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Abstract

The micro-geometry of the cutting edge plays a crucial role in material flow ahead of the
cutting edge and chip formation, primarily influencing chip formation mechanisms and
the minimum cutting thickness. In the context of turning 304 stainless steel, however, ex-
isting research still lacks a unified quantitative framework linking “cutting edge micro-
geometry —material separation behavior (separation point/minimum uncut chip thick-
ness)—microstructural evolution of the machined surface.” This gap hampers mechanistic
optimization design aimed at enhancing machining quality. This study examines the turn-
ing of 304 stainless steel by integrating analytical modeling, finite element simulation, and
experimental validation to develop a predictive model for minimum cutting thickness. It
analyzes the effects of tool nose radius and asymmetric edge morphology, and a micro-
structure evolution prediction subroutine is developed based on dislocation density the-
ory. The results indicate that the minimum cutting thickness exhibits a positive correlation
with the tool nose radius, and their ratio remains stable within the range of 0.25 to 0.30.
Under asymmetric edge conditions, the minimum cutting thickness initially increases and
then decreases as the K-factor varies. The developed subroutine, based on the dislocation
density model, enables accurate prediction of dislocation density, grain size, and micro-
hardness in the machined surface layer. Among the factors considered, the tool nose ra-
dius demonstrates the most pronounced influence on microstructure evolution. This re-
search provides theoretical support and a technical reference for optimizing cutting-edge
design and enhancing the machining quality of 304 stainless steel.

Keywords: minimum cutting thickness; finite element; 304 stainless steel;
dislocation density

1. Introduction

Metal cutting is a core manufacturing process for shaping materials and ensuring pre-
cision. The cutting edge serves as the direct interface during cutting, and its micro-geome-
try —including features such as the tool nose radius and edge morphology —directly affects
material flow, chip formation, cutting force distribution, and the quality of the machined
surface [1]. Under the precise conditions of micro-cutting, the conventional assumption of
an ideally sharp cutting edge becomes invalid. The tool nose radius is comparable in scale
to the cutting thickness, which results in a negative effective rake angle. This leads to a

Materials 2026, 19, 591

https://doi.org/10.3390/ma19030591



Materials 2026, 19, 591

2 of 32

transition in the material removal mechanism from one dominated by shear to a coupled
shear-ploughing process [2]. Such an effect is especially significant when machining diffi-
cult-to-machine materials. Due to its excellent corrosion resistance, toughness, and worka-
bility, 304 stainless steel is widely used in various industrial sectors, including chemical
equipment, medical devices, food processing machinery, and aerospace components [3].
However, during machining, it is prone to issues such as work hardening and high sensi-
tivity to surface quality. Therefore, the role of cutting-edge micro-geometry in regulating
the material separation behavior of 304 stainless steel demands special attention.

The minimum cutting thickness is a critical parameter for evaluating material machin-
ability, defined as the smallest removable material unit that can produce a continuous chip.
Its determination is inherently linked to the position of the material separation point [4].
This separation point constitutes the critical location where the material flow ahead of the
tool splits. The material above this point forms the chip, whereas the material below it is
extruded and ploughed, ultimately forming the machined surface [5]. In initial studies, Ma-
lekian et al. [6] developed an analytical model relating the minimum cutting thickness to the
tool edge radius and friction coefficient, based on the minimum energy principle and the
infinite shear strain method. Through finite element simulation, Lai et al. [7] determined
that the minimum cutting thickness for OFHC copper was 0.25 times the edge radius,
thereby confirming the dominant influence of the edge radius. With further investigation,
Wan et al. [8] indicated that the stability of the separation point is affected by the dead metal
zone (DMZ), the formation of which is closely tied to the edge geometry and cutting param-
eters. Considering unsteady cutting conditions with chip fracture, Song et al. [9] categorized
the dead metal zone into four types, which further refined the mechanistic relationship be-
tween the separation point and the minimum cutting thickness. While these studies have
established a foundation for understanding the fundamental nature of material separation,
the majority have concentrated on symmetric edge geometries, leaving a lack of systematic
analysis regarding the effects of asymmetric edge morphology.

The diversity of cutting-edge micro-geometry constitutes a significant factor influ-
encing cutting performance. In addition to the tool nose radius, asymmetric edges —such
as chamfered edges and waterfall-type edges —are extensively employed due to their abil-
ity to increase edge strength and suppress vibration [10]. Based on the finite element
method (FEM) simulation, Woon et al. [11] established that the ratio of the edge radius to
the cutting thickness dictates the chip formation mechanism, and material removal is pri-
marily through extrusion when this ratio is below 1. Research by Hosseini et al. [12]
showed that asymmetric edges change the location and dimensions of the dead metal
zone, which consequently affects cutting forces and the quality of the machined surface.
Denkena et al. [13] introduced the K-factor as a characterization method for describing
asymmetric edge morphology. Nevertheless, the quantitative relationship governing how
the K-factor affects the material separation point and the minimum cutting thickness has
not been fully elucidated, indicating a need for further research in this area.

The evolution of the microstructure in a machined surface directly reflects the cou-
pled thermo-mechanical effects present during cutting. Dislocation density, a fundamen-
tal physical parameter characterizing the extent of plastic deformation, provides the cru-
cial link between macroscopic cutting conditions and microscopic material properties. Es-
trin et al. [14] developed a constitutive model founded on dislocation density, which fa-
cilitates the description of material hardening behavior under large strains. Jin et al. [15]
integrated a dislocation density-based model into finite element analysis software, ena-
bling the prediction of grain refinement phenomena during the cutting process. Nonethe-
less, prevailing research often overlooks the coupled effect of cutting-edge micro-geome-
try on microstructure evolution. This omission has hindered the establishment of quanti-
tative relationships connecting edge geometry parameters, material separation behavior,
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and the resulting microstructure. Consequently, it remains challenging to fulfill the de-
mands of precision machining for precise control over surface integrity.

In recent years, research on the coupling among cutting-edge micro-geometry, mate-
rial flow, separation, and surface integrity has gradually shifted from the traditional
equivalent edge radius to the quantitative characterization of real micro-geometry and the
mechanisms governing material flow. It has been pointed out that the DMZ —separation
point migration —minimum uncut chip thickness variation is one of the key factors in ex-
plaining the size effect in micro-scale cutting [16,17]. For determining material separation
criteria and the minimum uncut chip thickness, various studies have emerged that incor-
porate the separation point and DMZ into models [11,18,19]. Furthermore, at a smaller
scale, the material removal mechanisms are closely linked to the fundamental nature of
the separation point and the minimum uncut chip thickness, which are often closely
linked to local elastoplastic transition, dislocation accumulation, and crack initiation
ahead of the cutting edge. Relevant studies show that the minimum uncut chip thickness
and tool geometry can alter the dominant material-removal mechanism and the morphol-
ogy of subsurface damage, thereby influencing surface quality and deformation-layer
characteristics [20,21]. At the engineering materials level, determining the minimum un-
cut chip thickness for materials like Ti6Al4V and quantifying its relationship with the edge
radius also provides a reference method for comparing how edge scale affects separation
behavior across different material systems [22]. Therefore, for the turning process of 304
stainless steel, it is necessary to build on existing research and establish a clearer coupling
between the quantitative characterization of asymmetric cutting-edge micro-geometry
and the material separation point location, minimum uncut chip thickness, and micro-
structural evolution. This will enable the prediction and control of machined surface qual-
ity.

In summary, existing research on the mechanisms linking asymmetric edge morphol-
ogy to the material separation point and minimum cutting thickness is not systematic, and
a coupled model capable of predicting the effects of cutting-edge micro-geometry on mi-
crostructure evolution is lacking. Although numerous analytical and numerical models
have been developed to describe minimum cutting thickness and dead metal zone for-
mation, most of them are primarily evaluated based on macroscopic responses such as
cutting forces or chip morphology. The influence of asymmetric cutting-edge micro-ge-
ometry on machining-induced microstructural evolution is usually treated implicitly or
neglected. Consequently, existing models provide limited guidance for cutting-edge de-
sign when surface integrity and subsurface microstructure are of primary concern. The
purpose of this research is a comprehensive study of the turning process of 304 stainless
steel with an emphasis on the effect of micro-geometry of the cutting tool on the quality
of processing. To achieve this purpose, the research is aimed at solving the following
tasks: to develop theoretical models; to create software; and develop experimental data
verification. Thus, the research is aimed at creating an integrated approach to optimizing
the turning process of stainless steel, taking into account the micro-geometric parameters
of the cutting tool.

2. Minimum Cutting Thickness
2.1. Definition of Minimum Cutting Thickness

To investigate the elastic-plastic deformation of material ahead of the tool edge and
the chip fracture formation process, analysis of the metal cutting model must be con-
ducted at the mesoscopic scale. At this level of detail, the cutting-edge micro-geometry
cannot be treated as ideally sharp, and the impact of the tool nose radius on the cutting
process must be taken into account. Within the metal cutting process, the material sepa-
ration point is identified as the location where material rigidity is entirely lost. The
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minimum cutting thickness (hpniy) is defined as the distance from this separation point to
the generated machined surface, representing the smallest removable material unit that
can produce a continuous chip. A schematic of the minimum cutting thickness is pre-
sented in Figure 1. Owing to the presence of the tool nose radius, a negative effective rake
angle condition arises when the depth of cut is decreased to a value smaller than the nose
radius itself. In this regime, only a minor segment of the tool nose arc actively participates
in the cutting process.

If the actual depth of cut is less than the minimum cutting thickness, as depicted in
Figure 1a, the workpiece material is predominantly acted upon by ploughing forces. The
material layer intended for removal undergoes merely elastic deformation, preventing the
formation of a continuous chip; any displaced material forms through a pushing/extru-
sion mode. In contrast, when the actual depth of cut exceeds the minimum cutting thick-
ness, as illustrated in Figure 1b, shearing forces become dominant in the workpiece mate-
rial, initiating the generation of a continuous chip. For AISI 304 stainless steel, the mini-
mum uncut chip thickness is not a fixed value; it depends critically on the tool edge radius,
frictional contact conditions, and operational parameters. Given the inevitable presence
of an edge radius on the cutting tool and the significant influence of edge bluntness and
separation point migration on material separation at small uncut chip thicknesses, the
configuration that accounts for the edge radius effect—illustrated in Figure 1b—provides
a more accurate representation of the machining conditions and material behavior inves-
tigated in this work. Figure 1a primarily serves as a schematic of an ideal reference.

Rebound
zone

Workpiece Workpiece
(a) (b)

Figure 1. Schematic of the minimum cutting thickness. (a) No chip formation; (b) chip formation.

It is generally recognized that a material separation point exists ahead of the cutting
edge, identified as point A in Figure 1b. The workpiece material above this point plas-
tically deforms under the toole extrusion, flows along the rake face, and thereby forms
the chip. Conversely, the material below the separation point is affected by extrusion and
friction, making contact with the toole flank face. Following elastic recovery, this material
constitutes the machined surface. The distance from the separation point to this machined
surface defines the minimum cutting thickness. Given the complexity and high cost of
direct experimental observation, this study establishes both analytical and finite element
models for the minimum cutting thickness. These models are used to analyze how varia-
tions in the tool nose radius and friction coefficient influence the minimum cutting thick-
ness, material separation behavior, and flow patterns.
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2.2. Analytical Model Solution

This section presents an analytical model founded on the theoretical framework of
classical orthogonal cutting mechanics. The modele fundamental assumptions and deri-
vation logic stem from the shear-dominant cutting model proposed by Merchant [23], and
it further extends the analytical cutting theories advanced by researchers, including Oxley
and Childs [24,25]. By employing mechanical equilibrium and stress decomposition to
characterize the stress state in the tool-workpiece contact zone, the model is well-suited
for analyzing plastic deformation during the cutting of ductile metals.

Furthermore, to incorporate the impact of realistic cutting-edge micro-geometry on
material separation behavior, the model integrates theories concerning the edge effect and
the minimum uncut chip thickness. These theories are widely recognized for describing
the critical conditions governing the transition from a shear-based chip formation mecha-
nism to one dominated by ploughing and extrusion [26,27]. Therefore, the analytical
model developed herein is not reliant on empirical postulation; instead, it represents a
deliberate application and extension grounded in established principles of cutting me-
chanics and material separation theory. When the actual depth of cut is below the mini-
mum cutting thickness, the workpiece deforms elastically without plastic flow. A force
model depicting a differential element within this elastic zone is presented in Figure 2.

/ dF,,

dFey

Workpiece

Figure 2. Force model of the elastic zone.

The normal and tangential force components acting on the differential element are
given by Equation (1).

{dFeX = perdOsiné + up.rdfcosd

dF,, = p,rdfcosf — up,rdfsinf 1)

where Fyy denotes the normal force component, F,, represents the tangential force com-
ponent, p, is the normal stress acting on the tool nose radius within the elastic region, r
signifies the tool edge radius, u is the friction coefficient at the tool-workpiece interface.
0 is the central angle corresponding to the tool nose arc. Consequently, Equation (2) is
derived as follows:

dFey  perdfy/ (1 + p?)sin(0 + B.)
dFe;  perdfy/(1 + u2)cos(8 + Be)

= tan(6 + f) @)

where S, denotes the friction angle at the tool-workpiece interface within the elastic re-
gion, which is governed by Equation (3):
p = tanfe ©)

When the actual depth of cut exceeds the minimum cutting thickness, plastic defor-
mation becomes the dominant mode of deformation in the workpiece. The corresponding
force model for a differential element located in the plastic region is presented in Figure 3.
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Workpiece

Figure 3. Force model for the plastic region. The red dot represents the location of the separation

point.

The principal cutting force and cutting resistance for the differential element are ex-

pressed by Equation (4).
T weos(B, —v,
dF = ( - ) de
sinqbcos(qb +ﬁp —yo)
4)
T wsin(B_ —v,
drF ( = ) dt

P singco s (q,') + ﬁp - yo)

where F, represents the principal cutting force, F denotes the cutting resistance, 7
is the material shear strength, w is the tool width, B is the friction angle at the tool-chip
interface, y, is the tool rake angle, and ¢ is the shear angle. Given the relationship ex-
pressed in Equation (5),

dt = rsinfdo
{yo:—g+2ﬁp+0 )
Substituting Equation (5) into Equation (4) leads to
T wrsinfsin ([)’p + 9)
—singsinh (¢ — 5, - 6)
T wrsinfcos (ﬁp + 9)
P —singsin (¢ - ﬂp - 9)

Consequently, the ratio between the principal cutting force and the cutting resistance

dé

dF =
(6)

dF dé

can be obtained from Equation (6) as

dF . _ sin(ﬁp + 9)
deZ co s(ﬁp + 9)

=tan(B, +0) 7)

A comparison of Equations (6) and (7) reveals that the expression for the ratio of the
normal to the tangential force component is the same for both elastic and plastic defor-
mation. However, the numerical value of this ratio differs because the friction coefficients
in the two regions are not identical. It is generally accepted that the tool nose radius in-
duces the formation of a dead metal zone (or stagnant zone) with zero material flow ve-
locity ahead of the cutting edge. Assuming the shear angle at the stagnation (or separa-
tion) point A equals the materiales stagnation angle, the analysis of a differential element
at this location is illustrated in Figure 4. Applying force equilibrium principles to this ele-
ment yields the force equation at point A, expressed as Equation (8).
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Figure 4. Force analysis at the stagnation point.
dF.xy dtrdf cosf. ®)
dE,, drrd@ siné,

Consequently, the mathematical relationship described by Equation (9) is derived.
tan(ﬁe + Hc) = cotf

tan (ﬁp + BC) = cotf ©)

Based on the maximum shear stress theory (the third strength theory), material fail-
ure is defined to occur when the maximum shear stress under a complex stress state
reaches the materialss yield strength under uniaxial tension [28]. This maximum shear
stress acts in a direction at 45° to the resultant cutting force. At this orientation, the feed
force and the back force are equal, and the direction of cutting motion aligns with the
direction of the maximum shear stress at the separation point A. The material located
above point A flows along the tool rake face to form the chip. In contrast, the material
below point A is subjected to extrusion and ploughing against the tool flank face, thereby
generating the machined surface. The shear angle associated with point A can therefore
be expressed as:

T B
——_C 10
o 4 2 10)
The analytical model for the minimum cutting thickness is ultimately obtained as
follows:
T f T arctany ]
h, . =r(1-cosf)=r [1 cos (4 2)] 7|1 — cos <4 5 ) 11)

In summary, the minimum cutting thickness depends on the tool nose radius and the
friction coefficient. Specifically, it exhibits a positive correlation with the tool nose radius
and a negative correlation with the friction coefficient. By setting the tool nose radius
within 0.01-0.03 mm and the friction coefficient within 0.1-0.6, the resulting influence
curves depicting the minimum cutting thickness as a function of these two parameters are
plotted in Figure 5.
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Figure 5. Response surface plot (Increasingly from blue to green to yellow to red).

3. Numerical Simulation Modeling

Metal cutting involves continuous material separation. Accurate simulation of chip
formation and flow requires incorporating chip separation criteria into the finite element
model. The influence of the tool nose radius is significant and cannot be neglected in mi-
cro-cutting due to the small scale involved. In simulation, this geometry disrupts the ma-
terial flow directly ahead of the tool tip. The resulting intense plastic deformation can
cause severe distortion in the mesh of the uncut workpiece region. Such mesh distortion
not only compromises the accuracy of the results but can also create contact issues be-
tween the tool and workpiece, potentially leading to simulation non-convergence. To ad-
dress this, the simulation utilizes the built-in Arbitrary Lagrangian-Eulerian (ALE) adap-
tive meshing method within Deform software (v11.0) to facilitate automatic chip separa-
tion. This method performs continuous automatic re-meshing, which prevents severe dis-
tortion of elements near the tool tip. Consequently, it enhances simulation convergence
and improves computational efficiency.

3.1. Finite Element Model Setup
Workpiece and Tool Materials

The workpiece is made of 304 stainless steel bar stock. Its material properties are pro-
vided in Table 1, respectively. The cutting tool is fabricated from YG8 grade cemented
carbide.

Table 1. Material properties of 304 stainless steel [29].

Parameter Value

Density (kg/m?) 7950
Specific heat (J/kg/K) 500
Thermal conductivity (W/m/K) 16.2

Thermal expansion coefficient (1/K) 16 x 107
Younge modulus (GPa) 193
Poissone ratio 0.28
Yield strength (MPa) 235

A material constitutive model defines its mechanical response by incorporating key
deformation parameters such as strain, temperature, and strain rate. Consequently, the
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choice of constitutive model is critical for achieving accurate finite element simulation re-
sults. In metal cutting simulations, commonly used constitutive equations include the Zer-
illi-Armstrong model [30], the Bodner-Partom model [31], and the Johnson—-Cook model
[32]. The Johnson—Cook (J-C) model is particularly well-suited for this context as it ac-
counts for the coupled effects of strain, strain rate, and temperature on the materiales flow
stress. This makes it applicable for describing deformation under the large strains and
high strain rates characteristic of machining processes. Therefore, the J-C constitutive
model is adopted in this work. Its mathematical formulation is presented in Equation (12).

a=(A+Be")[1+Cln(é)] [1—<T_TT )m] (12)

Tm _Tr

where ¢ is the equivalent plastic strain, ¢ is the equivalent plastic strain rate, &, is the
reference strain rate, T, is the room temperature, T, is the melting temperature, T is the
instantaneous deformation temperature, A is the initial yield stress, B is the strain hard-
ening coefficient, C is the strain rate sensitivity coefficient, n is the work hardening ex-
ponent, and m is the thermal softening exponent. The specific values for these parame-
ters in the J-C model are provided in Table 2.

Table 2. J-C constitutive model parameters for 304 stainless steel [33].

A B n (4 m £ T, T,
452 694 0.311 0.0067 0.996 0.001 1673 K 273 K

The Johnson—Cook Damage failure model accurately simulates the failure and sub-
sequent deletion of elements in the workpiece material during metal cutting simulations
because it considers the effects of strain rate, temperature, and stress triaxiality on the
fracture strain [34]. Consequently, the Johnson—-Cook Damage model is selected as the
materiale initial damage criterion. The damage evolution is defined by Equation (13):

AeP!
b=)p > (13)
pl
&
where D is the damage variable, 4¢P is the equivalent plastic strain increment, and efp !
is the equivalent plastic strain at failure. The expression for s}” Lis provided by Equation

(14) [35]:

s}’l =[D; + D, exp(D30'*)][1 + D, ln s*] [1 + Dg (;;n__y;r,r)] (14)
In this equation, ¢ represents the stress triaxiality, p is the hydrostatic pressure, T
is the instantaneous cutting temperature, T, is the room temperature (25 °C), T, is the
melting temperature of the material, the reference strain rate is &, = 1s™!, and D1
through D5 are the Johnson—-Cook damage parameters.
The Coulomb friction model is implemented, defined by Equation (15):

T; = mi n(,uan, ‘L'y) (15)

where 7, is the frictional shear stress, g, is the contact normal stress, 7, is the materiale ul-
timate shear yield stress, and u is the coefficient of friction. While the friction coefficient is
typically determined experimentally, an empirical value of u p = 0.6 is used for this model
[36].

The cutting tool is modeled as a rigid body featuring a 10° rake angle, a 7° clearance
angle, and a tool nose radius of 20 um. The workpiece has dimensions of 1.2 mm x 0.4
mm. A tetrahedral mesh is applied to the workpiece. To balance computational accuracy
and efficiency, the mesh is refined in the vicinity of the tool tip. Based on initial simulation
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trials, the size of the refined elements is set to 2 um. Assign the material parameters in
Tables 2 to the workpiece module. The finalized two-dimensional orthogonal cutting finite
element model is illustrated in Figure 6.

Fixed
constraint

A

Depth of cut

Figure 6. Two-dimensional orthogonal cutting finite element model.

3.2. Finite Element Model Validation

3.2.1. Experimental Setup

Machining trials were performed on a C6136HK model CNC lathe. Cutting forces
were measured using a Kistler 9257 B piezoelectric dynamometer (Kistler, Shanghai,
China). A photograph of the experimental setup is presented in Figure 7.

(a) Overview of the machining test (b) Cutting force measurement systein

Figure 7. Photograph of the experimental setup.

3.2.2. Experimental Design

The cutting parameters followed standard values recommended by the tool supplier
for 304 stainless steel. The detailed experimental plan, along with the corresponding meas-
ured principal cutting forces, is summarized in Table 3.

Table 3. Orthogonal cutting experimental conditions and results.

Case v f ap Main Cutting Foce Radial Thrust Force
(m/min) (mm/rev) (mm) (N) (N)
1 90 0.05 1 159 58
90 0.1 1 264 96

https://doi.org/10.3390/ma19030591
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3 90 0.15 1 357 117
4 150 0.1 1 239 81
5 210 0.1 1 225 75

3.2.3. Simulation-Experiment Comparison and Validation

For validation purposes, experimental data from Groups 1, 2, and 3 of the test matrix
were used. A comparison between the experimental measurements and the simulation
results for the principal cutting force and the cutting resistance is presented in Figure 8.
The simulated forces at various feed rates demonstrate a close match with the experi-
mental data. The average error for the main cutting force in Figure 8a is calculated as 8.1%,
and that for the thrust force in Figure 8b is 14.8%. These errors are attributable to the com-
bined uncertainties in the material constitutive model, experimental conditions, simpli-
fied numerical modeling, and key input parameters. Nevertheless, the finite element re-
sults and experimental data show consistent trends. Given that errors below 15% are gen-
erally acceptable, the simulation accuracy of this model is considered reliable.

400
= 357 120 | |EXP 117
350 | — EXP — ;

; ' FEM - FEM 1103
Z.300} Z 100 ¢ —
Py 264 P
E 250 1 247 E 20 |
2 %
=200+ i
£ 159 g 00
3150 =142 =
g g 40+
2100 = E

501 20+
0 e 0.1 0.15
0.05 0.1 0.15 - . .
Feed rate (mm/rev) Feed rate (mm/rev)
(a) (b)

Figure 8. Cutting force comparison between simulation and experiment. (a) Main cutting force; (b)
radial thrust force.

3.3. Effect of Depth of Cut on Material Separation

Simulations were conducted with a cutting speed of 90 m/min and depths of cut cor-
responding to 0.1 r (2 um), 0.15 r (3 pm), 0.2 r (4 um), and 0.25 r (5 um) of the tool nose
radius, while keeping other parameters constant. The resulting simulated chip morphol-
ogies are presented in Figure 9. The analysis reveals that the maximum stress value on the
generated machined surface remains essentially unchanged as the depth of cut increases.
At a depth of 2 um, deformation is primarily elastic. Material ahead of the tool is displaced
via a pushing/extrusion mechanism without forming a continuous chip, and the induced
stress field does not penetrate the uncut material. When the depth is increased to 4 um,
the stress begins to penetrate the uncut surface. In this regime, shearing starts to dominate
over ploughing, leading to the initiation of chip formation. As the depth of cut increases
further, chip formation becomes more stable, stress penetrates completely into the uncut
workpiece, and a more pronounced stress band develops. Consequently, the penetration
of the stress field into the uncut material serves as a key indicator for the onset of chip
formation and material separation.

https://doi.org/10.3390/ma19030591
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(c) (d)

Figure 9. Contour plot of stress distribution under steady-state cutting conditions. (a) Depth =2 pm;
(b) depth =3 um; (c) depth =4 pum; (d) depth =5 um.

Figure 10 presents the contour of material flow velocity ahead of the tool tip. A clear
evolution in the flow pattern is observed as the depth of cut increases. For an actual depth
of 2 um, the material flows predominantly in the negative X-direction. At4 um, a distinct
chip form emerges, with material flowing along the tool rake face in the positive X-direc-
tion. This confirms active chip formation, primarily governed by the interaction between
the rake face and the workpiece. Notably, at depths of 4 um and 5 um, a triangular region
of nearly stagnant material (flow velocity = 0) develops ahead of the tool tip, identified as
the DMZ. The height of this zone is often associated with the minimum cutting thickness
for the given conditions. In these simulations, no stable DMZ forms at 2 um, implying the
depth is below the minimum cutting thickness. At 3 um, the DMZ forms but is unstable
throughout the cutting process. This instability suggests that the cutting thickness is very
close to the materialé minimum cutting thickness, where the coupled effects of ploughing
and shearing control deformation.

47
92.7 97.9
46.4 I 489 I
0.000 0.000

(@) (b)
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(d)

Figure 10. Contour plot of material flow velocity under steady-state cutting. (a) Depth =2 pm; (b)
depth =3 um; (c) depth =4 um; (d) depth =5 um.

Analysis of the material flow velocity vector field in Figure 11 identifies a distinct
point A at the boundary between the tool nose arc and the DMZ. Material above point A
flows outwards along the tool rake face to form the chip, whereas material below this
point is extruded downwards to constitute the machined surface. Point A is therefore de-
fined as the material separation point. Measuring the vertical distance from this point to
the machined surface yields a minimum cutting thickness of 5.5 um. The ratio of this thick-
ness to the tool nose radius is 0.275. Compared to the value of 4.6 um predicted by the
analytical model, the discrepancy is 16.4%. These results demonstrate that both the ana-
lytical model and the finite element model established in this work provide predictions of
acceptable accuracy.

Figure 11. Velocity vector field plot (depth of cut =5 um, the arrow represents the vector direction

of material flow, the color has no special meaning).

3.4. Effect of Cutting-Edge Micro-Geometry on Material Separation

To meet the demands of increasingly challenging machining scenarios, asymmetric
cutting-edge profiles—like chamfered edges—are often generated through specialized
edge preparation or passivation processes. These micro-geometric features, designed to
enhance edge strength and reduce vibrations, also significantly impact the material sepa-
ration process. The alteration in separation behavior subsequently modifies the distribu-
tions of stress and temperature in the cutting zone, thereby affecting overall tool perfor-
mance. Based on the finite element model developed previously, this section presents a
comparative analysis of how variations in the tool nose radius and edge morphology in-
fluence material separation.
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3.4.1. Influence of Tool Nose Radius on Material Separation

Simulations were configured with a tool rake angle of —6°, a clearance angle of 7°,
and a constant depth of cut of 5 um. Three tool nose radii were investigated: 0.01 mm, 0.02
mm, and 0.03 mm. All other finite element model parameters matched those defined in
Section Workpiece and Tool Materials. Figure 12 presents the extracted material flow ve-
locity contours for these three cases. Analysis shows that at the 5 um depth of cut, chips
are generated for both the 0.01 mm and 0.02 mm nose radii, confirming that the cutting
depth meets or exceeds the minimum cutting thickness. The chip formation is especially
pronounced for the 0.01 mm radius, exhibiting precise flow along the rake face and a well-
defined stress band that penetrates the machined surface ahead of the tool. Conversely,
with the 0.03 mm nose radius, no such penetrating stress band is observed. Material sep-
aration occurs mainly via a pushing/extrusion process; material above the separation
point flows along the nose arc, with minimal flow directed up the rake face. This behavior
indicates that the 5 pm depth of cut is approximately equal to the minimum cutting thick-
ness for the tool with the 0.03 mm nose radius.

92,4 95.7

46.2 I 47.8 I
0.000 0.000
(a) (b) (c)

Figure 12. Material flow distribution for tools with different tool nose radius. (a) r = 0.01 mm; (b) r
=0.02 mm; (c) r = 0.03 mm.

A comparison of the DMZ characteristics under different tool nose radii reveals a
positive correlation between the DMZ size and the radius. Specifically, a larger tool nose
radius results in a more extensive DMZ during cutting. For each radius, key parameters
were quantified: the DMZ area, the distance from the material separation point to the ma-
chined surface, and the ratio of the minimum cutting thickness to the tool nose radius.
These results are compiled in Figure 13. The data show that both the minimum cutting
thickness and the DMZ area increase with a larger tool nose radius. This trend implies an
enhanced ploughing effect as the radius grows, leading to greater accumulation of work-
piece material immediately ahead of the edge. In contrast, the ratio of the minimum cut-
ting thickness to the tool nose radius remains relatively stable across the tested conditions,
fluctuating within a narrow range of 0.25 to 0.30.
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Figure 13. Comparison of key simulation outputs for different tool nose radius.

3.4.2. Edge Morphology Characterization Method

The profile of a cutting-edge resulting from preparation and passivation processes is
rarely a simple arc; it frequently consists of multiple interconnected complex curves. The
intricacy of edge measurement and characterization often necessitates several parameters
for an accurate description, and a universally accepted standard method is lacking. A fre-
quently used yet overly simplistic approach approximates the rake-flank transition zone
with an ideal circle, which can introduce substantial error. Wyen introduced an alternative
method for describing the edge geometry [37], which allows for the unambiguous defini-
tion of a honed edges dimensions and was used to analyze cutting forces and friction
coefficients for tools with different hone radii. For characterizing complex edge profiles,
Denkena [13] stated that this technique characterizes the edge using four parameters. The
rake and flank face contours are extended until they intersect at a point considered the
virtual sharp tip. The distances from this tip to the start points of the extended rake and
flank contours are denoted S, and S, respectively. The minimum distance from the tip
to the actual edge profile is Ar, and ¢ is the angle between the extension lines and the
bisector of the tip wedge angle. The K-factor is defined as the ratio K= S, /S,. An edge is
symmetric when K=1. A K value less than 1 describes a waterfall-type edge, while a value
greater than 1 indicates a trumpet-type edge. The schematic of the K-factor characteriza-
tion method as shown in Figure 14.

Rake face Major flank

Figure 14. Schematic of the K-factor characterization method.

3.4.3. Effect of Asymmetric Edge Morphology on Material Separation

Three tool geometries were created with edge shape factor (K-factor) values of 0.5,
1.0, and 1.5, and simulated using the finite element software. The material flow velocity
fields ahead of the tool tip for each K-factor were obtained, and the DMZ area and mini-
mum cutting thickness were measured. These results are presented in Figures 15 and 16,
respectively. The analysis reveals that variations in the edge micro-geometry substantially
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alter the material deformation and flow patterns near the tool tip. For K <1, both the DMZ
area and the minimum cutting thickness increase with the K-factor. When K >1, the DMZ
area shows no significant correlation with K, remaining relatively constant; in contrast,
the minimum cutting thickness tends to decrease as K increases. Generally, a higher K-
factor produces an edge profile closer to a negative chamfer. This geometry induces
greater chip deformation and causes a more abrupt change in the material flow direction

within the DMZ.
0.000 [0} 000
(a) (b)

Figure 15. Material flow distribution for tools with different K-factors. (a) K=0.5; (b) K=1.0; (c¢) K=
0.15.
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Figure 16. Comparison of DMZ area and minimum cutting thickness for different K-factors.

4. Simulation Analysis of Microstructure Evolution
4.1. Development of the Dislocation Density-Based Model

Finite element modeling for predicting the evolution of microstructure in machined
surfaces primarily involves two approaches. One type aims to predict the work-hardened
layer beneath the machined surface [38], focusing on how the altered subsurface microstruc-
ture affects properties such as microhardness. The other type of model® microstructural
transformation is under severe plastic deformation [39], predicting changes in grain size
within both the chip and the machined surface layer. The dislocation density theory, intro-
duced by Estrin et al., effectively describes material hardening under large-strain conditions.
Leveraging this theory, the present work employs the user subroutine interface in ABAQUS
to develop and implement a custom subroutine. This dislocation density-based subroutine
is integrated into the 2D orthogonal turning finite element model to simulate and predict
the dislocation density, grain size, and microhardness in the machined surface.
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The predictive model, based on dislocation density theory, quantifies the extent of
plastic deformation directly in terms of dislocation density. The dislocation cell structure
that develops during plastic deformation comprises two distinct densities: the density
within the cell interiors (p.) and the density in the cell walls (p,,). The wall dislocation
density is further subdivided into statistically stored dislocations (p,,s) and geometrically
necessary dislocations (py4). Their governing equations are presented below:

L
pe = @ () Jlous + puaic = 8 (dor 1= pf) v =1 () " 09)

2 1
. \BA-f) Lo .6 =f)3 AN 17
pw =P o /(pws + Pwg V& + B —any ¥ — ko <%) pwsty, 17

In the equations, ¢ is the fraction of geometrically necessary dislocations within the
cell walls; a*, B*, and k, are material parameters governing dislocation evolution rates,
Their values are 0.0946, 0.0113 and 8.462 [40]; the initial dislocation densities are set to p,,
=107 mm=2 for the cell walls and p., =108 mm=2 for the cell interiors [41], y, is a reference
shear strain rate; b is the Burgers vector magnitude; and n is a temperature sensitivity
parameter defined in Equation (18):

n=- (18)

f denotes the volume fraction of cell wall dislocations, as given by Equation (19):

r

f=m+m—mnwﬁ%) (19)

where fy and f,, represent the initial and saturated volume fractions of the dislocation

r

cell walls, respectively; y" is the shear strain; and y" is the reference plastic strain. It is

generally assumed that the shear strain rates within the material are equal, as expressed
in Equation (20):

Yw=Ye =V" (20)
where 7, is the shear strain rate in the dislocation cell walls, and y; is the shear strain
rate within the cell interiors. The shear strain rate is given by Equation (21):

y' = Mé (21)

where M is the Taylor factor, and ¢ is the plastic strain rate. The total dislocation density
Ptor 1s determined from the dislocation cell densities and their volume fractions, as shown

in Equation (22):
Ptot = f(pws + pwg) +(1+ f)Pc (22)
The grain size d is described by Equation (23), where K is a material constant.
K
d=

m (23)

Estrin et al. enhanced the dislocation density-based model for material flow stress
originally proposed by Kocks [42]. Their refinement involves decomposing the overall
shear stress into contributions from dislocations in the cell interiors and those in the cell
walls, as detailed in Equations (24) to (26):

1

e
1. = Gab./p, ();—C) (24)
0
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1

T,, = Gab,/p,, (%)m (25)
" =fr, + (1 - flre (26)

G is the shear modulus, a is a material constant, and m is the temperature-depend-
ent strain rate sensitivity parameter defined by Equation (27), where A is a constant.

m=% (27)

Severe plastic deformation characterizes the machined surface layer in metal cutting.
The resulting microhardness profile is a consequence of the interplay between this defor-
mation, potential phase transformations, and microstructural evolution. Thus, investigat-
ing microhardness must take into account microstructural changes. For dry cutting of AISI
304 stainless steel, the evolution of microhardness in the machined surface can be pre-
dicted by the dislocation density model through the following relation [43]:

HV =k, xM x ap X G Xb X ./por (28)

ky, is a slope constant equal to 0.5, and aj, is a constant with a value of 0.25 [44].

4.2. Validation of the Microstructure Evolution Model

The parameters for the dislocation density model were initialized. A user material
subroutine (Vuhard) implementing this model was developed and integrated into the es-
tablished 2D orthogonal cutting finite element framework. Its predictions were then com-
pared against those from the built-in J-C constitutive model in Abaqus, focusing on prin-
cipal cutting force and von Mises stress. Figure 17 displays contour plots of von Mises
stress from both models for a specific cutting condition (v = 150 m/min, f = 0.1 mm/rev, ap
=1 mm). The comparison focuses on identical material points within the primary shear
zone at a simulation time step corresponding to the mid-point of the cutting process. The
temporal evolution of the principal cutting force and the von Mises stress for both models

is plotted in Figure 18.
S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
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Figure 17. Comparison of von Mises stress distributions. (a) The dislocation density model; (b) the
J-C model (Gray represents the tool and the black line represents the mesh distortion section).
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Figure 18. Comparison of the predicted principal cutting force and von Mises stress history.

The results indicate that both models predict very similar trends for the principal
cutting force over time. However, at comparable time steps, the dislocation density model
predicts a more intense stress concentration within the primary shear zone than the J-C
model. Notably, the cutting force predicted by the dislocation density model aligns more
closely with experimentally measured values.

4.3. Morphological Analysis of the Machined Subsurface Microstructure

Machining induces the formation of a modified surface layer on metallic workpieces.
An elevated dislocation density and refined grain structure characterize this altered layer.
Figure 19 illustrates simulated contour maps of this subsurface region for a specific cutting
condition (v = 150 m/min, f = 0.10 mm/rev, ap = 1 mm). The plots correspond to user-
defined output variables: SDV4 for dislocation density (mm=), SDV5 for grain size (mm),
and SDV6 for microhardness (HV). The results confirm significant grain refinement at the
immediate surface. With increasing depth below the machined surface, the dislocation
density and microhardness decrease progressively, while the grain size increases, eventu-
ally reaching the properties of the unaffected bulk material.
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(Avg: 75%) (Avg: 75%) (Avg: 75%)
+2.114e+09 +1.145¢-03 +3.994e+02
+1.944e+09 +1.068e-03 +3.846e+02
+1.774e+09 49.908e-04 +3.697e+02
+1.604e+09 +9.135e-04 +3.549¢+02

+1.435¢+09 +8.362¢-04 +3401+02
+1265¢+09

+1.095e+09
+9.252e+08
+7.554e+08
+5.856e+08
+4.158e+08
+2.460e+08
+7.622e+07

+7.589-04
+6.817e-04
+6.044e-04
+5.271e-04
+4.498e-04
+3.725e-04
+2.952¢-04
+2.179e-04

+3.253e+02
+3.105e+02
+2.957e+02
+2.809e+02
+2.661e+02
+2.513e+02
+2.365e+02
+2.217e+02

(a) (b) ()

Figure 19. Predicted microstructure evolution in the machined subsurface. (a) Dislocation density

distribution; (b) grain size distribution; (¢) microhardness distribution.

Under intense thermo-mechanical coupling, the subsurface microstructure of the ma-
chined surface transforms. Figure 20 presents the microstructural characteristics of the
surface layer at different cutting speeds. To delineate the plastic deformation, white
dashed lines mark the boundary between the slip bands and the matrix material, defining
the plastic deformation zone. The figure shows that grain deformation in the surface layer
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increases significantly. Numerous slip lines aggregate to form slip bands, and the density
of these slip lines gradually decreases with depth, exhibiting a non-uniform distribution.

Figure 20. Microstructure of surface layers at different cutting speeds. (a) v =90 m/min; (b) v = 150

m/min; (c) v =210 m/min.

Severe work hardening occurs during the machining of 304 stainless steel. In this
material, plastic deformation within the microstructure of the machined surface primarily
manifests as slip bands [45]. The fundamental mechanism of work hardening in metals
involves an alteration of the crystalline microstructure, specifically an increase in re-
sistance to dislocation motion with mechanical deformation. Consequently, the extent of
work hardening is directly linked to the evolution of the microstructure. Following the
cutting experiments, a 3 mm sample section was obtained from the workpiece using wire
electrical discharge machining. This sample was vertically mounted in an XB-2B model
metallographic mounting press. After being ground to a flat and smooth finish, the spec-
imen was subjected to microhardness testing. A DHV-1000Z digital microhardness tester
(Shanghai Precision Instrumentation Company, Shanghai, China) was used to measure at
20 um intervals along the depth from the machined surface. Three measurements were
taken at each depth, and the average value was recorded as the experimental result. The
scatter among repeated measurements was quantified using the standard deviation,
which reflects the combined effects of local microstructural heterogeneity, indentation
size effects, and surface preparation quality. This variability is unavoidable in microhard-
ness testing of heavily deformed surface layers and is therefore explicitly accounted for in
the interpretation of the results.

Figure 21a-c compare the experimental and simulated microhardness profiles along
the depth beneath the machined surface for different cutting speeds. The results show that
the microhardness gradually decreases with increasing depth, with the work-hardening
effect diminishing to approximately the base-material hardness at depths of around 100-
120 um. The extracted microhardness variation trends for different cutting speeds are
shown in Figure 21d. At a given depth, the microhardness increases with higher cutting
speeds, especially when the depth is between 40 and 120 pm; however, the incremental
increase becomes progressively smaller. This observation corroborates the idea that work
hardening results from the combined influence of two competing factors: the strengthen-
ing effect of plastic deformation and the softening effect induced by cutting heat. This
behavior is related to the ratio of the material® hardening rate to its softening rate during
the cutting process. It is noted that some references report an opposite trend, in which the
machined surface microhardness decreases with increasing cutting speed [46]. In sum-
mary, the microhardness prediction model developed in this work demonstrates good
agreement with experimental data and performs reliably. It should be noted that the com-
parison focuses primarily on the consistency of the overall depth-dependent trends rather
than exact point-by-point agreement, given the inherent experimental scatter in micro-
hardness measurements near the machined surface.
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Figure 21. Comparison of microhardness. (a) v =90 m/min, f = 0.1 mm/rev; (b) v =150 m/min, f=0.1
mm/rev; (c) v =210 m/min, f = 0.1 mm/rev; (d) machined surface hardness vs. depth at different

cutting speeds.

4.4. Impact of Cutting-Edge Micro-Geometry on Microstructure Evolution
4.4.1. Effect of Tool Rake Angle on Machined Surface Microstructure

A quantitative analysis was conducted to evaluate the impact of the rake angle on
dislocation density, grain size, and microhardness in the machined layer. Finite element
simulations were run with rake angles of -6°, 0°, and 6°, keeping all other parameters
identical. The previously developed dislocation density subroutine was integrated into
the 2D orthogonal turning model. Figure 22 displays the simulated distributions of these
three microstructural parameters for each rake angle. The results indicate that the peak
dislocation density is localized near the tool-workpiece contact point at the surface. All
three properties—dislocation density, grain size, and microhardness—vary with depth
from the machined surface, eventually approaching the values of the bulk material. The
measured extremes for each case are as follows: for rake angles of -6°, 0°, and 6°, the max-
imum dislocation densities are 2.146 x 10° mm=2, 1.920 x 10° mm=2, and 1.767 x 10° mm<2;
the minimum grain sizes are 0.2166 pum, 0.2289 um, and 0.2381 pum; and the maximum
microhardness values are 400.9 HV, 389.0 HV, and 380.6 HV, respectively.
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Figure 22. Simulated subsurface distributions for different tool rake angles. (a) Rake angle = -6°; (b)
rake angle = 0°; (c) rake angle = 6°.

To quantify the subsurface gradients, data were extracted along three 200 pm long
line paths defined normal to the machined surface. The nodal values of dislocation den-
sity, grain size, and microhardness along each path were averaged to obtain representa-
tive depth profiles. Figure 23 presents these averaged simulation results, illustrating the
effect of the tool rake angle on the distributions under constant cutting conditions. The
profiles indicate that increasing the rake angle results in a systematic decrease in disloca-
tion density and microhardness, accompanied by an increase in grain size, across the af-
fected depth. The gradients are markedly steeper for negative rake angles (in the range
[-6°, 0°]) compared to positive ones ([0°, 6°]).

Additionally, the penetration depth of the altered layer diminishes as the rake angle
increases. The calculated average altered layer depths are 133 pm, 77 um, and 56 pum for
rake angles of —6°, 0°, and 6°, respectively. These results confirm that a more minor, espe-
cially negative, rake angle promotes more intense plastic deformation during cutting,
which in turn is more effective in refining the grain structure.
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Figure 23. Averaged depth profiles for different tool rake angles. (a) Dislocation depth profile; (b)
grain size depth profile; (c¢) microhardness depth profile.

4.4.2. Effect of Tool Nose Radius on Machined Surface Microstructure Evolution

Simulations were performed with tool nose radii of 0.02 mm, 0.03 mm, and 0.04 mm,
with all other cutting parameters held constant. Figure 24 presents the simulated contour
maps of dislocation density, grain size, and microhardness for these three cases. The key
simulation outputs are for radii of 0.02, 0.03, and 0.04 mm; the peak subsurface dislocation
densities are 1.767 x 10°, 2.039 x 10% and 2.187 x 10° mm? the corresponding minimum
grain sizes are 0.2381, 0.2248, and 0.2217 um; and the maximum microhardness values are
380.6, 394.5, and 400.6 HV. A visual assessment also suggests that the depth of the altered
layer increases with a larger nose radius.

SDV4 SDV5 SDV6

(Avg: 75%) (Avg: 75%) . (Avg: 75%)
+1.767e+09 +1.145¢-03 +3.806e+02
+1.626+09 +1.070e-03 +3.674+02
+1.485¢+09 +9.942e-04 \ +3.541e+02
+1.3d4e+09 +9.186e-04 +3.409¢+02
+1.204e+09 +8.430e-04 \ +3.276e+02
+1.063e+09 +7.674e-04 | | +3.144e+02
+9.217¢+08 +6.918e-04 { +3.012+02
+7.808e+08 - +6.161e-04 1 +2.879¢+02
+6.399e+08 +5.405e-04 +2.747e+02
+4.990e+08 +4.649e-04 +2.614e+02

+3.581e+08 +3.893e-04 +2.482e+02

(a)
SDV4 SDVs SDV6

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+2.039e+09 +1.145¢-03 5 +3.945e+02
+1.875e+09 +1.069¢-03 +3.801e+02
L +1.712e+09 +9.920e-04 B8 +3.657e+02
+1.548e+09 +9.153e-04 \ +3.513e+02
+1.385e+09 +8.385e-04 +3.369e+02
+7.618e-04 b +3.225e+02
+1.057e+09 +6.851e-04 +3.081e+02
+8.939¢+08 +6.084e-04 i +2.937e+02
+7.304e+08 +5.317e-04 4 [ +2.793e+02
+5.669e+08 +4.550e-04 | +2.649e+02
+4.033e+08 +3.782e-04 \ +2.505e+02

SDV4 SDV5 e SDV6
(Avg: 75%) (Avg: 75%) ¢ _ (Avg: 75%)

+2.187¢+09 +1.145¢-03 ; ) ~ +4.006e+02

+1.068e-03 @l 38570407

+9.915¢-04 : \ +3.708e+02

+9.145€-04 A ) - +3.559e+02

+1.483e+09 +8.375e-04 \ +3.410e+02

+1.3076+09 +7.605e-04 { +3.261e+02

+1.131e+09 +6.835¢-04 ) - +3.112e+02

+9.5566+08 - +6.066e-04 f +2.962¢+02

+7.797e+08 +5.296¢-04 +2.813e+02
+6.038e+08 +4.526¢-04 +2.664e+02
+4.280e+08 +3.756e-04 - +2.515e+02

(c)

Figure 24. Contour plots for different tool nose radius. (a) r = 0.02 mm; (b) r = 0.03 mm; (c) r=0.04 mm.
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Following the same methodology, averaged depth profiles were obtained along three
200 um paths normal to the machined surface. These profiles, which illustrate the effect
of nose radius under constant cutting conditions, are plotted in Figure 25. The data clearly
show that a larger tool nose radius results in higher dislocation density and microhard-
ness, along with smaller grain size, throughout the affected depth. Quantitatively, the av-
erage penetration depths of the altered layers are measured as 56 um, 112 pm, and 147
um for nose radii of 0.02 mm, 0.03 mm, and 0.04 mm, respectively. These findings demon-
strate that a larger tool nose radius exacerbates plastic deformation during the cutting
process. This intensified deformation promotes greater grain refinement, leading to in-
creased dislocation density and microhardness in the machined surface layer.
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Figure 25. Averaged depth profiles for different tool nose radius. (a) Dislocation depth profile; (b)
grain size depth profile; (c¢) microhardness depth profile.

4.4.3. Effect of Asymmetric Edge Morphology on Machined Surface
Microstructure Evolution

Simulations were conducted with the edge shape factor (K-factor) set to 0.5, 1.0, and
1.5, maintaining identical cutting parameters otherwise. Figure 26 displays the corre-
sponding simulated distributions of dislocation density, grain size, and microhardness.
The key metrics for K= 0.5, 1.0, and 1.5 are: maximum dislocation densities of 1.838 x 10,
2.146 x 10%, and 1.901 x 10° mm=2; minimum grain sizes of 0.2341, 0.2166, and 0.2295 um;
and peak microhardness values of 384.3, 400.9, and 388.1 HV.
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Figure 26. Contour plots for different K-factors. (a) K=0.5; (b) K=1; (c) K=1.5.

Averaged depth profiles along three standard 200 um paths were generated to ana-
lyze the influence of the K-factor, as plotted in Figure 27. The profiles exhibit a non-mon-
otonic relationship: with increasing K-factor, both dislocation density and microhardness
initially rise and then decline, while grain size initially decreases and then increases. The
depth of the altered layer shows a relatively weak dependence on K, with average values
of 119 um, 133 um, and 126 um for K = 0.5, 1.0, and 1.5, respectively —also following an
initial increase followed by a decrease. This pattern aligns with the previously observed
trend of the minimum cutting thickness versus K-factor. The results suggest that a sym-
metric edge (K = 1) promotes more intense plastic deformation and consequently greater
grain refinement compared to asymmetric edges (K # 1). Comparing the magnitudes of
change across all studied parameters, the tool nose radius and the rake angle are identified
as the dominant factors governing subsurface microstructure evolution, with the nose ra-
dius exhibiting a more decisive influence than the rake angle.
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Figure 27. Averaged depth profiles for different K-factors. (a) Dislocation depth profile; (b) grain
size depth profile; (c) microhardness depth profile.

4.4.4. Recommendations for Cutting Process Optimization and Applicability Analysis

The results presented above indicate that the variations in dislocation density, grain
size, and microhardness on the machined surface during the turning of 304 stainless steel
are fundamentally governed by material separation behavior. The micro-geometry of the
cutting edge further affects the extent of work hardening by modifying the separation
point location and the proportion of ploughing action. Consequently, based on the pat-
terns established in the previous sections, this section puts forward optimization recom-
mendations for cutting processes and tool structures, with a focus on engineering appli-
cations. It also delineates the applicability scope and potential limitations of the derived
conclusions, thereby enhancing the transferability and practical guidance value of the re-
search findings.

(1) Recommendations for Cutting-Edge Micro-geometry Optimization Targeting Sur-
face Integrity

L. The preceding results demonstrate that the tool nose radius exerts the most pro-
nounced influence on microstructural evolution. In machining 304 stainless steel, an
overly small edge radius, while beneficial for reducing ploughing, often compromises
edge strength and induces fluctuations in surface loading. Conversely, a huge edge radius
amplifies the adverse rake angle effect, forcing material removal to rely more heavily on
extrusion and ploughing mechanisms. This results in increased plastic strain accumula-
tion within the surface layer and a deeper work-hardened zone. Therefore, provided that
adequate edge strength and stability are maintained, a medium edge radius should be
prioritized to sustain a relatively stable material separation mode during cutting.

II. By modifying the effective rake angle distribution and the load transfer mode in
the contact region, an asymmetric cutting edge significantly alters the separation point
migration and the morphology of the local deformation zone, consequently leading to
variations in the minimum uncut chip thickness and the extent of surface hardening. For
engineering applications aiming to reduce surface damage and stabilize microstructural
evolution, tool configurations that cause pronounced material accumulation and stagna-
tion due to edge asymmetry should be avoided. Instead, appropriate K-factor matching
can optimize the material separation path for smoother flow, mitigating additional loads
from repeated extrusion and elastoplastic deformation. Thus, a nearly symmetric edge
profile is recommended where tool strength permits. When a strongly asymmetric struc-
ture is necessary to enhance edge strength, cutting parameters must be co-optimized to
offset its tendency to cause excessive surface hardening.
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III. For work-hardenable materials like 304 stainless steel, surface layer hardening
presents a dual character: moderate strengthening can improve wear and fatigue re-
sistance, whereas excessive strengthening raises the risk of residual tensile stresses and
undermines service reliability. Consequently, during edge parameter optimization, eval-
uation criteria should include metrics such as the peak dislocation density, the hardened
layer depth, and the spatial extent of grain refinement. This shifts the paradigm for tool
micro-geometry design from the conventional minimization of cutting forces or tempera-
tures towards the targeted regulation of surface integrity.

(2) Recommendations for Process Parameter Optimization Aiming at Stable Cutting

L. The instantaneous undeformed chip thickness should be maintained above the
range of the minimum uncut chip thickness. Operating near this minimum value makes
cutting forces more susceptible to fluctuation, leading to significant instability in disloca-
tion density and microhardness distributions. Therefore, the feed rate and tool edge pa-
rameters should be co-optimized to keep the cutting process within the stable regime of
continuous chip formation, thus minimizing the risks of non-uniform surface layer hard-
ening and surface damage.

II. Increasing the cutting speed helps reduce material stagnation and adhesion
tendencies, but the accompanying thermal softening effect must be balanced. While the
high thermal load at elevated speeds aids chip formation, it can also induce austenite-to-
martensite phase transformation and enhance thermal softening. Hence, for applications
demanding strict phase transformation control and the preservation of work hardening,
a medium cutting speed (80-120 m/min) is recommended to achieve controlled grain re-
finement primarily through mechanical loading.

III. Although the present model does not incorporate fluid media, the predicted dis-
tribution of high-temperature zones—concentrated mainly ahead of the cutting edge and
in the primary deformation zone —suggests that efficient cooling and lubrication methods,
such as high-pressure coolant or minimum quantity lubrication (MQL), are beneficial.
Their key purpose extends beyond mere temperature reduction; more critically, they
modify the friction conditions at the tool-chip interface. This directly affects the shear an-
gle and deformation zone morphology identified in the simulations, helping to mitigate
surface integrity uncertainties arising from friction fluctuations and thereby enhancing
the transferability of the models conclusions to practical manufacturing conditions.

(3) Scope of Applicability and Limitations

Although this work has developed a relatively comprehensive framework —integrat-
ing analytical modeling, finite element simulation, and experimental validation—for pre-
dicting material separation and microstructural evolution, its applicability is subject to
certain boundaries, primarily in the following areas:

I. Material and Constitutive Parameter Dependency: The thermo-mechanical re-
sponse and work hardening behavior of 304 stainless steel are sensitive to material batch
and heat treatment history. Variations in the initial microstructure, strength level, or hard-
ening characteristics can lead to deviations in the predicted absolute values of dislocation
density and hardness. However, the general trends and patterns identified retain their
value as references.

II. Simplification of Friction and Interface Conditions: In actual cutting, tool-chip con-
tact friction is dynamic, changing with temperature, pressure, and the formation of adhe-
sive layers. The finite element model employs simplified friction assumptions; conse-
quently, its predictive accuracy may decrease under severe wear conditions.

II. Incomplete Consideration of Cutting-Edge Micro-defects and Wear Evolution:
Real cutting edges can exhibit micro-chipping, coating delamination, or wear-induced de-
viations from the nominal edge geometry. These factors alter the material-separation
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mode and the subsequent microstructural evolution in the surface layer. Therefore, the
conclusions drawn here are most applicable to machining stages characterized by stable
edge conditions and controlled wear.

IV. Limits of Generalizability: This study focuses on typical operating parameters
and a specific range of cutting-edge micro-geometries for turning 304 stainless steel. Ex-
tending the framework to significantly different conditions—such as minimal depths of
cut, ultra-high speeds, or alternative tool material systems—would require recalibrating
material parameters to maintain prediction accuracy.

It is important to note that, while indirect validation has been achieved through com-
parisons of macroscopic cutting forces, chip morphology, and surface-layer hardness, di-
rect experimental verification of the predicted subsurface dislocation-structure gradients
and specific phase transformation products awaits further detailed investigation. In sum-
mary, the optimization recommendations presented in this section offer guidance for de-
signing precision-machining processes grounded in the targeted control of microstruc-
tural outcomes.

5. Conclusions

This research combined analytical and finite element modeling to study the mini-
mum cutting thickness in the turning of 304 stainless steel. Utilizing dislocation density
theory, it also enabled the simulation and prediction of microstructure evolution within
the machined subsurface layer, analyzing how different tool geometries affect material
separation and microstructural changes. The principal conclusions are as follows:

(1) The minimum cutting thickness for 304 stainless steel was determined to be 0.275
times the tool nose radius. While both the minimum cutting thickness and the DMZ
area grow with an increasing nose radius, the ratio between the minimum cutting
thickness and the nose radius remains stable within 0.25 to 0.30, irrespective of the
radius size.

(2) The asymmetric morphology of the cutting edge, characterized by the K-factor, sig-
nificantly affects the minimum uncut chip thickness by modifying the material sepa-
ration mode. Investigation reveals a non-monotonic variation in the minimum uncut
chip thickness with the K-factor (ranging from 0.5 to 1.5): it initially increases, reaches
a maximum under the symmetric edge condition (K = 1.0), and then decreases. This
demonstrates that a symmetric edge configuration fosters the development of a more
stable and distinct DMZ, consequently delaying the material separation point. In con-
trast, asymmetric edges (e.g., waterfall or trumpet types) alter the local effective rake
angle and stress distribution, thereby facilitating earlier material shear or inducing
lateral flow, thereby lowering the critical thickness required for stable chip formation.
Therefore, the minimum uncut chip thickness serves as a crucial quantitative indica-
tor of how variations in cutting-edge micro-geometry influence material separation
behavior.

(3) The cross-scale predictive model grounded in dislocation density theory has demon-
strated high reliability. By successfully integrating a developed user subroutine into
the finite element framework, the model enables concurrent prediction of the distri-
bution of dislocation density, the extent of grain refinement, and microhardness gra-
dients within the machined subsurface. Across various cutting speeds, the simulated
micro-hardness values show close agreement with experimental measurements in
both their variation trends and absolute magnitudes. Beyond replicating the trend of
increasing work-hardened layer depth and surface hardness with elevated cutting
speed, the model also captures the associated attenuation in the rate of hardness in-
crease—a phenomenon attributed to thermal softening. These results validate the
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models effectiveness in coupling thermo-mechanical effects and its potential for en-
gineering applications in predicting surface integrity.

The parameters defining cutting-edge micro-geometry exert a systematic, yet differ-
entiated, influence on microstructural evolution. Quantitative analysis identifies the
tool nose radius as the predominant factor governing the severity of plastic defor-
mation in the surface layer. An increased radius markedly intensifies extrusion and
ploughing, resulting in a higher peak dislocation density, more pronounced grain
refinement, elevated microhardness, and a substantial increase in the altered layeres
depth (from 56 pm to 147 pum). A reduction in the tool rake angle similarly enhances
plastic deformation, leading to increased dislocation density and hardness, alongside
decreased grain size, with this effect particularly pronounced in the hostile rake angle
regime. The influence of the K-factor on the microstructure mirrors its non-mono-
tonic impact on the minimum uncut chip thickness. In summary, the hierarchical or-
der of influence of these edge parameters on the evolution of the machined surface
microstructure is tool nose radius > tool rake angle > cutting edge asymmetry. These
established correlations provide direct theoretical guidance for the targeted design
of tool edge geometry and the optimization of process parameters to meet specific
surface integrity objectives.
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Abbreviations

DMZ Dead metal zone

FEM Finite element method

ALE Arbitrary Lagrangian-Eulerian
J-C Johnson-Cook

CNC Computerized numerical control
EXP Experimental

MQL Minimum quantity lubrication
Rpmin Minimum cutting thickness
Foy Normal force component

E,, Tangential force component

De Normal stress

r Tool edge radius

U Friction coefficient

0 Central angle

F, Principal cutting force

F, Cutting resistance

T, Material shear strength
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w Tool width
B, Friction angle
Y, Tool rake angle
o} Shear angle
£ Equivalent plastic strain
£ Equivalent plastic strain rate
&o Reference strain rate
T. Room temperature
T Melting temperature
T Instantaneous deformation temperature
A, B, C, n and m J-C constitutive model parameters
D1~D5 Johnson-Cook damage parameters
\Y Cutting speed
f Feed rate
ap Back engagement of cutting edge
a*, B*,and k, Material parameters of dislocation evolution
Yo Reference shear strain rate
b Burgers vector magnitude
n Temperature sensitivity parameter
fo and f, Initial and saturated volume fractions
y" Shear strain
yr Reference plastic strain
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