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Abstract In mechanical micromachining, understand-
ing the chip formation mechanism is critical to optimize
the machining parameters and improve the workpiece
performance. In this work, the entire slot micromilling
process on Al6061-T6 by one flute carbide cutter was
simulated by means of finite element method (FEM).
Under this machining parameters set, the chip was
found to be segmented type. The simulation results
matched with the experimental results on the burr
and chip morphologies and the cutting force. The seg-
mented chip formation process was described from the
viewpoint of chip velocity. The variations of the tool
chip contact length (lT) and the shear band length
(lS) were studied in detail. The chip formation mech-
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anism was studied quantitatively by means of hybrid
analytical-FEM approach. Through calculating the chip
moments, “tool rake moment” MTool and “shear band
moment” MWork, it has been found that the main rea-
sons of the segmented chip formation are the varia-
tions of the lT and lS. The Arcona–Dow model (AD
model) and Merchant model (MM model) were utilized
to calculate the MWork respectively. The AD model
performed better in the microscale than the MM model.
In the segment generation occasion, the average chip
velocity value in chip bending process was much greater
than the one before chip bending, which was about
the cutting speed. The chip root velocity was almost
constant in the entire micromilling process, and the
chip tip velocity increased greatly in the chip bending
instant due to the chip angular acceleration. The chip
angular acceleration was acquired, respectively, from
FEM and the analytical method based on the MTool

and MWork_AD calculations. The agreement of these
two approaches validated the correctness of the chip
moments calculations. The results of this work were
useful to understand the micromilling mechanism and
improve the workpiece performances.

Keywords Micromilling · FEM ·
Segmented chip formation · Chip moments ·
Chip velocity · Chip angular acceleration ·
Cutting force model

1 Introduction

Micromilling operation is an attractive way to fab-
ricate the miniature components. It has been essen-
tially recognized that the merits of the micromilling
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include lower cost, flexibility, and material compati-
bility, not only on silicon as lithography [1]. It is an
effective method to fabricate the complex microgeo-
metric shapes for the applications of the microdies and
molds, biomedical, and MEMS [2–5].

Lack of chip control often leads to the coarse ma-
chined surface, poor machining accuracy, and problems
of chip removal from the machining zone [6]. In the
micromilling process, because the residual burrs on the
workpiece are not easily eliminated by the conventional
burr removal processes, they degrade the quality of the
micromilled components. Hence, in order to minimize
the burr generation, the micromilling chip formation
mechanism should be studied deeply. Ueda et al. [7]
found the lamellar chip structure when microcutting an
amorphous metal. They found the chip lamellar was
induced by the periodical localization of the shear band.
However, the tool edge radius effect was neglected in
this research. Lee and Dornfeld [8] conducted many
micromilling experiments to study the relationship be-
tween the burr formation and the machining variables
in order to optimize the machining variables. Because
too many experiments are time-consuming and expen-
sive, meaningful simulations are helpful to study the
chip formation process cost effectively.

With the enhancement of the digital computer in-
dustry, the finite element method (FEM) is widely
used to understand the chip formation mechanism in
the multiphysics scale [9–11]. In order to simulate the
real micromachining condition, more computational
resources and longer duration are required because of
the finer element mesh and greater element number.
Vogler et al. [12] used a customized FEM code devel-
oped by Chuzhoy et al. [13] to determine the minimum
chip thicknesses (MCT) for ferrite and pearlite metal-
lographies, respectively. Simoneau et al. [14] assigned
different hardness parameters to different metal-phase
components of steel and explained the chip formation
and surface defects in microscale cutting. Dhanorker
and Özel [15] predicted the chip formation and tem-
perature fields for meso/microscale milling; they found
the temperature of the micromilling process was lower
compared to the one of conventional cutting. Woon
et al. [16] discussed the relationship between the ratio
of uncut chip thickness (UCT) to tool edge radius and
the chip formation mechanism, material deformation,
and stress distributions in the microcutting. Besides the
FEM, molecular dynamics simulation is another way to
study the machining process from the microscale to the
nanoscale [17].

In this work, the finite element model of micro-
milling Al6061-T6 alloy by a carbide tool was estab-
lished to study the chip formation mechanism. The

chip was found to be the segmented type, which was
verified by the experimental observation of burr and
chip morphology. The average simulated cutting force
matched the experimental force within 5% error. The
variations of the chip velocity field, the tool chip con-
tact length (lT), and the shear band length (lS) were
focused in the segmented chip formation process. The
chip formation mechanism was studied quantitatively
by means of a hybrid analytical–FEM approach. By
calculating the chip moments exactly, it has been found
that the primary reasons for the segmented chip gener-
ation were the variations of lT and lS. The chip angular
acceleration was calculated to validate the chip moment
calculations.

2 FEM simulation

2.1 FEM model

In material removal processes using geometrically
defined cutting edges, workpiece material undergoes
severe deformation and shearing at very high deforma-
tion rates and, sometimes, high temperatures. Hence,
adopting the reliable workpiece material flow stress
data, also as well known as the constitutive model,
which covers the large strain rate and temperature
range, is important to characterize the material behav-
ior in the vicinity of the cutting edge [18]. The friction
between the tool and workpiece is as important as
the material flow stress model [19]. In this paper, the
constitutive and friction models were chosen based on
the literatures according to the machining conditions in
the micromilling process.

2.1.1 Tool and workpiece choices

About all commercial micromill tool materials are
tungsten carbide, which has high hardness and strength
at high temperatures. In this study, a two-flute tungsten
carbide micromill was utilized.

Al6061-T6 alloy has excellent comprehensive per-
formance, which is one of the most promising can-
didates for fabricating thermally stable, high-strength,
and light-weight micro components. In the microcut-
ting, Al6061-T6 has been selected as the experimental
materials in many researches [8, 20, 21]. Meanwhile,
because the properties of Al6061-T6 are similar to the
most widely utilized aluminum materials, Al6061-T6
can be considered as their representative. Therefore,
the analytical results of this study are useful for un-
derstanding the micromilling mechanism, even to other
materials.
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2.1.2 Material constitutive model

The flow stress at which the workpiece material starts
to plastically deform is influenced by strain, strain rate,
temperature factors, and sometimes strain paths. The
Johnson–Cook (JC) model shown in Eq. 1 is widely
accepted in machining simulation due to its good fit
for strain-hardening and thermal softening behavior of
metals and its numerical robustness, and it can be easily
used in finite element simulation models. The constants
for Al6061-T6 [22] are listed in Table 1.

σ̄ = [A + B(ε̄)n][1 + C ln(
˙̄ε
˙̄ε0

)][1 − (
T − Troom

Tmelt − Troom
)m]

(1)

σ̄ Von Mises flow stress
ε̄ equivalent plastic strain
˙̄ε strain rate˙̄ε
˙̄ε0

is the dimensionless plastic strain rate for

˙̄ε0 = 1.0 s−1

T workpiece temperature
Troom room temperature
Tmelt workpiece melt temperature
A yield stress
B and n effects of the strain hardening with B is hard-

ening constant and n is hardening exponent
C strain rate constant
m thermal softening exponent

2.1.3 Friction model

The friction behavior in the cutting zone is still not
clear, even if many works have been done on this topic
[9, 23]. In the low cutting speed range, the friction stress
τ f on the tool rake face is assumed to be proportional
to the normal stress σn, with a coefficient of friction,
μ. This is the sliding friction based on the Coulomb’s
law as

τ f = μ · σn (2)

According to Trent and Wright’s work [24], the
sliding friction was dominant during the low-speed
machining. The sticking friction was dominant during

Table 1 Al6061-T6 material constants in JC model

A(MPa) B(MPa) n C m Others

324 114 0.42 0.002 1.34 Tmelt = 582◦C
= 855.15K

Troom = 20◦C
= 293.15K

Fig. 1 FEM model

the high-speed machining. In micromilling, even if a
high-speed spindle is adopted to improve the cutting
speed, the cutting speed remains much lower than the
conventional one due to the tiny tool diameter. In this
case, the cutting speed was 238.8 mm/s. Therefore,
the Coulomb’s law of sliding friction was dominant
in the micromilling operation. In this work, for the
combination of the tool and workpiece materials,
carbide and Al6061-T6, the friction factor μ was
chosen as 0.7, obtained from experiments by Medaska
et al. [25].

2.1.4 Simulation setup

In this study, DEFORM-2D from SFTC was used to
simulate the cutting process. This package is based

Table 2 Simulation parameters

Tool geometry
Tool diameter (μm) 152
Flutes no. 2
Edge radius (μm) 1.34
Rake angle (◦) 6.5
Clearance angle (◦) 5

Material properties of Al6061-T6
Young’s modulus (GPa) 68.9
Poisson ratio 0.33
Thermal conductivity (W/m − K) 167
Heat capacity (J/g −◦ C) 0.896

Machining parameters
Rotating speed (RPM) 30000
Feed rate (mm/min) 10
Cutting depth (μm) 20
Room temperature (◦C) 20
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Fig. 2 Simulated segmented
chip (a, b)

(a) After rotating 72.2° (b) After rotating 121°

on an updated Lagrangian formulation that employs
the implicit integration method designed for large de-
formation simulations. The strength of DEFORM-2D
is its ability to automatically remesh and generate a
very dense grid of nodes near the tool tip so that
large gradients of strain, strain rate, and temperature
can be handled. Hence, no chip separation criterion is
needed, which makes it highly effective in simulating
the metal cutting process. Furthermore, a high mesh
density zone is defined around the cutting edge as a
moving window allowing an excessively distorted mesh
in the primary and secondary shear zones to be au-
tomatically remeshed without interruption. Thus, the
chip formation is simulated step by step in a minimum
number of remeshings with per-tool advance.

In this simulation, due to the small cutting depth,
the effect of the helix angle was neglected, and then
the flute was assumed to be straight. Due to the small
feed rate, cutting by the bottom edge was not included,
and only the side edge was considered. Hence, the
micromilling process was simplified as a plane strain
problem and modeled by DEFORM-2D. The work-
piece was treated as elastic–plastic type, and the tool
was considered as a rigid body. In our simulation, the
total element number of the meshed workpiece was
18,404. Supported by the mesh density window tech-
nique, the tool work contact region was highly meshed
with the smallest element size reducing to 80 nm ap-
proximately, and the whole slot cutting process by one
flute was simulated with 1,400 steps and 310 remeshes.
Figure 1 showed the detail of this FEM model, with the
boundary condition, mesh of the workpiece, and tool
movement information.

The JC constitutive model was embedded into the
simulation engine by the user routine, and the friction
model was chosen as mentioned in Section 2.1.3. The
other material thermal and mechanical properties for
Al6061-T6 were obtained from www.matweb.com. The
machining parameters were designed coincident with

the experiment, and the feed rate was chosen very
low in order to avoid the tool premature failure and
to prevent the collapse of the 2D hypothesis. These
parameters were listed in Table 2.

2.2 Simulation results

The simulated segmented chip morphology with four
and seven segments in the micromilling process were

Fig. 3 Micro machine tool

http://www.matweb.com
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Fig. 4 Micromill and tool tip

shown in Fig. 2a and b, respectively. The length of each
segment in millimeter units is labeled in the figure. The
length of each segment on them was an approximate
value because the segment shape depended on the
mesh density. When the chip moved out of the mesh
density window, it might have lost its real shape due
to remesh. However, the newly formed segment with
a finer element had an exact shape, and its length was
measured just after it was generated. When the tooth
exited the machined slot, the chip was composed of 11
segments. The average segment length was 4.7835 μm,
with 0.6645 μm standard deviation.

3 Experimental validations

3.1 Experimental setup

In order to validate the simulated chip formation, the
micromilling experiment was conducted on a 3D micro
machine tool as shown in Fig. 3. Three linear motors
with 10 nm resolution and 50 mm stroke were equipped
to drive the motion of the X–Y table and the Z axis.
An electro spindle with 60,000 rpm maximal speed was
installed on the Z axis. A two-flute M.A.Ford tungsten
carbide micromill with 152 μm diameter and 1.34 μm
edge radius, as shown in Fig. 4, was chucked in the
collet. A precision three-channel dynamometer with
10 mN threshold was placed on the X–Y table to record
the experimental cutting forces. A charge-coupled de-

(a) Top Burr

(b) Chip sample 1

(c) Chip sample 2

Fig. 5 Experimental burr and chips (a–c)
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Fig. 6 The first segment
formation process (a–f)

(a) 0.5° (b) 1.8°

(c) 3.24° (d) 6.55°

(e) 14.14° (f) 18.17°

vice microscope was used to monitor the micromilling
process online. All the experimental parameters were
listed in Table 2.

3.2 Experimental results

From the SEM photo of the top burr, as shown in
Fig. 5a, there were many parallel segments distributed
on the free surface. The microchips were collected and
embedded in the resin, polished, and viewed under the
optical microscope. Two chip examples were shown in

Fig. 5b, c. The segment was observed, with 5.79 μm
average segment length and 1.36 μm standard devia-
tion. The chip morphology matched the simulation chip
shape well.

The micromilling experimental force signals were
recorded by the dynamometer. The peak-to-valley val-
ues of the experimental X and Y forces averaged over
50 revolutions were calculated and compared with the
simulation cutting force. The experimental X and Y
forces were 0.462 and 0.475 N. The corresponding sim-
ulation results were 0.446 and 0.453 N. The relative
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errors were within 5%. Therefore, the simulation re-
sults were believed to be correct and capable of pro-
viding better understanding of the chip formation
mechanism.

4 Chip formation process

The segmented chip has been found in the macroscale
machining, especially when manufacturing hardened
metals [26]. To the micromilling, the chip mass varies in
the entire process, which is much smaller than the one
in the conventional machining. Hence, the chip velocity
would be apparently different to the segmented chip
in the macroscale. In this section, the variation of chip
velocity field in the micromilling process was described
in detail.

4.1 Chip formation process with velocity variation

The first two segment formation processes were given
in Figs. 6 and 7. The state variable of these series was
the total node velocity obtained from the FEM.

At the beginning of tool workpiece engagement,
the UCT was quite small. The ploughing effect was
dominant in the tool work contact region. The tool edge
pressed the workpiece, but the chip velocity magnitude
was smaller due to the tool being moved in the tangen-
tial direction, Fig. 6a. As the tool advanced, the UCT
increased. When the tool rotated around 1.8◦, a very
critical UCT was achieved, Fig. 6b. In this moment, a
small amount of material in front of the tool tip moved
upward along the edge radius, the other fraction of the
workpiece was compressed beneath the tool edge and
slid to the tool flank face. This critical UCT, which
was defined as MCT in most cases, was important in
microcutting operation. After this transition point, the
shearing effect appeared between the tool and work-
piece. In this simulation, the MCT was about 0.268 μm
examined by FEM. It coincided with the calculation
results of Wang et al. [27].

With the continuous steps, the tool advanced grad-
ually, as shown in Fig. 6c, d. After the transition of
MCT, shearing gradually became more significant than
the ploughing effect, which induced the chip growth. In
Fig. 6c, the workpiece material was piled up in front
of the tool edge. The chip velocity vectors showed

Fig. 7 The second segment
formation process (a–d)

(a) 21.41o (b) 32.02o
 

(c) 33.28o (d) 39.22o
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Fig. 8 The entire chip formation process

an upward trend, which represented chip growth, in-
dicating a possible extruded-like behavior. This effect
was similar to the indention operation, with a rigid
ball pressing on the material. With the gradual chip
growth, the velocity of the deformed material ahead
of the tool tip directed almost parallel to the tool
tangential movement direction, Fig. 6d. The chip was
formed and the shearing effect became dominant to the
chip formation process hereafter. With the chip growth,
both the tool chip contact length lT and the shear band
length lS increased continuously. More kinetic energy
transferred into the chip from the tool tip. In Fig. 6e,
the chip started to separate from the rake face and
bent forward and downward to the uncut workpiece
surface. This angular motion caused the maximal chip
velocity location transferred from the chip root in the
previous steps to the chip tip in this step. Then, the
chip accelerated to bend, which caused the lT to reduce
and concentrate on a small section between the chip
root and tool edge, as well as shortening lS, Fig. 6f.
A large portion of the kinetic energy was transferred
to the chip root by the edge radius, which led the
chip starting to move upward. Meanwhile, the maximal
chip velocity location changed to the chip root again.
Now, the first segment was formed completely, and the
second segment formation process began.

As the tool advances, the tool edge continuously
indented the material and the extruding phenomenon
occurred again. The newly deformed materials moved
forward and upward, and they impelled the first seg-
ment moving with them. With the increase of the lT

and lS, Fig. 7a, b, the maximal chip velocity was located
on the chip root. Until both lT and lS reached their

local maximal value, the chip bending phenomenon
took place once again, as shown in Fig. 7c. The maximal
chip velocity was located on the chip tip in this occasion
because of the additional chip angular acceleration. The
second segment was produced until lT and lS decreased
to their local minimal value and the maximal chip veloc-
ity location transferred to the chip root again, Fig. 7d.

The next few segment formation procedures were
similar to the first two. However, due to the increase
of the chip mass and the moment of inertia, the milling
process entered the steady status gradually. In the next
few segment generation occasions, although the chip
maximal velocity location also varied and the chip
bending motion occurred, they were not as obvious
as before. The wavy chip formation in the entire mi-
cromilling process was shown in Fig. 8.

5 Chip moments calculation

5.1 Modeling of the chip formation

In this work, the chip was modeled as a cantilever to
explain the chip formation process, as shown in Fig. 9.
Two moments about the chip separating point O were
inflicted on the chip. The first one was the “tool rake
moment,” MTool, from the tool rake to the chip. The
second one was the “shear plane moment,” MWork,
from the workpiece to the chip due to the normal stress
on the shear plane. Both of them were scalars, and
their directions are shown in Fig. 9. Therefore, the chip
angular motion around the

−−→
OZ axis was governed by

Eq. 3. The chip mass was mChip. The chip moment of

Fig. 9 Chip cantilever modeling
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Fig. 10 MTool and tool rake normal pressure

inertia in the XY plane about
−−→
OZ was JChip_O. The

chip angular acceleration around
−−→
OZ was ω̇Chip.

(MTool − MWork) = JChip_Oω̇Chip (3)

From the previous analysis, it has been found that
the chip velocity varied in the chip formation process,
and it could be explained if ω̇Chip can be obtained from
the Eq. 3. Therefore, understanding the chip moments
and their fluctuations was critical to clarifying the seg-
ment formation mechanism. In the subsequent sections,
the hybrid FEM-analytical approach, which comprised
both FEM simulation results and some analytical mod-
els, was adopted to calculate the MTool and MWork.

5.2 MTool calculation

MTool was produced by the normal stress distributed
on the chip-rake contact surface. It could be calculated
as follows: First, the tool chip contact surface was dis-
persed to many infinitesimal elements from the chip
separating point O, to the tool chip separating point F,
Fig. 10. To each element, the normal stress value was
obtained from the FEM simulation, so MTool could be
calculated by Eq. 4.

MTool =
∫ F

O
wσtn_idt_idl (4)

σtn_i was the normal stress acting on the ith element.
dt_i was the distance from the ith element to point O.

dl was the arc length of the ith element. w was the chip
width along the

−−→
OZ axis, in this case, w = 20 μm.

5.3 MWork calculation

MWork was generated from the normal stress distrib-
ution on the shear plane, Fig. 11. Since, in the shear
plane, the strain rate was significantly greater than in
the other parts of the workpiece, the shear plane could
be determined by the equivalent strain rate distribution
plot in FEM [28]. The MWork could be calculated by
Eq. 5. σwn_i was the normal stress from the ith element
acting on the shear plane. dw_i was the distance from
the ith element to the point O. ds is the length of
the ith element. The normal stress varied in a linear
relationship along the shear plane, with the maximum
value on point G at chip-free surface, and reduced
towards the chip separating point O [29]. However, the
value of σwn_i in the point O or G and the slope of
σwn_i distribution were difficult to obtain till now. One
of the simplifications was to assume the normal force
NS inflicted on the middle point of the shear plane [30].
In this work, this assumption was continued, and the
Eq. 5 was reduced to Eq. 6, in which the average shear
plane normal pressure σwn_aver was easier to calculate
through dividing NS by the shear plane area AS, Eq. 7.
AS was calculated by Eq. 8. lS was the shear band
length. Noticing the assumption of NS acting on the
middle point of the shear plane induced some errors
when calculating the MWork, due to the actual acting
point depending on the true distribution of σwn_i. The
maximal relative error was 0.33 when σwn_i in point O
was zero, but in the machining process, this value was

Fig. 11 MWork and shear plane normal stress
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always much greater than zero, so the error caused by
this simplification could be very small.

MWork =
∫ G

O
wσwn_idw_ids (5)

MWork = wσwn_averl2
s

2
(6)

σwn_aver = NS

AS
(7)

AS = wlS (8)

In this work, the MM model and the AD model were
used to calculate the NS, respectively, and resulted in
different MWork, renamed as MWork_MM and MWork_AD.
The comparison between them gave a deeper under-
standing of microcutting mechanism.

5.3.1 MWork_MM calculation

In this section, NS was calculated based on the
Merchant theory [31], renamed NS_MM. It assumes that
the cutting forces originated from the shear work con-
sumed in the shear plane and the friction work between
the chip and tool rake. This theory is widely accepted
and suitable to the conventional orthogonal cutting
with greater UCT and without the consideration of the
tool edge radius [30, 32].

According to the Merchant’s force circle, NS_MM was
expressed by the cutting force FP_MM, the thrust force
FQ_MM, and the shear angle φ, Eq. 9. However, only
orthogonal force components FX and FY could be ob-
tained directly from the FEM simulation results. In case
of orthogonal cutting hypothesis, FP_MM and FQ_MM in
milling operation could be transformed from FX and
FY by the tool rotating angle θ by Eq. 10. The shear
angle φ, defined between the tool rotating tangential
direction and the shear band in the XY plane, was also
obtained from FEM. The final MWork_MM expression,
Eq. 11, was deduced with all components from the FEM
analysis.

NS_MM = FP_MM sin φ + FQ_MM cos φ (9)

[
FP_MM

FQ_MM

]
=

[
sin θ cos θ

− cos θ sin θ

] [
FX

FY

]
(10)

MWork_MM = [− cos (θ + φ)FX + sin (θ + φ)FY ]ls

2
(11)

5.3.2 MWork_AD calculation

Because the machining parameters and tool geometric
features in micromilling operation are obviously differ-
ent from the conventional cutting, it has been found
that the microcutting forces were produced not only by
the shearing effect ahead of the tool tip, but also by
the tool workpiece ploughing, friction, and workpiece
springback effects. The most important reason for these
effects is the reduced ratio of UCT to the cutting edge
radius. The specific cutting energy increases exponen-
tially to approximately 100-times that in the conven-
tional scale. Arcona and Dow [21] proposed a cutting
force model for diamond machining based on the elastic
contact and friction between the tool and some work-
piece materials, including Al6061-T6 alloy. The model
also included shearing forces for a very sharp and rigid
tool; the results showed that, as the UCT reduced, the
shearing contribution to the total cutting forces greatly
decreased while the elastic contact and friction compo-
nents approached an asymptotic level. These parasitical
forces were attributed to the workpiece elastic spring-
back as it was compressed and moved under the cutting
edge without being removed. The AD model required
the hardness and Young’s modulus of the workpiece,
and two empirical constants were obtained from cutting
measurements. Therefore, it was much easier to imbed
into the NC system than other complex mechanic mod-
els for the online manufacturing compensation. Al-
though it was first developed for the diamond turning
force calculation purpose, the following investigators
resorted to modifying and employing the AD model
into the micromilling process. Dow et al. [33] integrated
the AD model into the NC system to predict the cutting
and thrust forces of the small ball end milling of S-7
tool steel and compensated shape error induced by the
tool deflection. Friedrich et al. [20] modified the AD
model to investigate the workpiece springback effect
on the micromilling force components. Gong et al. [34]
used the AD model to calculate the micromilling force
considering the tool rotational error.

The major differences between the micromilling and
diamond cutting are that the milling tool edge radii are
in the order of several micrometers, the milling tool has
a variable UCT for each edge, and the milling tool has
multiple edges in contact with the workpiece with time-
varying force resultants at any instant of tool rotation.
The AD model adopted into one generalized micromill
tool edge, either the side edge or the bottom edge, was
illustrated in Fig. 12.

The AD model is expressed as Eq. 12. H and E
are the hardness and Young’s modulus of the work-
piece material, respectively. AC is the face area of
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Fig. 12 Generalized micromilling tool cutting edge and flank
with resultant normal contact forces and friction forces. Magni-
tude and orientation of resultant force vectors depend on tool
geometry and work piece springback depth [20]

the chip. A f is the tool flank contact area with the
workpiece. μ is the friction coefficient between the tool
rake face and workpiece. μ f is the friction coefficient
between flank face and workpiece. φ is the shear angle.
The cutting force FP_AD in Eq. 12 consists of two
terms. The first one is the force on the rake face. It
is a function of the workpiece material and AC. The
second term originates from the friction on the flank
face of the tool, and it is a function of the workpiece
material, A f and μ f . The thrust force FQ_AD in Eq. 12
is similar to the cutting force, with the first term orig-
inating from friction on the rake face and the second
from the direct force on the flank face. The constants
in Eq. 12 were experimentally obtained as a best fit
for several materials including Al6061-T6 [21]. In this

model, it is obvious that the second term of each force
component is the contribution of the workpiece spring-
back on the flank face. The first term is related to the
shearing effect on the rake face.

In order to calculate the cutting force only due to
the effects from tool rake, each second item in Eq. 12
was ignored, and the final expressions of FP_AD and
FQ_AD were reduced to Eq. 13. Integrating them into
the normal force on the shear plane NS_AD, Eq. 14,
and input NS_AD into Eq. 7, the MWork_AD was given
in Eq. 15.

⎧⎪⎪⎨
⎪⎪⎩

FP_AD = H AC
3

(
cot φ√

3
+ 1

)
+ μ f A f

[
(4.1H)

√
H
E

]

FQ_AD = μ
[

H AC
3

(
cot φ√

3
+ 1

)]
+ A f

[
(4.1H)

√
H
E

]

(12)

⎧⎨
⎩

FP_AD = H AC
3

(
cot φ√

3
+ 1

)

FQ_AD = μ
[

H AC
3

(
cot φ√

3
+ 1

)] (13)

NS_AD = FP_AD sin φ + FQ_AD cos φ (14)

MWork_AD = wl2
s H sin φ

6

(
cot φ√

3
+ 1

)
(sin φ + μ cos φ)

(15)

(a) M Tool and M Work _MM (b) M Tool and M Work_AD

Fig. 13 MTool vs MWork_MM and MTool vs MWork_AD (a, b)
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6 Chip moment calculation results

In this section, the calculation results of the MTool and
MWork (MWork_MM and MWork_AD) are given in detail.
Figure 13 gives the comparisons between MTool and
MWork_MM and between MTool and MWork_AD.

In Fig. 13a, it was obvious that MWork_MM was much
greater than MTool. Should this be true, the chip would
not form the wavy segment and grow up. This was
contradictory with the simulation results and the exper-
imental observation.

In Fig. 13b, MTool was a little greater than MWork_AD,
with similar variation curves. When the chip segment
started to form, both of them were in the local min-
imum values and reached the local maximum values
when it started to bend. With the decrease of lT and lS,
both of them reduced to other local minimum values.
The curves had 11 waves, which corresponded to the 11
segments. From Eq. 3, it was seen that the difference of
MTool and MWork_AD, MTool − MWork_AD, induced the
chip angular motion and segment generation. These
three variables are given in Fig. 14. Although the dif-
ference MTool − MWork_AD fluctuated, its deviation was
small, and it did not increase as the chip moments.
When the MTool and MWork_AD reached their local
maximal values, the chip started to bend in this in-
stant. Some peak values existed to induce the additional
chip angular acceleration. This procedure repeated for
each segment generations in the entire micromilling
process and coincided with the FEM simulation and
experimental results.

The comparison of the chip moment calculation
results also indicated that the widely accepted MM
model was not valid in the microcutting. Additional
works were required to develop new models adapted
to the microcutting, and the AD model could be a good
candidate.

Therefore, it was important to clarify the main rea-
sons of the MTool and MWork_AD variations, which were
the primary reasons for the wavy chip formation. In
the chip moments calculation, the chip width w was a
constant. So in Eq. 6, the MWork_AD was a function of
the shear band length lS and the average shear plane
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Fig. 16 The variation of the tool chip contact length lT and the
shear band length lS

normal pressure σwn_aver, MWork_AD = f (l2
S/2, σwn_aver).

In Eq. 15, the σwn_aver was caused by the shear angle φ.
Similar to MWork_AD, the MTool was simplified in Eq. 4
as a function of the tool chip contact length lT and
the equivalent tool rake normal stress σtn_equ, MTool =
f (l2

T/2, σtn_equ).
Figure 15 gave variations of σtn_equ and σwn_aver in the

entire milling process. Obviously, they did not follow
the same trends as the MTool and MWork_AD. Addition-
ally, their magnitudes were not great, although there

were some exceptions, as follows: At the beginning
of the tool workpiece engagement, the σtn_equ value
was much greater. This was the so-called size effect
due to the extra-small UCT. Then, in the first three
segment generation occasions, there were some greater
values because the shorter lT induced the increase of
the specific cutting energy. Especially when the second
segment occurred, after the tool rotated about 40◦,
because the lT and lS were the shortest in this occasion,
as shown in Fig. 16, both σtn_equ and σwn_aver were
higher due to the higher specific cutting energy. From
Fig. 16, it was obviously that lT and lS fluctuated in
trends similar to MTool and MWork_AD. Before the chip
bending, lT and lS accompanied with the MTool and
MWork_AD increased simultaneously. According to the
works of Childs [29] and Astakhov [35], the normal
stress distributed on the shear plane had an upper
limit. When MWork_AD reached its local maximal value,
lS achieved its local maximal value too. Due to the
continuous tool advancing, MTool still increased with
lT . Then, the difference of MTool − MWork_AD increased
enough to make the chip get the additional angular
acceleration and bend. The MTool and lT achieved their
local maximal values when the chip began to bend.
After the chip separated from the tool rake in the
chip bending process, the lT decreased faster and in-
duced the decreases of other variables, such as MTool,
MWork_AD, and lS. In Fig. 16, the lT decreased faster
than the lS in the chip bending process, so the decrease
of lT induced the chip bending. After the chip bending
angular motion finished, all of these variables achieved

(a) Sampling points (b) Chip velocity distribution

Fig. 17 Chip velocity distribution before the first segment separating with tool(a, b)
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(a) Sampling points (b) Chip velocity distribution

Fig. 18 Chip velocity distribution after the first segment separating with tool (a, b)

their local minimal values, the chip started to grow
again, and the segment was formed. This procedure
repeated and repeated for each segment generation.
Due to the smaller chip mass and moment of inertia,
these phenomena were obvious, especially in the first
few segment generation processes. Therefore, the lS

and lT induced the MTool and MWork_AD fluctuating with
the same trend as them. Therefore, the main reasons of
the segment chip were the variations of lS and lT .

7 Chip velocity analysis

From the analysis of chip formation processes, the
maximal chip velocity changed from the chip root to
the chip tip, then back to the chip root in each segment
generation. This phenomenon was obvious when the
chip mass and moment of inertia were smaller.

Figures 17 and 18 gave the comparison of chip ve-
locity distribution before and after the chip separated

(a) Sampling points (b) Chip velocity distribution

Fig. 19 Chip velocity distribution before the second segment separating with tool (a, b)
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(a) Sampling points (b) Chip velocity distribution

Fig. 20 Chip velocity distribution after the second segment separating with tool (a, b)

with the tool at the first segment generation instant.
The average velocity value in Fig. 18 was 424.6 mm/s,
but in Fig. 17, this value was only 256.2 mm/s, which
was similar to the cutting speed, 238.8 mm/s. The chip
velocity ranged from 138.8 to 314.4 mm/s in Fig. 17 and
from 130.8 to 665.3 mm/s in Fig. 18, respectively.

Similar to Figs. 17 and 18, Figs. 19 and 20 represent
the chip velocity distribution when the second segment
formed. Similar results were found with the comparison
between Figs. 17 and 18. The average velocity value was
662.9 mm/s in Fig. 20, much higher than the correspond-
ing value in Fig. 19, 215.7 mm/s, which was also close to
the cutting speed. The chip velocity ranged from 167.5
to 235.8 mm/s in Fig. 19 and from 133.8 to 1,206 mm/s
in Fig. 20.

From the analysis in this section, it has been found
that the average chip velocity magnitudes after the chip
separating from the tool (Figs. 18 and 20) were much
greater than those before the chip bending, (Figs. 17
and 19), which were about the nominal cutting speed.
Meanwhile, the velocity in the shear plane was almost
constant for all cases, but during the chip bending
process, the chip tip velocities in Figs. 18 and 20 were
greater because of the chip angular acceleration, as
calculated in the next section.

8 Chip angular acceleration analysis

After acquiring the chip velocity distribution in the
adjoining steps from FEM, the chip angular accelera-

tion obtained from FEM analysis ω̇Chip_FEM could be
calculated as follows:

ω̇Chip_FEM =
Vtip_e−Vroot_e

De
− Vtip_b −Vroot_b

Db

Te − Tb
(16)

In Eq. 16, Vtip_b was the chip tip velocity in the
beginning step. Vtip_e was the chip tip velocity in the end
step. Vroot_b was the chip root velocity in the beginning
step. Vroot_e was the chip root velocity in the end step.
Db was the distance from chip root to chip tip in the
beginning step. De was the distance from chip root
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to chip tip in the end step. Tb was the time of the
beginning step. Te was the time of the end step. All
of these elements could be obtained from FEM results,
and for the first and second segments, they were shown
in Figs. 17–20.

Meanwhile, MTool and MWork_AD could be calculated
in Section 6. If the chip moment of inertia JChip_O

was obtained, Eq. 3 could be used to calculate ω̇Chip

in another way. Then, the comparison between ω̇Chip

and ω̇Chip_FEM could be utilized to validate the correct-
ness of MTool and MWork_AD calculations. As shown
in Fig. 9, the chip was modeled as a cantilever with
a series segment. Hence, JChip_O could be calculated
approximately as follows: First, it is assumed that the
chip was homogeneous, without the density variation
in the cutting process. The ith chip segment was sim-
plified as a rectangular shape Ai BiCi Di, with length li,
width bi, and geometric shape center Ei. The subscript
i represented the segment sequence number, from 1
to n, here n = 11. For the ith segment, its moment of
inertia about the

−−→
OZ axis across its own geometric

shape center Ei was JEi , which was calculated by Eq. 17.
According to the “parallel axis theorem,” to the entire
formed chip, JChip_O was expressed by Eq. 18, in which
di was the distance from Ei to the point O, and mi was
the mass of the ith segment, which was the product of
the workpiece density ρ and the volume of the chip,
estimated by Eq. 19.

JEi = mi(l2
i + b 2

i )

12
(17)

JChip_O =
n∑

i=1

(JEi + mid2
i ) (18)

mi = ρlib iw (19)

When each segment formed, JChip_O was calcu-
lated at the corresponding rotating angle. Due to chip
curling, JChip_O increased in a nonlinear trend. At the
beginning of the micromilling, JChip_O was smaller. This
was the reason why the chip acquires great velocity
in the first few segment formation processes. By poly-
nomial curve fitting, JChip_O was found to be a third-
order function with reference to the rotating angle
in the entire process, Fig. 21. Due to the fact that
JChip_O = 0 when the rotating angle was 0◦, the fitting
function utilized JChip_O/θ vs θ instead of JChip_O vs θ .
Therefore, the coefficient for the zero-order item in this
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Fig. 22 The chip angular acceleration comparison between
ω̇Chip_FEM and ω̇Chip

function shown in Fig. 21 was set to zero, and its final
expression was Eq. 20.

JChip_O = 2.9144e−23θ3 + 3.2608e−24θ2 − 3.095e−21θ

(20)

The comparison between ω̇Chip_FEM calculated by
Eq. 16 and ω̇Chip calculated by Eq. 3 is shown in
Fig. 22. Two calculation results matched well within a
small error range. Hence, the calculations of MTool and
MWork_AD were validated.

9 Conclusions

In this work, the chip formation in the slot mi-
cromilling process by one flute cutter was investigated
by FEM and experimentation. Based on the suitable
assumptions, the micromilling operation was modeled
in DEFORM-2D. The JC constitutive and Coulomb’s
friction models were adopted in the FEM simulation.
The segmented chip was found when micromilling
Al6061-T6 by carbide tool under this machining pa-
rameter set. The simulated chip morphology, segment
length, and cutting force matched the experimental
results with acceptable error. Through analyzing the
chip velocity, the chip formation process was described
in detail. The chip formation mechanism was studied
quantitatively via a hybrid FEM–analytical approach.
Some important results were found, as follows:

1. The fluctuations of the tool chip contact length lT

and the shear band length lS were the main reasons
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for segment formation. They induced the variations
of the MWork and MTool.

2. The variation of difference between MTool and
MWork, MTool − MWork, caused the additional chip
angular acceleration and induced the chip velocity
increase when the segment formed.

3. The maximal chip velocity located in the chip root
before and after segment generation. In the wavy
segment-forming instant, the maximal chip velocity
location changed to the chip tip because the chip
got additional angular acceleration caused by an
increase of the chip moment difference.

4. The MM and AD models were used to calcu-
late MWork. The comparison between their results
showed the MM model was not suitable in the
microcutting scale, although it was widely accepted
in the conventional scale. The AD model could be
a good candidate in this field.

5. When the wavy segment occurred, the average chip
velocity magnitude was much greater than the one
before the segment generation, which was about
the cutting speed. The chip root velocity was almost
constant in the entire micromilling process, and
the chip tip velocity increased greatly when the
chip bent.

6. When the chip segment formed, it acquired ad-
ditional angular acceleration and induced the in-
crease of chip velocity. The chip angular accel-
eration was obtained, respectively, by FEM and
analytical model based on the MTool and MWork_AD

calculation results. The agreement of these two
approaches validated the calculations of MTool and
MWork_AD.

This work gave a deep understanding of the seg-
mented chip formation mechanism in micromilling op-
eration. The revealed mechanism can be used to ex-
plain the chip formation mechanism when micromilling
other materials because of the inherence of smaller chip
mass and moment of inertia in the micromilling process.

In the future, the complex microtool rotational error
will be integrated into the FEM analysis and the tool
edge radius effect will be studied quantitatively. The
polycrystalline material with anisotropic metal phase
properties will be embedded into the simulation engine,
and the crystal plasticity constitutive model will be
adopted to explain the microcutting mechanism on the
polycrystalline metals.
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