in the WL depth
consists of two parts. Strain rate affects the M-WL depth at rel-
atively low machining speeds, and the adiabatic effect (heat)
governs the T-WL depth at relatively high machining speeds
as figure 11(c). The stress corresponding to low machining
speeds varies with depth shown in figure 11(b)-I. The stress
at the top layer of the subsurface increases with the machin-
ing speed. This increase in stress can be explained by the high
strain rate induced by high machining speeds. The higher the
machining speed, the greater the stress at the top layer. The
greater stress at the top layer causes the greater stress at deeper
locations. Once the local stress at deeper locations exceeds
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the material yield strength, the local site becomes part of the
M-WL. Hence, higher machining speeds result in deeper M-
WLs. The temperature varying with depth corresponding to
high machining speeds is illustrated in figure 11(b)-II. As the
machining speed increases, the adiabatic effect causes the tem-
perature at the top layer of the subsurface to increase con-
siderably. A high local temperature results in material soften-
ing, which further causes the sharp decrease in the local yield
strength. A low yield strength results in a decrease in local
stress. Besides, the adiabatic effect does not allow heat to flow
to deep locations. This means that material softening does not
occur at deep locations, and the local yield strength does not
decrease at deep locations. Therefore, the stress transmitted
from the top layer to deep locations is insufficient to reach
the local yield strength of the materials at deep locations, and
the depth of the T-WL is confined within the region affected
by the adiabatic effect. The increasing machining speed

intensifies the adiabatic effect, and the depth of the T-WL
decreases.

The adiabatic effect on subsurface damage in the HSM is
corroborated by the grinding experiments conducted by Zhou
etal [122]. As shown in figure 12(a), thermal-induced material
softening reduces the shear stress transmitted to deep locations
with increasing machining speed. The plastic deformation at
the subsurface of A1199 aluminum at two machining speeds
is characterized in figures 12(b) and (c). The figure indicates
that plastic deformation flow lines occur when the machining
speed is 20 m s~'. However, these flow lines disappear when
the machining speed is increased to 280 m s~ !, demonstrating
that the material softening at the top layer of the subsurface
relieves the local stress. Consequently, the shear stress trans-
mitted to the subsurface further decreases to a value less than
the local yield strength. A similar phenomenon occurs in the
5056 aluminum alloy, as shown in figures 12(d) and (e).
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Cracks, amorphous structures, and shear defects are the
main metallurgical microstructural evolutions of brittle mater-
ials in HSM. In 2003, Huang and Liu [123] conducted HSM
experiments on Al,O3; and found that lateral cracks were the
major damage found in the subsurface at a grinding speed of
160 m s~!. Nevertheless, no amorphous structure was con-
firmed in this study. Zhao et al discovered amorphous band
structure can be created through initially forming stacking
faults [88] in shocking single-crystalline silicon. In HSM,
similar shear bands were discovered in various materials. In
1994, Puttick et al [124] found that shear bands existed in
the subsurface of the crystalline silicon machined by nano-
single-point turning (figure 13(a)). These shear bands were
considered to be formed by dislocations gliding in slip sys-
tems. The occurrence of the shear bands at the machined sub-
surface of the ZERODUR glass was first reported by Schinker
[125]in 1991. Shear bands were observed at the subsurface of
the ZERODUR glass when the machining speed is 20 m s~!
(figure 13(b)). In 2020, shear bands were discovered in the
subsurface of ground yttrium aluminum garnet (YAG) [44]
(figure 13(d)). The metallurgical structure within the shear
bands was confirmed as stacking faults. In 2016, Goel et al
[126] conducted an MD simulation to confirm the existence
of these shear bands (figure 13(c)). Similar simulation results
were obtained by Liu et al [127] in 2021. In the simulations,
amorphous is the metallurgical structure in these bands. How-
ever, one question regarding the shear band is whether the
shear bands can be deemed as ASBs.

The first is that these shear bands are not caused by vibra-
tions of the machine tool, because the band frequencies are
in the range 0.1-10 MHz [125], which is higher than the fre-
quency range of a typical machine tool. In HSM, the shear
band is caused by shear stress, and adiabatic effect should
be confined within the narrow bands. Therefore, we sug-
gest that the shear bands be categorized as a type of ASB.

Nevertheless, the amorphous structure was not formed within
the shear bands of some types of materials, i.e. YAG. The
reason is probably that the stress within the shear bands in
HSM does not reach the threshold stress of forming amorph-
ous structure. Because the transformation from diamond struc-
ture to amorphous needs high pressures. For example, Zhang
and Zarudi [128] stated that the transformation of single-
crystalline silicon from diamond structure to amorphous struc-
ture needs the octahedra stress reaching 4.8 GPa, and the
pressure in the shock experiments of Zhao et al [88] reaches
11.2 GPa to form amorphous.

3.4. Material microstructural evolution in shock

UHSM cannot be achieved by the current experimental tech-
nology. Fortunately, many experiments and simulations have
focused on the microstructural evolution during shock. The
microstructural evolution of the materials in these studies can
be used to speculate on how material microstructures evolve
in UHSM. This section reviews the EFG and dislocation beha-
vior under shocks. Subsequently, the formation of amorphous
bands in brittle materials subjected to shock is reviewed.
After subjecting ductile materials to shock, the EFGs
caused by DRX were observed. These materials include FCC
materials (such as Cu [39] and 304 stainless steel [40]) and
BCC materials (such as Fe [129] and W-Ta [130]). A post-
mortem characterization of the crater-impacting test samples
is presented in figure 14. In figure 14(a), the crater is shocked
by a projectile at a speed of 3.3 km s~!. The rim of the crater,
usually considered to be pressure-driven, is curled. Location
‘b’ in the bright field image shown in figure 14(a) is char-
acterized by transmission electron microscopy (figure 14(b)).
As shown in figure 14(b), several EFGs occur at location ‘b’
with few other defects. This shows that DRX dominates the
microstructural evolution at locations subjected to shock when
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Figure 13. Shear bands in subsurface of brittle materials: (a) shear bands in subsurface of single-crystal silicon observed at cross-sectional
plane ([124] Taylor & Francis Ltd http://tandfonline.com); (b) shear bands in subsurface of ZERODUR glass ceramic observed at surface
plane [125] Reprinted from [125], Copyright (1991), with permission from Elsevier); (c) shear bands in single-crystalline silicon calculated
by MD simulation on plane (Reprinted from [126], Copyright (2016), with permission from Elsevier); and (d) shear bands in subsurface of
yttrium aluminum garnet (Reprinted from [44], Copyright (2019), with permission from Elsevier [44, 124] Taylor & Francis Ltd http://
tandfonline.com. Reprinted from [125], Copyright (1991), with permission from Elsevier. Reprinted from [126], Copyright (2016), with
permission from Elsevier. Reprinted from [44], Copyright (2019), with permission from Elsevie.

Figure 14. Crater in iron target was impacted by steel projectile at
an impact speed of 3.3 km s™!: (a) cross-section of iron crater and
(b) nanoscale grains caused by DRX at crater wall shown in

(a) (Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature [41], Copyright (2004)).

temperatures are sufficiently high. The temperature at these
locations accompanied by severe plastic deformation probably
approximates the melting point during the transient period.
On the atomistic scale, the dynamic behavior of disloca-
tions under shock has played a central role in previous studies.

The mechanism by which dislocation, twinning, and atomistic
decohesion dominate different strain rate ranges is provided by
Hahn et al [131] based on MD, as shown in figure 15(a). In this
figure, the spall strengths of the single crystal and nanocrystal
tantalum at distinct strain rates are plotted. The spall strength
increased until it reached the maximum spall strength at a
strain rate comparable to the Debye frequency. Three types of
microstructural evolution dominate the strain rate ranges. Dis-
location dominates the structural evolution of tantalum when
the strain rate is less than 107 1 s~!. When the strain rate range
is 107-10° 1 s~!, twinning becomes the main factor in micro-
structural evolution. Once the strain rate exceeds 10° 1 s/,
de-cohesion plays a major role. These microstructural trans-
itions occur not only in tantalum but also in other materials
[131]. The transitions are considered as competition between
dislocations, twinning, and atomistic de-cohesion. In 2001,
Meyers et al [132] proposed a theoretical equation to describe
the competition between dislocation and twinning based on
the critical driving stress. Their idea is that twinning and dislo-
cation gliding only occur under the condition that the critical
stress is satisfied. Therefore, the transition between disloca-
tion gliding and twinning must occur when the critical stresses
of dislocation gliding and twinning nucleation are equal. The
critical stress of dislocation gliding can be obtained from the
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Elsevier).

Zerilli-Armstrong (Z—A) constitutive equation, and the crit- upper domain represents the condition in which dislocation
ical stress for twinning nucleation can be obtained from the gliding occurs, and the lower domain represents the location
work of Johnston and Gilman [133]. The transition can be plot-  where twinning occurs in the tantalum. Three curves with dif-
ted as a critical curve that divides the strain rate—temperature  ferent grain sizes are plotted owing to the introduction of the
phase diagram into two domains, as shown in figure 15(b). The  Hall-Petch relationship by the Z—A constitutive equation. As
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Figure 16. Dislocation multiplication behind shock front: models proposed by (a) Armstrong et al [137] and (b) Meyers [136].

shown in figure 15(b), twinning tends to be generated with
large grain sizes. This phenomenon was observed in Cu by
Murr and Esquivel [41].

Over the past decades, the dislocation multiplication behind
the shock front has been another popular topic. The Frank—
Read source and kink pair multiplication are usually the main
sources of dislocation multiplication at low strain rates. How-
ever, the dislocation multiplication behind the shock front is
typically based on homogeneous nucleation. More than half
a century passed before researchers could disclose the evol-
ution of dislocations behind shock fronts. In 1958, Smith
[134] proposed a model involving an array of dislocations
at the shock front. This array is the interface that separates
compressed and uncompressed materials. In the model, the
array is assumed to move with shock propagation. This model
was modified by Hornbogen [135] because the dislocation
substructure observed in the experiments could not be fully
explained by Smith’s model. In the Smith—-Hornbogen model,
dislocations are required to have supersonic velocity because
the shock front can move at supersonic speeds to create high
shock pressures. Moreover, the dislocations must have the

same velocity as the shock front. However, this presumed
supersonic velocity of dislocations has not been experiment-
ally observed to date. Meyers et al [136] proposed a model
in which dislocations nucleate homogeneously at the shock
front. These nucleated dislocations left by the shock front
only moved along a short distance. Newly nucleated dislo-
cations are the Interfaces between uncompressed and com-
pressed materials. This model does not require a disloca-
tion with supersonic velocity to match the shock front. In
2007, Armstrong et al [137] proposed the model shown in
figure 16(a). These resident partial dislocations behind the
shock front glide along the maximum shear direction and
react to form a dislocation in which the Burgers vector is
parallel to the wave propagation. The newly nucleated dis-
locations relaxed the stresses at the shock front. In 2015,
Gurrutxaga-Lerma et al [138] simulated the dislocation nucle-
ation process at the shock front. Their study results are shown
in figure 16(b). One dipole shown in figure 16(b) generates
two types of dislocations: shielding and anti-shielding dislo-
cations. The shielding dislocation, marked in red, shields the
shock front, relaxing the shock compressive stress at the shock
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Figure 17. Mechanism of formation of amorphous ASBs: (a) occurrence of amorphous shear band in single-crystalline silicon subjected to
shock; (b) schematic of mechanism of amorphous shear band nucleation (Reprinted from [88], Copyright (2016), with permission from

Elsevier).

front. The anti-shielding dislocation, marked in blue, moves
antiparallel to the shock propagation direction. To date, all
proposed models remain at the theoretical stage. Experimental
confirmation remains necessary in the future.

Amorphization is the major microstructural evolution of
brittle materials during shock. These materials include Si [88,
139], Ge [140], SiC [141], and B4C [142]. The underlying
mechanism of amorphization was explained by Zhao et al
[88]. In their study, stacking faults are found at the interface
between amorphous ASBs and bulk materials, as shown in
figure 17(a). These stacking faults provide an idea as to the
origin of the amorphous bands. Zhao et al assumed that stack-
ing faults are initially generated on the (111) plane of (111)
before the amorphous onset, as shown in figure 17(b)-1. The
angle between plane (111) and shock direction [001] is 35.3°,
whereas the maximum shear direction is 45° with respect to
the shock direction, as shown in figure 17(b)-III. The deviation
between these two angles results in the disorder of the atoms
constituting the stacking faults, indicating that an amorphous
phase is generated. With the development of the amorphous
ASB, the amorphous shear band generated along (112) were
observed.

4. Conclusions

This article briefly reviews the solid mechanics framework of
ASB and the microstructural evolution at the subsurface and
ASBs of chips in HSM. The review summary is as follows.

(1) Several metallurgical microstructure evolutions, includ-
ing DRX, twinning, and phase transformation, have not
yet been considered in current physics-based constitutive
equations. Thus, more comprehensive physics-based con-
stitutive equations must be proposed in the future.

(2) Several ASB onset criteria have been established over the
past several decades. These criteria mainly describe the
occurrence of ASBs when the loading rate is increased.

21

However, ASBs can be depressed and subsequently elim-
inated when the loading rate is sufficiently high to cause
shock. Therefore, in the future, the criteria of determining
the transition from ASBs to shock needs to be established.

(3) The mechanical and thermal effects dominate the WL
depth at low and high machining speeds, respectively. The
mechanical and thermal effects increase and decrease the
WL depth, respectively.
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