Meccanica (2017) 52:1577-1592
DOI 10.1007/s11012-016-0499-7

@ CrossMark

Experimental and numerical investigation of the uncut chip
thickness reduction in Ti6Al4V orthogonal cutting

F. Ducobu@® - E. Riviere-Lorphévre - E. Filippi

Received: 25 February 2016/ Accepted: 14 July 2016/ Published online: 19 July 2016

© Springer Science+Business Media Dordrecht 2016

Abstract The downsizing of traditional cutting
(“macro-cutting”) to micro-cutting introduces
changes in the cutting process. The uncut chip
thickness decreases and the cutting edge radius of
the tool cannot be neglected anymore. The minimum
chip thickness phenomenon takes importance, as well
as ploughing. The size effect appears and the influence
of the microstructure grows. Determining the value of
the uncut chip thickness is a major concern to produce
high quality parts. This paper focuses on the determi-
nation of that value experimentally with a setup
providing strictly orthogonal cutting configuration and
a one-time machining of the surface, as well as
numerically with a finite element model by only
changing the value of the uncut chip thickness.
Specificities of micro-cutting are highlighted experi-
mentally and numerically. The cutting refusal is
observed in both cases and the minimum chip
thickness is estimated (at minimum 25 % of the
cutting edge radius) with a good correlation.
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1 Introduction

Parts and features ranging from several mm to several
pum are more and more asked in the current context of
miniaturization. Micro-manufacturing technologies
by removal of material can be used to produce that
type of parts; micro-milling is one of them. Similarly
to traditional (“macro-") milling, complex tridimen-
sional micro-forms including sharp edges and a good
surface finished can be obtained quickly [1, 2] and
without the need of expensive tooling. Micro-milling
is based on macro-milling but the micro-cutting
process is not a direct down-scaling of macro-cutting
as some changes occur in the cutting phenomenon. In
macro-cutting, the uncut chip thickness is generally
larger than the cutting edge radius of the tool.
Consequently, the chip formation models consider
that the tool cuts the material and generates chips. This
is not valid anymore in micro-cutting [1, 3, 4] espe-
cially because the tool dimensions decrease. The
cutting edge radius is not reduced proportionally to the
other dimensions: its reduction is limited due to the
manufacturing process limitations (it is currently of
the order of 1-4 pm in micro-milling [5]) and the tool
cannot be considered as sharp anymore. This leads the
uncut chip thickness to be often smaller than the
cutting edge radius.

Micro-cutting introduces several differences by
comparison to macro-cutting. One of the main concern
is the transition from cutting to ploughing when the
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uncut chip thickness decreases. Knowing this transi-
tion value (i.e. the “minimum chip thickness™) is
therefore of great interest for the nature of the process
and the quality of the produced part. Up to now, few
finite element models dealing with micro-cutting are
found in the literature. None is available to highlight
the cutting refusal and provide a quantitative estima-
tion of the minimum chip thickness with an experi-
mental validation in orthogonal cutting. This research
focuses on that transition and on the determination of
the minimum chip thickness value in the simplified
configuration of orthogonal cutting, studied both
experimentally and numerically. To do that, a dedi-
cated experimental setup is used. It ensures that the
cutting is strictly orthogonal and that the surface is
machined only once. This allows to compare directly
the results with the finite element model developed in
the same cutting conditions. The model does not
change between macro- and micro-cutting conditions.
The differences in the chip formation are due to the
decrease of the uncut chip thickness. No other
modification of the model is required to handle
micro-cutting conditions.

This paper begins with a review of the literature and
the differences introduced by the transition from
macro- to micro-cutting. The motivations of this work
are given before the presentation of the finite element
model and the experimental setup in strictly orthog-
onal cutting conditions. The next section gathers the
results comparing the experiments and the numerical
model on the chip formation and morphology, the
cutting forces, the specific cutting energy and the
elastic spring-back of the workpiece. It is followed by
a summary of the findings on the evolution of the cut
from macro- to micro-cutting conditions, before the
conclusions.

2 Literature review

The significant importance of the “minimum chip
thickness” phenomenon is the main difference in the
chip formation between the macro-cutting and micro-
cutting processes [1]. It is defined as the smallest uncut
chip thickness value allowing to form a chip [1].
According to Filiz et al. [6] and Chae et al. [1], it is
often evaluated between 5 and 38 % of the tool edge
radius, depending on the machined material. A more
recent work from de Oliveira et al. [7] concludes that
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the minimum chip thickness value goes from 1/4 to 1/3
of the cutting edge radius for any machined material,
tool geometry and method to estimate it. Figure 1
shows the three configurations that can occur in micro-
cutting. When the uncut chip thickness, 4, is below the
minimum chip thickness, 4,,, (h <h,,) the workpiece is
elastically and plastically deformed and no chip is
formed. Deformations and friction forces dominate the
process. When the uncut chip thickness is close to the
minimum chip thickness (& & h,,), high deformations
still occur on the machined surface but a chip is
formed. The elastic spring-back of the workpiece after
the tool tip passage is large and the thickness of the
removed material is smaller than the uncut chip
thickness. The roughness of the machined surface is
high and there are several burrs, as the material is more
torn than deformed and sheared. When the uncut chip
thickness is larger than the minimum chip thickness
(h > hy), the deformations of the workpiece are
negligible and the thickness of removed material is
very close to the uncut chip thickness; this configu-
ration is the same as in macro-cutting.

A rising of the slipping forces and the ploughing of
the machined surface due to the minimum chip
thickness is highlighted by Bissaco et al. [8]. This
contributes to the increase of the cutting forces, the
burrs formation and the surface roughness. Vogler
et al. [9-11] investigated experimentally and numer-
ically the influence of the minimum chip thickness on
the cutting forces in micro-milling. They observed that
the teeth of the tool can only deform the material
without forming any chip when the feed is too low. A
chip is formed later, when the accumulated material
becomes larger than the minimum chip thickness. This
was observed in micro-milling of Ti6Al4V by Ducobu
et al. [12]: a chip is formed after several tool rotations
when the feed per tooth is smaller than the minimum
chip thickness. In the same study, they showed that,
contrary to macro-milling, the stability of the opera-
tion can be feed dependent. Jun et al. [13] measured,
for ferrite, that when the uncut chip thickness
decreases, the thrust force becomes larger than the
cutting force. Liu et al. [14] presented an analytical
model to predict the minimum chip thickness value
from the thermomechanical properties of the
machined material. The minimum chip thickness
depends on the material; Son et al. [15] therefore
considered the influence of friction between the tool
and the workpiece. They expressed analytically the
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Fig. 1 Schematic

representation of the
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value of the minimum chip thickness in function of the
tool edge radius and the friction angle between the tool
and the chip. They observed that the roughness of the
machined surface is the lowest at the minimum chip
thickness, while de Oliveira et al. [7] found that it
occurs at an uncut chip thickness value between the
minimum chip thickness and the cutting edge radius
value. In another study, Son et al. [16] studied the
influence of vibration assisted cutting on the minimum
chip thickness. They noted that the vibrations increase
the friction coefficient between the tool and the
workpiece, which leads to the reduction of the
minimum chip thickness.

In micro-cutting, the tool can no longer be assumed
as sharp and it does not completely cut the material to
generate chips. This is due to the chip thickness
smaller than the cutting edge radius, which leads to a
negative effective rake angle [3]. A highly negative
rake angle causes ploughing of the machined surface
and thus a poor surface roughness and a large elastic
spring-back [17]. The spring-back fraction occurring
under the flank face generates friction that rises the
specific cutting energy [17]. Kim and Kim [18]
developed an analytical model taking the cutting edge
radius and the elastic spring-back into account,
inducing an increase of friction along the flank face.

The “size effect” phenomenon was observed by
Filiz et al. [6] at small uncut chip thickness. It consists
of a nonlinear increase of the specific cutting energy
when the uncut chip thickness decreases. This phe-
nomenon would be due to the large deformation of the
material caused by the negative effective rake angle
[6] (Liu et al. [19] noted that this is the main
contribution to the size effect), the pressure on the
flank face due to the elastic spring-back [6], the rise of
the friction forces on the flank face and the contact
length with the tool [6, 19], the dislocation density [6]
and the widening of the primary shear zone due to the
edge radius, which requires a larger energy dissipation

Elastic deformation

L

h

Feed. Feed.

Removed material J

h = hy, h> hy

[19]. Liu et al. [19] recommended to take into account
the strain gradients in the machined material in micro-
cutting. An increase in the cutting force and vibrations
was noticed by Ducobu et al. [12] when the size effect
and the minimum chip thickness were taken into
account. The vibrations magnitude was significant as it
could be larger than the required tolerance of the part.

The macro-cutting assumption of a material that is
homogeneous and isotropic is no longer valid in
micro-cutting. This is a consequence of the reduction
of the different dimensions to consider in the process
(uncut chip thickness, tool edge radius, feature to be
machined) that become equal or smaller than the grain
size [1, 3]. The granular structure of the machined
material should be taken into account [1, 3]. The lack
of homogeneity of the material (hardness mainly)
leads to the cutting forces variations, inducing vibra-
tions [1, 3, 11]. Contrary to a macro-cutting operation,
the cutting conditions or the machine design modifi-
cation is of no help to get rid of them. This also implies
that the averaged macro-cutting coefficients are no
longer valid in micro-cutting.

There are not many finite element modeling dealing
with micro-cutting in the literature. Woon et al. [20]
developed an ALE orthogonal cutting model of AISI
4340 steel in 2D. The material is considered as
homogeneous. The tool is rigid and its edge radius
influence on chip formation is studied. The conclu-
sions were that the geometry and the value of the edge
radius should be taken into account in future works as
they play a key role in the chip formation. Liu et al.
[19, 21] showed, with a 2D finite element model, that
the strain gradient strengthening is the main contrib-
utor to the size effect in micro-cutting for a material
with a small strain rate hardening exponent such as the
aluminium alloy A15083-H116. Ohbuchi and Obikawa
[22] developed an orthogonal cutting finite element
model with a highly negative rake angle. They
observed that a small fraction of the chip, triangular
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and called “stagnant chip”, is in front of the tool and
slides with difficulty along the rake face. Its size grows
for a more negative rake angle and is proportional to
the uncut chip thickness. It acts as a built-up edge,
except that its shape and its size do not change during
the cut and that it does not come off the workpiece.
They observed that there are a cutting speed and an
uncut chip thickness, depending on the rake angle, for
which this chip does not form. A 2D orthogonal
cutting finite element model of AISI 1045 steel with a
sharp tool was developed by Simoneau et al. [23]. The
material was heterogeneous to take the granular
structure of the material into account in the chip
formation. The “quasi-shear extrusion chip” was
observed. It consists of the extrusion of the softest
material (ferrite) between the grains of the hardest
material (pearlite). That type of chip formation is only
possible when the material is considered as heteroge-
neous, which was recommended by the authors for
AISI 1045 micro-cutting. For Ti6Al4V, Zhang et al.
[24], presented a finite element macro-cutting model
with a material microstructure-level model based on
the crystal plasticity theory. The grains were explicitly
taken into account and the main source of heterogene-
ity came from the grains orientation angles and the slip
system strength anisotropy. The Ti6Al4V considered
is composed of only a primary « phase. They showed
the influence of the microstructure on the chip
formation and the surface integrity.

3 Motivations of the study

The literature review showed no work strictly focused
on the comparison and validation of finite element and
experimental results on the evolution of the chip
formation depending on the uncut chip thickness
value, with an estimation of the minimum chip
thickness value. This paper proposes to fill this gap
by providing a study of the chip formation and
morphology, cutting forces and specific cutting energy
evolutions when the uncut chip decreases. It will be
performed both numerically and experimentally in the
simplified frame of orthogonal cutting. Particular care
will moreover be taken to ensure that the experiments
are conducted in strictly orthogonal cutting (cf.
Sect. 5) to allow for a rigorous comparison with the
modeling. This numerical model (cf. Sect. 4) has
already been validated in macro-cutting conditions
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[25, 26] and was developed with the constraint to
respect the physical phenomena and not influence the
chip formation (with a predefined chip separation line,
for example [27]) [25]. The model will have to be able
to deal with the absence of chip formation and/or the
formation of a chip with a chip thickness smaller than
the specified value. This is why the path along which
the chip should/could separate of the workpiece
(typically called “sacrificial layer” [28] or “separation
line” [29]) will not be defined, contrary to models of
Mabrouki et al. [27], Zhang et al. [30] or Ducobu et al.
[31] for examples. To compare with the experiments,
the chip morphology should be close to the experi-
ments. This will be better achieved with a Lagrangian
formalism than an ALE formalism [25]. The formal-
ism adopted for this work will therefore be Lagran-
gian. The contribution of this paper consists in the
numerical and experimental estimation of the mini-
mum chip thickness value, as well as in highlighting
the specificities of micro-cutting, the cutting refusal
and the changes in the chip formation mechanisms
when the uncut chip thickness decreases, both numer-
ically and experimentally.

4 Finite element model

A major constraint on the model is that it has to deal
with several uncut chip thicknesses leading to differ-
ent chip formation mechanisms (ranging from seg-
mented, or saw-toothed, chip to the cutting refusal)
without any other change than the uncut chip thickness
value. This is a fundamental feature of the model as the
uncut chip thickness ranges from macro- to micro-
values and the cutting refusal has to be handled. It was
not optimized to model a particular cutting condition
but to respect the mechanisms of chip formation. The
model has previously been experimentally validated in
macro-cutting conditions [26]. In this study, cutting
conditions are expanded from macro- to micro-
cutting.

The finite element model was developed with the
commercial software ABAQUS/Explicit v6.11 in
order to study numerically the Ti6Al4V chip forma-
tion [25, 26]. It is a 2D plane strain orthogonal cutting
model taking into account the area close to the cutting
edge of the tool. The basic idea is to be in “geomet-
rical” micro-cutting conditions (ratio between the
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Table 1 Material properties and cutting conditions of the
numerical model [26, 33, 36-38]

TANH model A (MPa) 1936
B (MPa) 380
C 0.02
m 0.577
n 0.421

Troom (K) 298
Toe (K) 1878

a 1.6

b 0.4

c 6

d 1
Inelastic heat fraction Ti6Al4V 0.9
Density, p (kg/m?) Ti6Al4V 4430

Carbide 15,000

Ti6Al4V 113.8
Carbide 800

Young’s modulus, £ (GPa)

Expansion, o (K1) Ti6A4V ~ 8.6e76
Carbide 47 e

Conductivity, k (W/mK) Ti6Al4V 7.3
Carbide 46

Ti6AI4V 580
Carbide 203

Specific heat, ¢,

Friction coefficient 0.05

Friction energy to heat (%) 100

Heat partition to part (%) 25

Cutting speed (m/min) 30

Uncut chip thickness (pm) 280, 100, 40, 20,
10, 5, 2.5, 1

Rake angle (°) 15

Clearance angle (°) 2

Cutting edge radius (pm) 10

uncut chip thickness, /, and the cutting edge radius, 7,
smaller than 1: h/r<1).

The tool geometry and the cutting conditions are
the same as for the experimental study: a rake angle of
15°, a clearance angle of 2°, a cutting edge radius of 10
pm, a cutting speed of 30 m/min and eight uncut chip
thicknesses values (Table 1). The workpiece is mod-
eled as a rectangular box and is fixed in space (Fig. 2).
To limit the CPU computing time, its dimensions are
reduced when the uncut chip thickness decreases. The
length of the elements in the upper part of the
workpiece depends on the uncut chip thickness value
(5 pm for h =280 and 100 pm, 1 pm for i = 40, 20
and 10 um, 0.25 pm for A =5, 2.5 and 1 pm). This

Workpiece

», > » >,
A A A A

Fig. 2 Boundary conditions and initial geometry

length was chosen to ensure that the uncut chip
thickness is made of at least 8 elements (except for 1
pum: 4 elements). Adaptive mass scaling is introduced
in the model with a minimum time increment value
equal to 10 % of the initial time increment value, in
accordance with [32].

The machined material is considered as homoge-
neous and it is described by the TANgent Hyperbolic
(TANH) model introduced by Calamaz et al. [33].
This is assumed to be sufficient to expand to micro-
cutting conditions a model validated in macro-cutting
conditions. Empirical constitutive models are more-
over still widely used when modeling micro-cutting
[20, 23]. The TANH model consists of an upgraded
Johnson—Cook model [34] to take strain softening into
account. In the recent literature, an increasing number
of authors [25, 33, 35] recommends to take the strain
softening into account in finite element modeling,
regardless of the finite element software, to form
realistic Ti6Al4V chips.

The TANH equation is expressed as follows [33]:

- 1 .
c=|A+B e<)] {1 +C 1n_1
L exp (&) €
[ T— Troom "
11— =—— 1
L <Tmelt - Troom) :| ( )

_D +(1-D) tanh(ﬁ)}
with

T \¢
D=1- ( ) and
Tmelt

A, B, C, m and n are material properties having the
same meaning as for Johnson-Cook model, while
a, b, c and d are the new constants introduced by the
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TANH model, T,,,.;; is the melting temperature, T, 1S
the room temperature and & is the reference strain
rate. The value of the A parameter has been adapted
from the original article of Calamaz et al. [33] to better
describe the metallurgical state of the machined
Ti6Al4V of this study [26]. Parameters values are
given in Table 1.

The tool material is tungsten carbide and it is
described by a linear elastic model. The materials
properties of Ti6Al4V and tungsten carbide adopted in
the numerical model can be found in Table 1.

Coulomb’s friction, with a low coefficient value
(0.05) [25], is used to model friction at the tool-chip
interface and all the friction energy is converted into
heat, which is usually assumed [39]. Only conduction
is considered and all the parts faces are adiabatic. The
transformation of the deformation to heat is assumed
to occur with an efficiency of 90 % [36]. Explicit
Lagrangian formulation is adopted and a chip separa-
tion criterion must therefore be introduced in the
model. It consists of an “eroding” elements method
with crack propagation in the workpiece using the
temperature dependent tensile failure of Ti6Al4V, as
previously presented in [26].

5 Experimental orthogonal cutting setup

The aim of these experiments is to highlight the
cutting refusal and the evolution of the chip formation
mechanisms with the A/r ratio. Two classical orthog-
onal cutting configurations are found in the literature
[40], both in turning: Altintas [41] performs face
turning of the end of a tube with a large diameter and a
small thickness (the width of the tool is larger than the
thickness of the tube), while Mahnama and Movah-
hedy [42] carry out plunge turning of large diameter
radial grooves having a width smaller than that of the
tool. When the sample is cylindrical, its radius
influences the cutting due to the curvature of the
surface to machine. This radius may disturb the
analysis of the results when the uncut chip thickness
decreases. It cannot be neglected anymore for very
small uncut chip thicknesses, as these considered in
this study (or the radius of the sample should increase
dramatically), and the process moves away from
orthogonal cutting conditions. Moreover, to highlight
the absence of chip formation, the cutting tool cannot
machine the same surface more than once. The best
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configuration would be to use a planning machine, but
this equipment is less standard in research labs than a
milling machine, moreover with high cutting speeds.
Another configuration has therefore been proposed in
Ducobu et al. [40] on a milling machine with the
constraints to machine the surface only once and to
provide strictly orthogonal cutting conditions.

The adopted setup [40] uses a five-axis high
speed milling machine Deckel-Maho DMU-80T
(positioning accuracy of 1 um) as a planning
machine to remove a layer of material in dry cutting
conditions. The thickness of that layer is the uncut chip
thickness, constant during a test, and its value can
be defined by the user. The positioning accuracy,
1 pm, is equal to the smallest uncut chip thickness of
the study. The uncertainty on the actual experimental
uncut chip thickness value will grow when s decreases
to become equal to it for 1 pm. Results at small
h values should therefore be exploited carefully. It is
considered that the uncut chip thickness in the
experiments is equal to the theoretical value for the
comparison with the modeling. The positioning accu-
racy may however explain, at least partially, some of
the differences.

In this configuration (Fig. 3), the cutting movement
is an horizontal displacement generated by the sample
(inserted into the spindle) with respect to the stationary
tool (fixed on the machine table), ensuring that the
cutting is really orthogonal. The sample [40] is a
cylinder with three parallel tenons of I mm wide on its
top surface. The width of the tenons is set to 1 mm to
minimize the efforts in the spindle bearings and to give
the forces value per mm width as in the numerical
model.

The cutting speed is set to the maximum feed rate of
the machine, 30 m/min. This value is in the range
recommended by the tool manufacturer SECO for the
standard version of the tool (27-39 m/min) [43]. The
tool is placed on the machine table through an
interface part fixed on the force sensor. This tool is
custom made by SECO to provide a rake angle of 15°,
a clearance angle of 2° and a cutting edge radius of
10 pm, as in the numerical model. Eight values of the
uncut chip thickness % are adopted, while the cutting
speed is kept constant. The cutting conditions of the
experimental tests are summarized in Table 2. The
Ti6Al4V alloy used for the experiments is annealed (at
750 °C during an hour followed by air cooling)
Ti6Al4V grade 5 (AMS 4928). Its main properties
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Fig.3 Orthogonal cutting configuration on the milling machine
[40]

Table 2 Cutting conditions

Cutting speed (m/min) 30

Uncut chip thickness (pm) 280, 100, 40, 20, 10, 5, 2.5, 1
Width of cut (mm) 1

Length of cut (mm) 10

Rake angle (°) 15

Clearance angle (°) 2

Cutting edge radius (pm) 10

and detailed composition according to AMS 4928
standard are available in reference [38].

The cutting forces are measured in the three
directions with a Kistler 9257B dynamometer. The
rest of the acquisition chain is composed of the
multichannel charge amplifier Kistler 5070A, the data
acquisition system (DAQ) Kistler 5697A2 and the
DynoWare software. Chip formation is observed
through a high frequency camera Photron FASTCAM
SA3 at an acquisition frequency of 30,000 frames per
second with a resolution of 128 pixels x 128 pixels.
After the cut, the chips are collected to be observed
through a Keyence VHX-2000 digital microscope.
These measurements and observations will allow to
compare the chip formation, its morphology, the
cutting forces and the specific cutting energy with the
numerical model.

6 Results
6.1 Chip morphology and formation

Figures 4 and 5 show experimental and numerical
chips and machined material deformation for the eight
h/r ratios. Experimentally, for 4 = 1,2.5 and 5 pm,
when a chip was formed, it was too small and fragile to
be collected. Moreover, when it was possible to see
them, they disintegrated as soon as they were touched.
A chip is undoubtedly formed when A/r is larger than
0.5. The chip morphology goes from segmented to no
chip including quasi-continuous chip. In Fig. 4a, both
chips are segmented and their geometries are close (a
quantitative comparison for uncut chip thicknesses
larger than 40 pm is performed by Ducobu et al. [26]).
At 100 um (Fig. 4b), both chips are quasi-continuous,
as well as at 40 pm (Fig. 4c) although small segments
can be seen in this case. For these 3 uncut chip
thicknesses, the model gives results close to the
experiments. The primary shear zone is easily seen in
the modeling and the stresses decrease inside it when a
segment is forming, as expected.

Numerical chips from 20 to 5 um (Fig. 5a—c) have
irregular segments and their depth vary. The experi-
mental chips for 20 and 10 pum are globally quite close
to the numerical ones. However, for 10 um, the
numerical segments differ from the experiments as
they are more spaced and less deep. In the modeling,
the primary shear zone is wider at this uncut chip
thickness.

For the three smallest uncut chip thicknesses
(Fig. 5c—e), no experimental chip is available. How-
ever, high frequency pictures allow to have informa-
tion about the chip formation mechanism in the
experiments. Some of them are shown in Fig. 6 for
two uncut chip thickness values and consist of a
projection of the phenomena in the cutting plane. If a
lateral bending of the chip occurs out of the cutting
plane during its formation, it will not be captured by
these pictures. As they aim at getting information on
the formation of a chip, the projection in the cutting
plane does not alter these observations. A change in
the chip formation mechanism is clearly observed
when the uncut chip thickness decreases (Fig. 6).
Indeed, at 4~ = 1 um, the chip is not formed immedi-
ately after the beginning of the cut. The tool moves
without producing any chip and the surface of the
workpiece is only deformed, as shown in Fig. 6a after
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Fig. 4 Numerical [Von
Mises stresses contours

(e® Pa)] and experimental
chipsah =280 um, b h =
100 um and ¢ & = 40 pm

0.6 ms of cut. The deformed material accumulates in
front of the tool and this amount grows when the
cutting length increases. Once its thickness reaches a
breaking value, i.e. the minimum chip thickness, it is
torn of the workpiece (Fig. 6b) and the same process
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starts again. The cutting refusal is therefore observed
and the “chip” is not formed anymore with the
classical mechanism of macro-cutting. The distance
traveled by the tool before forming a chip decreases
when the uncut chip thickness increases and it is close
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BN,

Fig. 5 Numerical [Von Mises stresses contours (e> Pa)] and experimental chipsa s = 20um,b/s = 10pm,ch = Sum,d z = 2.5 um

ande h = 1pum

to zero when h = 10 um. That difference in the chip
formation process is clearly seen in Fig. 6c¢: a chip of a
significant length is already formed after 0.6 ms
although there is no chip at the same time when the
uncut chip thickness is 1 um (Fig. 6a). It should be
noted that the side flow of the chip that may occur
experimentally is not taken into account in the
modeling because the model is in 2D plane strain.

This lateral expansion takes importance when the
uncut chip thickness decreases. It leads to a thicker
numerical chip that may promote the formation of a
chip. However, this difference should not dramatically
influence the results as the minimum chip thickness is
more a range of values than a single one.
Numerically, Fig. 5d shows that a small amount of
material is forming in front of the tool when the cutting
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Workpiece

Workpiece

/

Fig. 6 Projection in the cutting plane of chips in formation for a 2 = 1 pm after 0.6 ms of cut, b 2 = 1 um for a longer length of cut, ¢
h = 10 pm after 0.6 ms of cut, d 2z = 10 um for a longer length of cut

length increases; no chip is formed at the beginning of
the cut. This phenomenon is also observed when the
uncut chip thickness is 1 pm. The amount of material
is still smaller and the cutting length to form it larger.
It will come off the workpiece when its size is larger
enough, i.e. the minimum chip thickness is reached.
Figure 7 shows that material accumulation in front of
the edge radius when the cutting length increases, as
well as the ejection of the material when the uncut chip
thickness is large enough. Such a “chip” is therefore
formed by a discontinuous mechanism. This is in
accordance with the experiments. For these uncut chip
thicknesses, the value of the rake angle has no
influence anymore on the chip formation because the
absence of contact on that zone. It only depends on the
geometry of the cutting edge radius, leading to a
configuration where the effective rake angle is nega-
tive; this was highlighted by Dornfeld et al. [3] in the
literature review. The value of this negative effective
rake angle increases when the uncut chip thickness
decreases. In the modeling, the primary shear zone is
widening and becomes hardly noticeable. It is moving
under the tool radius. It can be observed in Fig. 7 that
the area where the Von Mises stresses are high in the
tool is larger when the material accumulation is
significant (Fig. 7a, c). This area is smaller just after
the ejection of the material (Fig. 7b, d) because the
uncut chip thickness decreases to nearly 1 pum (smaller

@ Springer

than the minimum chip thickness), which leads to
lower stresses.

Modeling results show that the minimum chip
thickness is larger than the uncut chip thickness of
1 um for which no chip is formed and the material is
deformed then torn. When the tool moves, it deforms
the workpiece and a fraction of the uncut chip
thickness accumulates in front of the edge radius.
This amount of material grows with the cutting length
and it comes off the workpiece as soon as the
minimum chip thickness is reached. This cutting
mechanism is discontinuous and should end in vari-
ations in the cutting forces (this confirmed in the next
paragraph). When the uncut chip thickness is 5 pum, a
chip is formed. Based on the cutting mechanism, the
minimum chip thickness would be between 2.5 and
5 pm. The numerical model produces chips close to
the experimental ones. It is moreover able to model the
cutting refusal, a feature only observed in the works of
Lai et al. [44] for OFHC copper.

6.2 Cutting forces

Figure 8 shows the evolution of the numerical
cutting and feed forces for the uncut chip thickness
of 1 pm. It is noted that the steady state for the cutting
force is reached sooner (=220 ps) than that of the feed
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Fig. 7 Accumulation and ejection of material in front of the tool edge radius in the modeling for & = 1 pm (arrows point ejected
material, the accumulation of material is circled) after a 20 ps, b 25 ps, ¢ 50 ps and d 60 ps of cut

force (=65 ps). The feed force is moreover larger than
the cutting force, contrary to what is classically
observed for macro-cutting conditions. Although
cutting lengths are rather short, they are assumed to
be large enough to dissipate transient effects in the
chip formation. Steady-state is obtained when the
temporal evolutions of the cutting forces are constant
(or periodical). It is assumed that thermal steady-state
is reached at the same time or that thermal aspects do
not influence significantly the results at the tool—chip
interface. When the regime value is reached, the force
remains constant except some drops. They correspond
to the ejection of fractions of the amount of material
formed in front of the tool, as expected. The material
removals at small uncut chip thicknesses can therefore
be identified by the drops in the forces they cause.

Filiz et al. [6] observed in micro-milling that the
minimum chip thickness introduces variations in the
cutting forces. They were due to absence of chip as
long as the accumulation of material does not reach the
minimum chip thickness value. The feed per tooth was
too low and several teeth need to pass on the surface,
leading to the bending of the micro-mill. This is
consistent with the results of this study for the very
small uncut chip thicknesses.

Root mean squares (RMS) values of the forces for
each uncut chip thickness are summarized in Table 3.
When A =1, and 2.5 um, the steady state of chip
formation is never reached due to the process
described earlier. A stabilization of the cutting forces
is however observed when the cutting length is large
enough (Fig. 8). The RMS values presented in Table 3
are computed when that steady-state is reached. The
numerical cutting force is globally close to the

Numerical cutting forces
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Fig. 8 Numerical cutting forces at 1 pm
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Table 3 Experimental (3 h(um) CFey(N/mm) CFyym (Nmm)  Acp (%) FFggp (N/mm)  FFyym (N/mm)  Agr (%)

repetitions) and numerical

RMS values of cutting and 280 387 £2 378 2 77 + 4 106 —38

feed forces (CFand FF), 4: 0 173 4 179 -3 5141 105 106

difference with the

experimental values 40 86 + 2 68 21 41 + 1 50 -22
20 51 4+ 0.4 41 20 34 404 44 —-29
10 38 £ 0.8 26 32 32404 42 31
5 242 18 18 27+ 1 36 4
2.5 2142 12 43 2742 35 —-30
1 14+2 57 24 41 34 —42

experimental value, except at very small uncut chip
thicknesses. The difference between the feed force
values is quite large for the two largest uncut chip
thicknesses, but it decreases for the others. For the two
smallest, the difference for the cutting force is larger
than for the feed force. The experimental cutting
forces values are larger than the numerical ones, while
it is the contrary for the feed forces. As expected, the
forces are decreasing with the uncut chip thickness.
Differences between modeled and experimental val-
ues are globally close to typical values observed in
finite element modeling of machining [35, 45, 46].
They are larger for very small values of uncut chip
thickness. As stated in the presentation of the exper-
imental tests, a source of error can be found in the
experiments: the positioning accuracy of the milling
machine (1 pm) is no longer negligible in these cases.
There is consequently an uncertainty on the corre-
sponding cutting forces values. Flatness of the tenons
may as well influence the actual uncut chip thickness.

Figure 9 presents the evolution of the ratio of the feed
force on the cutting force for the eight values of the h/r
ratio. Both curves have a nonlinear evolution. The
simulated ratio is higher than the experimental one,
which was expected as the cutting forces are close and
the numerical feed forces larger. The inversion of the
ratio occurs sooner for the modeling. As observed
experimentally, the change in the cutting mechanism
impacts the ratio between the feed and the cutting forces.
Friction and deformations before the ejection of the
material are much higher and can explain, at least partly,
the growing importance of the feed force by comparison
with the cutting force for small chip thicknesses (Fig. 9).
The model captures this phenomenon accurately but it
tends to overestimate the minimum chip thickness. A
change in the cutting mechanism is observed when the
uncut chip thickness is reduced: an inversion between

@ Springer

Cutting forces ratio versus uncut chip thickness
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Fig. 9 Ratio of the cutting forces for the different 4/r values

the cutting and feed forces occurs, as observed by Jun
et al. [13]. The evaluation of the minimum chip
thickness based on the inversion of the ratio of the
forces leads to a value close to 5 pum.

6.3 Specific cutting energy

The specific cutting energy normalized by the value at
280 pm is presented, respectively, in Figs. 10 and 11
for the cutting force and the feed force. In all the cases,
numerical or experimental, cutting or feed force, the
size effect is observed as mentioned in the literature.
Indeed, a nonlinear increase of the specific cutting
energy is observed when the uncut chip thickness
decreases. Curves are closer for the feed force at very
small uncut chip thicknesses.

To give a point of comparison with specific cutting
energies values that can be found in the literature for
macro-cutting conditions, the specific cutting energies
from Sun et al. [47] are provided in Table 4 together
with experimental and numerical values of this study.
No values in micro-cutting conditions are available in
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Normalized specific cutting energies for the cutting force
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Fig. 10 Normalized specific cutting energy for the cutting force
for the different A/r values

Normalized specific cutting energies for the feed force
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Fig. 11 Normalized specific cutting energy for the feed force
for the different i/r values

the literature for the material machined in this paper,
Ti6Al4V. The cutting speed of the experimental
values of Sun et al. [47] is 75 m/min and longitudinal
turning was performed. However, the uncut chip
thickness is the same as the largest used in this study,
280 pm, and the rake angle is the same as well (15°).
For both cutting force and feed force specific cutting
energies, the comparison with the values in turning at

75 m/min shows that the differences are of the order of
15 %. The values obtained in macro-cutting are
therefore similar to the results from the literature.

The specific cutting forces (K. on cutting direction
and Ky along feed direction) have been identified from
the cutting forces of the numerical model. The size
effect is taken into account and nonlinear regression is
performed on the specific cutting energy on the cutting
and feed directions. The experimental model proposed
by Altintas [48] leads to a good correlation (R? >
95 %). The specific cutting forces are then modeled as
follow:

K. o = 857 hihd®™, Ky ipy = 143 g™’

mm)] mm)]
(2)

Both curves are plotted in Figs. 10 and 11, highlight-
ing the exponential evolution of the specific cutting
energy with the uncut chip thickness. The numerical
model is again able to reproduce the experimental
trends and the micro-cutting specificities identified in
the literature.

The normalized specific cutting energy could be
used to predict the uncut chip thickness. A threshold
value of 2 for the normalized specific cutting energy
for the cutting force is proposed. The experimental
value would be this time larger than the numerical one.

6.4 Elastic spring-back of the workpiece

During the removal of material, an elastic spring-back
of the workpiece is observed after the tool tip passage
in the numerical model. This spring-back was only
measured numerically. Figure 12 shows the evolution
of the ratio (in %) between the elastic spring-back and
the uncut chip thickness.

A nonlinear increase of the elastic spring-back is
observed when the uncut chip thickness decreases. The
ratio goes from around 0.2 % at 280 pm to 20 % for the
uncut chip thickness of 1 pm. By comparison with the

Table 4 Experimental (from literature and this study) and numerical specific cutting forces (SCE) values for cutting and feed forces
(CF and FF) at h = 280um, 4,: difference with the experimental values from the literature reference

Asceer (%)

SCEgr (N/mm?) Ascew: (%)

Case SCEcr (N/mm?)

Sun et al. [47] ~ 1220 -
Exp. 1383 —13
Num. 1350 —11

~330 -
274 17
379 —15
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Elastic spring-back versus uncut chip thickness

Elastic spring-back (%)

|
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Uncut chip thickness (1m)

Fig. 12 Evolution of the elastic spring-back

uncut chip thickness, this ratio is thus growing when
the uncut chip thickness is small, as mentioned in the
literature. It contributes to the increase of the feed
force, friction on the flank face and the specific cutting
energy. The elastic spring-back of the workpiece can
therefore not be neglected for the very small uncut
chip thicknesses. It must be noted that the com-
puted values should be considered as approximate
values of the elastic spring-back due to the deletion of
elements.

The elastic spring-back could be another indicator
to evaluate the minimum chip thickness. The threshold
value proposed is an elastic spring-back of 5 % of the
uncut chip thickness. Based on Fig. 12, the minimum
chip thickness is smaller than 10 pm: the evolution of
the elastic spring-back becomes close to an exponen-
tial under this value.

7 Summary of the findings

An evolution of the chip morphology is observed,
experimentally and numerically, when the uncut chip
thickness decreases. The segments of the chip are less
deep and the chip is no more regularly segmented. For
very small uncut chip thicknesses, below 25 % of the
tool edge radius, no chip is formed. The material
accumulates then in front of the tool. When this
amount of material reaches the minimum chip thick-
ness, it comes off the workpiece; the material is more
torn and deformed than sheared. The micro-cutting
mechanism goes away from that of macro-cutting. The
removal of material (i.e. chip formation), continuous
in macro-cutting, becomes discontinuous.

@ Springer

Concerning the forces, some drops are observed on
the nearly constant force evolution when the uncut
chip thickness is small. They are due to the tearing of
the material. This type of evolution shows clearly that
the cutting process becomes discontinuous. The ratio
of the feed force by the cutting force is smaller than
one in macro-cutting. This ratio increases and
becomes larger than one in micro-cutting. The inver-
sion of that ratio means that the process is dominated
by ploughing and friction. The model reproduces these
features but tends to overestimate this ratio because
the numerical feed force is larger than the experimen-
tal one. Values are however quite close and trends are
well captured by the model, which is the aim of this
study.

The decrease of the uncut chip thickness influences
also the specific cutting energy. Indeed, it increases
nonlinearly for small uncut chip thicknesses, high-
lighting the size effect characteristic of the micro-cut.
Numerical normalized specific cutting energies were
compared with that of the experiments and the
evolutions were similar and close.

A nonlinear increase is also observed for the elastic
spring-back of the workpiece in the numerical model.
It takes more importance when the uncut chip
thickness decreases and it cannot be neglected
anymore for the very small uncut chip thicknesses
for which it reaches 20 % of the material to remove.

From h/r<1, the rake angle has no influence
anymore on the chip formation: the material is in
contact only with the cutting edge radius. The
effective rake angle is negative and the tool cannot
be considered as sharp. Only the value of the cutting
edge radius of the tool influences the chip formation
and ploughing becomes significant, as well as the
elastic spring-back.

It is clear that the minimum chip thickness is not a
single value but rather a range of values. According to
the chip morphology and the cutting forces, the
minimum chip thickness is between 2.5 and 5 pm.
The value from the specific energy evolution would be
less than 10 pm, which is confirmed by the numerical
evolution of the elastic spring-back of the workpiece.
In the end, the minimum chip thickness, for the cutting
conditions and the material considered, would be
higher than 2.5 um, i.e. 25 % of the cutting edge
radius of the tool. This value is close to what is
generally observed in the literature for other materials
and cutting conditions [6, 7, 9].
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8 Conclusions

The experimental and numerical study of the influence
of the uncut chip thickness on the chip formation
showed that the morphology evolves and that the
cutting refusal is reached when the uncut chip
thickness is too low. An evolution in the chip
formation process was identified and it became
discontinuous for small uncut chip thicknesses, going
away from that of macro-cutting. The modeled forces
were globally close to the measurements as well as the
evolution of the ratio of the feed force by the cutting
force. The inversion of that ratio below very small
values of the uncut chip thickness indicated the change
in the mechanism. The specific cutting energy evolu-
tions were nonlinear, in accordance with the size effect
reported in the literature and experimentally observed.
The numerical model gave information on the elastic
spring-back of the workpiece. It increased signifi-
cantly for the small uncut chip thicknesses and could
not be neglected anymore.

The numerical model was able to produce results
close to the experiments for the eight cutting
conditions. The modifications in the chip formation
mechanism due to the reduction of the uncut chip
thickness were correctly handled. All the specifici-
ties of the micro-cutting were identified and close to
the experimental values. The model allowed there-
fore to consider macro and micro orthogonal cutting
with no other modification than the uncut chip
thickness.

The minimum chip thickness has been estimated
experimentally and numerically at minimum 25 %
of the cutting edge radius and the results were in
accordance. To go further, in orthogonal cutting,
the heterogeneity of the machined material could
be taken into account. The presented model is
however able to give results close to the experi-
ments and it reproduces qualitatively the trends,
which may be enough depending on the required
level of details.
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