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Abstract

The clearance flow in dry-running vacuum pumps is the main loss mechanism. To reduce the clearance mass flow rate in
rarefied gas flows, sawtooth structures transversing to the direction of flow can be utilized. However, due to the sawtooth’s
structure size, micro-machining is necessary, whereby burr formation is a central challenge. First, the effectiveness of non-
idealized sawtooth structures is investigated, demonstrating a high sensibility of the performance regarding the geometry
of the tip. Therefore, burr formation in the cutting process must be minimized. For this reason, a 3D finite element (FE)
chip formation model capable of predicting the burr formation is developed. An analysis of the burr formation zone showed
positive triaxialities; thus, the triaxiality-dependent Johnson—Cook damage model is utilized. To minimize the mesh-induced
error, a convergence analysis is conducted, showing no convergence of the maximum burr height. This is caused by the patho-
logical mesh size dependence of local continuum damage models. A comparison of the cutting experiments and simulations
revealed a reasonable prediction of cutting forces. In contrast, the passive force is predicted poorly, which is attributed to
the underestimation of the ploughing force for non-elastic simulations. The prediction quality regarding the maximum burr
height differs for the investigated cutting speeds, which can be explained by a built-up edge and a change in the machine tool
compliance. Thereby, an analysis of the burr formation revealed that the burr height is captured by a non-physical remeshing
algorithm and that the burr volume might be a more appropriate characteristic.
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1 Introduction

The vacuum technology is an essential part for many indus-
try-relevant processes, e.g. physical and chemical vapour
deposition. Therefore, the development of dry-running
vacuum pumps is a current focus of the research commu-
nity [1]. For these pumps, the clearance flow between the
moving parts and the housing is the main loss mechanism.
Sazhin [2] demonstrated that in case of a rarefied gas flow
through a gap of two flat surfaces, the mass flow rate can
be significantly reduced by introducing a sawtooth struc-
ture transverse to the direction of flow. Thereby, a low ratio
(<107 of the sawtooth structure height to the clearance
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value is important for optimal performance. This technol-
ogy is a promising approach to reduce the clearance flow
in dry running vacuum pumps. However, typical clearance
values are in the range of /,; = 0.3 ... 0.05 mm [3]; thus, the
sawtooth structures can only be manufactured by means of
micro-machining. In general, different machining procedures
can be used for micro-machining, e.g. fly-cutting, turning
and grinding [4]. Another procedure is micro-milling, which
is capable of manufacturing complex 3D parts [5]. However,
to produce accurate sawtooth structures in flat surfaces, plan-
ing is suitable [6]. A central challenge in micro-machining
is burr formation because the dimensions of the burrs can
have the same magnitude as the structure itself.

The following work is structured as follows. First, the
performance of non-idealized sawtooth structures in rarefied
flows is investigated. These novel findings give important
insights regarding the shape accuracy requirements of the
surface structure and thus represent an additional motiva-
tion of the following investigations regarding burr forma-
tion. Then, a comprehensive state of the art concerning burr
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formation is presented before friction, and cutting experi-
ments are being conducted. In the cutting experiments, a
cutting strategy with a constant uncut chip thickness was
considered, to focus on the fundamental mechanisms of burr
formation. Afterwards, a 3D FE simulation capable of pre-
dicting the maximum burr height is developed, whereby the
results from the friction experiments are an important input
parameter. Lastly, a validation of the FE model using data
obtained from cutting experiments is performed.

2 Performance of non-idealized sawtooth
structures

Fluid flows result from the chaotic movements of particles
interacting with each other and the surrounding walls. In
rarefied flows, these particle movements themselves must
be considered and, moreover, intermolecular interactions
are comparatively rare, so that the flow is significantly
influenced by wall interactions. These collisions can be
modelled by the diffuse reflexion, whereby the particles are
scattered on average normal to the wall. Therefore, surface
structures can be used deliberately to influence the rarefied
flow. Sazhin investigated this behaviour for pressure-driven
flows through a gap of two flat surfaces using ideal sawtooth
profiles, which can reduce the mass flow by up to 25% [2,
7]. However, due to the limited sharpness of geometrically
defined cutting edges, an ideal sawtooth structure cannot be
manufactured. For this reason, this section investigates the

influence of tip and root rounding of a sawtooth structure
and its influence to manipulate the reflection properties of
molecules in rarefied gas flows. For this, a free molecular
shear-driven air flow between two parallel walls is consid-
ered, neglecting intermolecular collisions. One wall is mov-
ing in flow direction with ¢, = 30 m/s, and the other wall
is static (see Fig. 12). The temperature is considered to be
T =20 °C. If both walls are technically smooth and diffuse
wall scattering is applied, the resulting mass flow rate can
be calculated by

msmooth = 0'5plclwclcw (1)

incorporating the density p and the smallest cross section
area A = [,w, [8].

Now, the mass flow rate for such a channel is simulated
using the Monte Carlo method. The static wall has a peri-
odic surface structure transverse to the direction of flow.
Therefore, a large number of molecules are simulated that
are scattered from the moving wall back to the static wall,
whereby they receive a new velocity vector based on diffuse
wall scattering. The resulting mass flow rate is

m = pl w,c 2)

and the mean velocity ¢ can be calculated as a weighted
average of the velocities of all simulated molecules [7].
The different microstructures for the static wall investi-
gated in this study are sketched in Fig. 1. The dashed refer-
ence profile is a sawtooth profile with symmetric opening
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Fig. 1 Different profiles derived from the ideal sawtooth structure by rounding root and/or tip and optional scaling. Here, the maximum radius is

shown
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angle @ = 90°. This profile is modified by rounding the tip
and/or root with different radii », where the maximum radius
Tmax 18 defined such that the curvatures of tip and root do not
overlap. As the resulting profiles vary in structure height /,,/
(Fig. la—c), they are additionally scaled to ensure a constant
profile width w;, and height &, (Fig. 1d-f). For a free molecu-
lar flow, the overall size of the structure does not influence
the results, as long as h, </, and thus, only the periodic
shape is important.

Figure 2 shows the ratio of the resulting mass flow rate for
the different microstructure shapes related to the technically
smooth walls for equal boundary conditions and channel
height. A normalized mass flow rate of one would refer to
smooth walls and a smaller value shows the reduction due
to the surface structure. A normalized radius r* =r/r,,, =0
refers to the ideal sawtooth profile. It is obtained that the
sawtooth profile with a symmetric opening angle ¢ = 90°
reduces the resulting mass flow rate to about 68% compared
to the flow between two smooth walls. For the unscaled pro-
files, the worst performance can be observed when both root
and tip are rounded, leading to a linearly dependent mass
flow rate with respect to the normalized radius r*. However,
even the worst profile investigated provides a reduction of
20% compared to smooth walls. Regarding the green and
the blue curve, it is shown that the main effect is related
to a curvature at the tip (red curve), while a curvature on
the root only slightly affects the integral mass flow rate.
The scaled profiles perform better than their correspond-
ing counter parts, which can be related to a smaller effec-
tive opening angle. Especially for a rounded and scaled root
structure, a reduction of the mass flow rate compared to the
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Fig.2 Normalized mass flow rate against normalized radius with
rounded root and/or tip with/without scaling. Error bars represent
+30 confidence interval

ideal sawtooth structure is observed. Further investigations
to optimize the profile geometry are on-going.

These investigations give important insights regarding
the shape accuracy requirements of the surface structure for
rarefied flows. Deviations from the ideal root geometry do
not influence the normalized mass flow rate significantly,
which is an important consideration for future tool develop-
ment. Furthermore, the performance of this method is sen-
sitive to the geometry of the tip; thus, burr formation must
be minimized.

3 State of the art of burr formation

In machining, a distinction is made between three basic pro-
cess variants: orthogonal (free), oblique (free) and oblique
non-free cutting [9]. These process variants are defined for
different manufacturing processes, e.g. turning and planing.
Due to the favourable experimental conditions (e.g. station-
ary tool, good accessibility), the latter is suitable for exper-
imental investigations. It allows conclusions to be drawn
about more widespread manufacturing processes such as
turning via the analogy of the basic process variants. For
this reason, the planing process has already been studied
in detail, whereby it has mostly been referred as one of the
basic process variants. Consequently, the following state of
the art focuses on these.

In micro-machining, burr formation is a central chal-
lenge. Gillespie and Blotter [10] identified four basic types
of machining burrs based on their formation mechanism:
Poisson burr, rollover burr, tear burr and cut-off burr. Nakay-
ama and Arai [11] introduced a two-system classification for
burr characterization. System 1 focuses on the cutting edge
which is concerned with burr formation (major or minor
cutting edge), while system 2 describes the direction of burr
formation, e.g. backward and sideward. Furthermore, they
were able to observe a decrease in burr height for a lower
shear strain in the chip formation process. A reduction in
shear strain can for example be attained due to high rake
angles, high cutting speeds and the use of lubrication. Beier
and Nothnagel [12] described a model for burr formation
in metal cutting. According to this model, a penetration of
the cutting tool into the workpiece causes a 3D stress cone.
Once the elastic deformation capability of the workpiece is
exceeded, plastic deformation occurs. Thereby, the material
flow occurs in the direction of least resistance, if possible,
into the direction of no material. This can cause a burr at the
border of the tool trajectory.

Pekelharing [13] introduced a model for a negative shear
plane on exit burr formation in orthogonal cutting. This
model was used by Ko and Dornfeld [14] to develop an ana-
lytical model of exit burr formation for ductile metals. Chern
and Dornfeld [15] defined three stages of burr formation in
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orthogonal cutting: initiation, burr development and final
burr formation. Later, Chern [16] differentiated between
burr formation and edge breakout. The former is caused by
bending and shearing along the negative deformation zone
leading to a shear rupture, whereas the latter is the result of
crack propagation, leading to either shear or normal rupture.
Zannoun and Schoop [17] analysed exit burr formation for
Inconel 718 via digital image correlation and showed that
tool wear is also an important consideration. Min et al. [18]
also studied exit burr formation in orthogonal cutting, using
a 2D FE model. Based on this, an analytical model for burr
formation in drilling was developed. Finally, a 3D FE model
was introduced which is capable of predicting uniform and
crown burrs. Thereby, the thickness of the plastic region
at the exit surface is essential. For a thin layer, the support
of the material is insufficient and very little cutting at the
perimeter of the drill occurs, resulting in a uniform burr.
However, for a thicker layer, the material at the perimeter
of the drill can be cut, causing fracture at the drill tip and
resulting in a crown burr. Asad et al. [19] used FE simu-
lations to study exit burr length in orthogonal cutting of
AA2024. The authors’ analysis showed an increase in burr
length with a reduction in rake angle and an increase in feed.
Zou et al. [20] studied the influence of a backup material
on exit burr in orthogonal cutting. The authors showed that
using backup material can be an effective option in reducing
burr size. Further, authors analysed exit burr formation in
oblique cutting, e.g. [21] and [22]. Li et al. [23] employed
the Boussinesq-Flamant problem, in order to predict the side
burr size in oblique non-free cutting at the major and minor
cutting edges while using backup material. The authors com-
pared their predicted values with experimental and simula-
tive data and showed a good accuracy. Deng et al. [24] and
Pang et al. [25] studied side burr formation at the minor cut-
ting edge in oblique non-free cutting of A16061 and copper,
respectively. The authors investigated the influence of rake
angle, feed rate and cutting speed. They concluded that the
side burr height increases significantly for lower rake angles
and higher feed rates, while it did decrease slightly with an
increase in cutting speed.

In summary, the formation of exit burrs in metal cutting
has been studied in detail. However, the formation of side
burrs, especially focusing on steels, is yet not investigated
very well. For this reason, side burr formation at the minor
cutting edge in planing (oblique non-free cutting) of AISI
1045 is studied in this work.

4 Experimental boundary conditions
Within the scope of this work, friction and cutting experi-

ments were conducted. For both, a special machine tool of
the company Heinz Berger Maschinenfabrik GmbH & Co.
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KG was utilized. This machine is able to accelerate with a=
30 m/s? to a relative speed of v,,; = 180 m/min.

For the characterization of the friction behaviour between
the workpiece and the tool, a testing rig based on Puls et al.
has been adopted [26]. Thereby, the relative speed is varied
between v,,; = 16 ... 180 m/min. A detailed description of
the experimental set-up can be found in [27].

Figure 3 shows the experimental setup for the cutting
experiments. The workpiece made of AISI 1045 with a ten-
sile strength of 685 MPa and a hardness of 192 HV10 has
a length of /,,, = 140 mm and was prepared with a mul-
titude of 2-mm-wide longitudinal bars. The tool material
was cemented carbide HF K40 consisting of 90% tungsten
and 10% cobalt. The geometry of the tool is described by a
flank angle, rake angle and cutting edge radius of a = 10°,
y =0° and ry = 20 um, respectively. In order to measure the
mechanical loads during the experiments, the tool holder
was clamped into the dynamometer Kistler 9263. Utilizing
the piezoelectric effect, it can be used to measure forces
up to+ 10 kN in the x- and y-direction and 20 kN in the
z-direction. Furthermore, the high-speed camera Keyence
VW-600M was used to get a detailed view of the burr for-
mation process. The planing process was conducted as an
oblique non-free cut with a width of cut of » = 1.5 mm and
an uncut chip thickness of #= 0.15 mm for all experiments,
while the cutting speed was varied between v, = 30 ... 150
m/min (see Table 1). Each experiment was conducted twice
to ensure statistical reliability. For measuring the maximum
burr height of the experiments, the confocal microscope
Confovis DUO Vario was used. For each experiment, three
measuring areas with a size of 250 X 250 um were recorded.

Tool material: Carbide K40 UF

Material: AlSI 1045
Flank angle: o =10° Rake angle: y=0°
Cutting width: b = 1.5 mm Cutting speed:v, = varied
Uncut chip thickness: h=0.15mm

Fig.3 Experimental setup for the cutting experiments
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Table 1 Experiment overview

Experiment number 1 2 3
Cutting speed v, 30 m/min 90 m/min 150 m/min
Uncut chip thickness h 0.15 mm 0.15 mm 0.15 mm
Material: AISI 1045  Tool material: Carbide HF K40
Infeed: a=0.15mm Inclined angle: ¢ =5°
Width: b=1.5mm Relative velocity: v = varried
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Fig.4 Sectioned friction model as a function of relative speed

Then the maximum burr height of each area was determined,
and the mean value was calculated.

5 Friction experiments

The friction model, along with the flow stress model, is the
most important input parameter in a chip formation simula-
tion. In order to be able to describe the friction behaviour
realistically, characterization experiments are being con-
ducted. The friction coefficient is the quotient of the tangen-
tial and normal forces. Taking into account the inclination
angle @, these are calculated as follows:

F, = F, cos(@) — F, sin(¢p) 3

F, = F sin(@) + F, cos(p) 4)

Hereby, F| represents the measured force parallel and F|,
normal to the relative velocity. Figure 4 shows the friction
coefficient over the relative speed for the contact of AISI
1045 with a grounded cemented carbide main body. At
lower speeds, up to v, = 46 m/min, the friction coefficient
remains at a high level with a mean value of y=0.6983.
With increasing speeds, the friction coefficient is falling

monotonically, reaching 4 =0.3188 at v,; = 180 m/min.
This behaviour can be seen repeatedly in the literature; see
[28, 29]. Saelzer et al. [27] also observed this behaviour
and did a detailed analysis of the adhered material of the
surface on the main body. They showed that the amount of
adhered material did not change significantly below relative
velocities v, < 46 m/min. However, as the relative speed
increased, the amount of adhered material decreased, and
then a bluish discoloration appeared. This implies a change
in the underlying friction mechanisms, from primarily adhe-
sion to a combination of adhesion and abrasion. This can
be attributed to a multitude of different causes. On the one
hand, adhesion is a time-dependent process, and the contact
time between the main and counter body decreases. On the
other hand, more heat is dissipated, causing a softening of
the counter body. Therefore, the mechanical resistance of the
abrasive friction component reduces. Additionally, oxida-
tion, which is implied by the bluish discoloration, can reduce
the friction coefficient [30].

In order to model the prevailing friction mechanisms that
occur due to varying relative speeds, a sectioned definition
of the friction is chosen. In section 1, a constant friction
coefficient is assumed because the material adhesion behav-
iour did not change notably and the friction coefficient shows
no tendency. For relative speeds above v,,; = 46 m/min, a
power function is proposed. To ensure a continuous friction
model, the intersection point of the functions from sections 1
and 2 is calculated. This equates to the following coulomb
friction model:

( ) _ 0.6983, Viel < 43.19m/min
HWVel) = 5.235500535, 3, | > 43.19m/min )

rel

6 Cutting experiments

Following, the results of the cutting experiments are being
presented. Figure 5 shows the influence of the cutting
speed on the forces F,. and F, as well as the maximum
burr height #,. Starting at a cutting speed of v, = 30 m/
min, the cutting force amounts to F, = 821 N decreasing
monotonically to F, = 611 N at v, = 150 m/min. This
reduction can be attributed to the thermal softening of the
workpiece material caused by the higher cutting power.
On the contrary, the passive force remains unchanged at
F,=470 N from v, = 30 to 90 m/min. This is unexpected
because for a rake angle of y = 0°, the passive force is
mainly caused by the friction along the secondary shear
zone, and the friction experiments demonstrated a strong
speed dependency. Due to this, the passive force should
decrease with an increase of the cutting speed. However,
the passive force reduces to F, = 369 N at v, = 150 m/
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Material: AISI 1045
Flank angle: o =10° Rake angle: y=0°
Cutting width: b = 1.5 mm Cutting speed: v, = varried
Uncut chip thickness: h = 0.15 mm

m  Cutting force F, ® Passive force F, A Max. burr height h,,

Tool material: Carbide HF K40

900 — — 0.14
N i
- — mm
700 : &
600 -] K - 010 ¢
R g 2
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S 400 § [ 008 5
'S - 2
300 [ 0.04 %
- eage
100 - 9 - 0.02
0 7 0.00
0 40 80  m/min 160

Cutting speed v,

Fig.5 Results of the cutting experiments; error bars indicate the
standard deviations

Workpiece

Fig.6 High-speed recording of a built-up edge for v, = 30 m/min

min, showing the anticipated behaviour. An analysis of
the high-speed recordings revealed a built-up edge (BUE)
at a cutting speed of v, = 30 m/min (Fig. 6). This coin-
cides with the observed adhesion behaviour of the friction
experiments. Due to the BUE, the uncut chip thickness
and the effective rake angle are changed uncontrollably,
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whereby a comparison of the forces with this cutting speed
is not conclusive.

Subsequently, the comparison of the maximum burr
height is conducted. It amounts to s, = 102 and 64 pm
for the cutting speeds v, = 30 and 90 m/min, respectively.
The stark difference in these values can be attributed to the
BUE because it changes the uncut chip thickness, which
strongly influences the maximum burr height; see [24, 25].
Increasing the cutting speed to v, = 150 m/min causes
an increase of the maximum burr height to A, = 106 um.
However, according to the literature, e.g. [25], the burr
height decreases with an increase in cutting speed. This
can be attributed to a reduced shear strain during chip
formation (h;, = hy(e,,...)) [11]. A qualitative explanation
can be deduced using fundamental equations of orthogonal
cutting. Based on Merchant’s shear plane model, the shear
strain in orthogonal cutting can be derived as a function
of the rake angle and shear angle ¢ (Eq. (6)). Addition-
ally, the shear angle can be expressed depending on the
rake angle and the apparent friction coefficient u (Eqgs.
(7) and (8)):

_ cos y
Er = cos (¢p—y)sin ¢ (6)
p = arctan u ®)

In summary, it can be concluded that i, = h,(y, 4, ... ).
The friction experiments showed a strong speed depend-
ency of the friction coefficient. This correlation means
that less material is displaced laterally due to the reduced
friction. However, Merchant’s analysis does not consider
the material properties. A higher cutting speed does have
a positive correlation with the temperatures during chip
formation. As a result, the workpiece material offers less
resistance to deformation, leading to increased material
side flow, and consequently, the burr size increases. Both
effects have a contrary influence on the burr size, whereby
the reduction due to less friction is expected to prevail due
to its strong speed dependency at the investigated cutting
speeds. A possible reason for the observed deviant behav-
iour is the dynamic compliance of the machine tool. Fig-
ure 7 illustrates an excerpt of the measured cutting force
signal for v, = 150 m/min. It is evident that the force signal
has a sinusoidal deviation with an amplitude of A ~ 100 N
around the mean value of F, = 611 N, which is character-
istic for a dynamic behaviour. This causes a superimposed
relative motion between the tool and workpiece, causing
a modulation of the uncut chip thickness. Therefore, it
is assumed that the maximum burr heights coincide with
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Fig.7 Excerpt of the force signal for v, = 150 m/min

the maximum peak value of the force signal. This behav-
iour cannot be seen in the force signals with lower cutting
speeds and can be confirmed by comparing the standard
deviation of the cutting forces 6, = 18 and 54 N for v, =
90 and 150 m/min, respectively (see Fig. 5).

In order to further analyse the burr formation process, a
recording of the high-speed camera for an experiment with
a cutting speed of v, = 30 m/min is shown in Fig. 8. It illus-
trates the material side flow of the burr formation zone dur-
ing cutting. With increasing cutting length, this material is
strained, sheared and tore. Thereby, an inconsistent burr for-
mation can be observed. The sideways displaced workpiece
material fractures along the boundary of either the work-
piece or chip. In the latter case, a significant burr is formed
on the workpiece. The inconsistency in burr formation can

Side flow

Fig.8 Recording of the high-speed camera of the chip formation
zone

be attributed to the material inhomogeneity and dynamic
effects of the machine tool.

7 Chip formation simulation

In this section, a 3D FE simulation of the planing cutting
process capable of predicting the maximum burr height is
being developed. For this, the commercial simulation soft-
ware DEFORM-3D v13.1.1 is used. Figure 9 displays an
overview of the essential geometric boundary conditions
and cutting parameters. The geometric boundary condi-
tions are identical to the cutting experiments, except for
the workpiece length [, = 15 mm and height A, = 2 mm.
These dimensions have been reduced in order to reduce the
model size and hence the computational time. However,
it was ensured that the simulation reached a stationary
state concerning the forces and maximum burr height. The
tool is assumed to be a rigid body, while the workpiece is
characterized by plastic deformation behaviour with iso-
tropic hardening. The flow stress o, of the workpiece is
calculated using the well-established Johnson—Cook model
[31]. This model describes the flow stress as a function of
strain g, strain rate € and temperature 7"

of=(A+Be”)<1+Cln<$>>(1—T;l”) )
€

Thereby, A, B, n, C and m are material parameters,
which are adopted from Jasper and Dautzenberg [32]
(see Table 2). &, is the reference strain rate and 7}, the

Non-specified
dimensions in mm

h,=1.50

Fig.9 Simulation setup
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Table 2 Johnson—Cook flow
stress model parameters for

Parameter A B

n C m £ T,

AISI 1045 [32]

Value 553 601

0.234 0.0134 1 1/s 1460 °C

®  Specific heat capacity c, ® Thermal conductivity 2.
. — 50
1200 —

Specific heat capacity ¢,
©
o
o
1
|
| |
u
[
Thermal conductivity A,

| LA I B B LA L 20
0 200 400 600 800 -°c 1200
Temperature T

Fig. 10 Specific heat capacity and thermal conductivity depending on
the temperature

homologous temperature. This temperature describes the
relationship between the absolute temperature 7 and melt-
ing temperature 7, considering the reference temperature

T-T,

"o o

For modelling, the thermal conductivity and specific heat
capacity values from Grzesik and Nieslony [33] (see Fig. 10)
are adopted. Their data set is chosen, because it considers
the change in specific heat capacity when reaching the Curie
temperature at approximate 7' = 720 °C, which can influence
the thermo-mechanical load spectrum significantly.

According to Zorev [34], the contact length /, between the
chip and the tool’s rake face can be divided into two distinct
zones—the sticking and sliding zone. The former is charac-
terized by high-contact normal stresses, which exceed the
flow stress of the workpiece material. Therefore, the shear
flow stress is reached causing shearing in the softer material,
i.e., the workpiece. For this reason, there is no relative move-
ment at the surfaces, hence the name-sticking zone. Instead,
there is a sliding motion within the material. To describe
the friction coefficient in this zone, the shear friction model
is suitable because it is independent of the contact normal
stress. In this work, a constant shear modulus of m =1 is
assumed. In the sliding zone, the contact normal pressure
is lower, so that the shear flow stress is not reached. This
results in a relative movement between the surfaces, and
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Fig. 11 Triaxiality distribution of chip formation in oblique cutting

the coulomb friction model is valid. Thereby, a sectioned
speed-dependent coulomb friction model based on the fric-
tion experiments is utilized; see Fig. 4.

Burr formation is closely linked to ductile fracture [25].
In general, the fracture locus changes depending on the load-
ing conditions. Therefore, stress triaxiality # and the normal-
ized lode angle 6 have been incorporated in ductile fracture
formulations [35]. The former is defined as the ratio of the
mean stress o,, and the van Mises equivalent stress o,:

Om

= o (1n

Positive values indicate a tensile stress state, whereby
the enlargement and coalescence of voids is elevated. This
leads to more damage in comparison to a compressive stress
states, where the void growth is hindered [36, 37]. The nor-
malized lode angle accounts for the qualitative influence of
shear, tension or compression and affects the shape of the
fracture locus. However, within this work, the influence of
the lode angle is not considered. This simplification can be
attributed to investigations by Bai [35], which have shown a
decrease of the influence of the lode angle at high triaxiali-
ties for AISI 1045.

Figure 11 illustrates the triaxiality distribution of the chip
formation focusing on the burr formation zone. Both the
burr formation zone and the free chip surface are exposed to
positive triaxialities # > 0.375. Additionally, high equivalent
strains greater than £., > 7 can be observed in the burr for-
mation zone. For this reason, the Johnson—Cook ductile frac-
ture model [38] is being implemented. This model defines
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the fracture strain as a function of the triaxiality, strain rate
and temperature:

e = (D, +D26—Dafl)<1+D41n<_£>>(1—D5Th) (12)

€0

Thereby, D, ... Ds are material parameters, which are
adopted from Rohr et al. [39] (see Table 3). The accumulated
damage value is calculated as an integral over the equivalent
strain €4 and failure strain £, as follows:

8eq
D= _dgeq S Dcrit = 1 (13)
&r
0

Once the accumulated damage value reaches the critical
damage value D, the flow stress of the element is reduced
according to the softening parameter p, which is assumed to
be p = 10% in this work:

oy =0,p (14)

Following the definition of the input parameters for the FE
simulation, a detailed analysis of the meshing strategy is con-
ducted. The tool is discretized with 150,000 elements, whereby
amesh window around the cutting edge refines the element size
locally. The workpiece mesh is defined via a minimum element
size ey, and a size ratio of r = 8. Thereby, the mesh size is
refined locally depending on the gradients of strain and strain
rate as well as the damage. In order to select an appropriate
minimum element size, a convergence analysis is conducted.
Figure 12 shows the influence of the minimum element size
€min ON the forces F' and maximum burr height 4,,. For the cal-
culation of the mean value of the maximum burr height, a com-
bined approach of the available tools of DEFORM and a python
script is used. Thereby, the average value of the 15 maximum
burr height values is calculated. The minimum element size is
defined relative to the uncut chip thickness to ensure similarity
with varying cutting parameters for further investigations. For a
minimum element size of e,,;, = //2, the cutting force amounts
to F,= 688 N. Reducing the element size to e,,;, = //5 causes an
increase of the cutting force to . = 726 N. A further reduction
of the minimum element size shows no significant change. The
passive force shows the same convergence behaviour. Starting
with a value of F, =195 N at minimum element size of e, =
hi/2, itis almost constant for e,,,;, < #/5 at F, ~ 273 N. Therefore,
the forces converge for e,;, < A/5. On the contrary, the maxi-
mum burr height shows no convergence even for a minimum

Material: AISI 1045

Flank angle: o =10°

Cutting width: b = 1.5 mm
Uncut chip thickness: h = 0.15
W Cutting force F, ® Passive force F, A Max. burr height h,

Tool material: Carbide K40 UF
Rake angle: y=0°
Cutting speed: v, = 90 m/min

- — 0.14
800 _ CFom
{1 m l u B <
- 0.10 =
w N A A i 2
§ - A _— 0.08 2
5 400 - A L0065
'S | Ko}
| ° ° ® 004 %
2004 e ° X S

. L 0.02

0 ———T—T 0.00

T
h/2 h/3 h/4 h/5 h/6
Min. element size e

min

Fig. 12 Convergence analysis

element size up to e,,;, = h/6. For a very course mesh (e,;, = h
/2), the burr geometry cannot be predicted reliably; therefore,
this data point is not conclusive. Refining the mesh to e, ;, = #/3
results in a maximum burr height of 4, = 0.103 mm. Further
refinement leads to a monotonically decrease resulting in 4, =
0.063 mm for e,,,;, = /6. This behaviour can be attributed to the
pathological mesh size dependence of local continuum damage
models [40]. At the crack tip of the burr formation, the stress and
strain gradients are very high. For a fine mesh, the Gauss points
will be closer to the crack tip, leading to an earlier initiation of
the softening [41]. This explains the reduction of the maximum
burr height with a decrease in element size. For this reason, a
simple adoption of the damage parameters for a damage model
is not valid. To overcome the pathological mesh size depend-
ence, nonlocal damage models are being developed, e.g. [40,
42]. However, the implementation of such a model is outside
the scope of this work. Another possibility is a calibration of
a damage model for a specific element size. In this case, the
maximum burr height using a minimum element size of e,;;,, =
h/6 almost matches those of the experiments. For this reason,
the element size e,;, = 4/6 is used, and no further calibration of
the damage model is necessary.

Table 3 Johnson—Cook damage

Parameter D, D,
model parameters for AISI 1045

Ds D, Ds £ T,

m

[38] Value 0.48 5

=37 0 0 (T'<623 K) and 1/s

5.5(T>623K)

1460 °C
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Material: AlSI| 1045 Tool material: Carbide HF K40 Flank angle: o =10°
Rake angle: y=0° Cutting width: b = 1.5 mm Cutting speed: v, = varried
Uncut chip thickness: h=0.15mm [ Simulation [ Experiment
1200 1 Cutting force F, Passive force F, Max. burr height b, = 0.12
] ' . -38% -43 %
N 12 % ! | 5
! 2
! : o
: 800 — ! ! — mm fn
g : | 2
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1 1 e}
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Cutting speed v.in m/min

150 30 90 150

Fig. 13 Comparison of the simulative and experimental force and maximum burr height values

8 Results of the chip formation simulation

Next, the simulative and experimental results are discussed
and compared; see Fig. 13. In the simulation, the cutting and
passive forces are falling monotonically with an increased cut-
ting speed. This behaviour can be attributed to the thermal sof-
tening of the workpiece, as well as a decreased friction coef-
ficient in the secondary shear zone. Both trends are consistent
with those from the experiments, except for the passive force at
v. = 30 m/min. This deviation is caused by the observed BUE,
whereby a comparison with this data point is not conclusive.
In general, the predicted cutting force, not considering v, =
30 m/min, is being overestimated by an average of 9%. On the
contrary, the passive forces are being strongly underestimated
by an average of —40%. This behaviour can be seen repeatedly
in the literature. Laakso et al. [43] studied this in detail, reason-
ing that the ploughing force component is underestimated in
non-elastic simulations. Therefore, they investigated a model
with an elastoplastic workpiece and an elastic tool with differ-
ent friction models. It was concluded that the friction affects
the passive force only up to 50%, which coincide with the
predicted forces in this work.

The maximum burr height in the simulation evaluates to
h;, = 0.057, 0.065 and 0.059 mm for v, = 30, 90 and 150
m/min, respectively, and thus shows no tendency. This is a
contradiction to the reasoning from Eqgs. (6) to (8), which led
to the conclusion A, = h(y, p, ... ). Under the consideration
of the friction experiments (4 = u(v,)), the maximum burr
height should decrease with higher cutting speeds. To inves-
tigate this further, the shear angle at the distance d=0.25

@ Springer

mm from the minor cutting edge is evaluated (Fig. 14). It
evaluates to ¢ = 23, 27 and 28° for v, = 30, 90 and 150 m/
min, respectively. This suggests less friction in the second-
ary shear zone with an increase in cutting speed. Due to this,
the chip speed near to the cutting tool increases, resulting
in an increase in shear angle, lower forces and an increase
in chip curl. For further considerations, the burr volume per
unit of length is determined. It decreases from V,, = 3.12 to
2.43 and to 2.19 10~ mm*/mm for v, = 30, 90 and 150 m/
min, respectively. This shows the expected negative correla-
tion between the cutting speed and the burr volume, which
is caused by a change in friction. A possible explanation for
the deviant behaviour of the maximum burr height in the
simulation is the fact that burr formation is closely linked to
a non-physical remeshing algorithm. Figure 15 illustrates a
2D schematic model of this process. Due to the softening of
the damage model in the burr formation zone, a few elements
are being distorted heavily, triggering remeshing. Thereby,
the material is distributed evenly between the chip and the
workpiece. This is a fundamental difference to the burr for-
mation in the experiments, whereby the displaced workpiece
material adheres either to the chip or workpiece (Fig. 8). A
comparison between experimental and simulated maximum
burr heights shows a poor prediction quality for v, = 30 and
150 m/min. This can be attributed to the simulation’s limita-
tion in accounting for the influence of a BUE (v, = 30 m/min)
or an increase in the dynamic behaviour of the machine tool
(v, = 150 m/min). Nevertheless, in absence of these effects,
the simulation shows a good accuracy (v, = 90 m/min).



The International Journal of Advanced Manufacturing Technology (2024) 134:811-823 821

v, = 150 m/min

Tool

Burr formation
zone

N
i Workpiéce

N

Valid mesh Distorted mesh Valid mesh
Deformation Remeshing
— B
— Burr —— Chip

Fig. 15 3D FE simulation of chip formation (left) and 2D schematic model for burr formation due to remeshing (right)

Finally, a chip formation simulation considering elasto-plas-
tic workpiece material for v, = 90 m/min is conducted, whereby
the model otherwise remains unchanged. A comparison of
the simulation with non-elastic material behaviour reveals an
increase in forces; see Fig. 16. This can be explained by the elas-
tic recovery of the workpiece material and confirms the analysis
of Laakso et al. [43]. Nevertheless, the prediction quality of the
cutting force worsens. This can be attributed to the fact that the
flow stress model was taken from the literature, whereby devia-
tions in the microstructure of the material cannot be excluded.
Lastly, comparing the maximum burr height, a slight increase
can be observed, which can be attributed to the elastic deforma-
tion of the material. On the contrast, the normalized burr vol-
ume increases significantly from V, = 2.43 to 4.01 x 107> mm®/
mm. As with the simulations with the varying cutting speed,
the maximum burr height is less sensitive to changes than the
normalized burr volume, which may be caused by the non-phys-
ical remeshing algorithm. Therefore, the maximum burr height
might not be an appropriate characteristic for Lagrangian chip
formation simulations where remeshing is necessary.

Material: AISI 1045
Flank angle: o =10° Rake angle: y=0°

Cutting width: b = 1.5 mm Cutting speed: v, = 90 m/min
Uncut chip thickness: h = 0.15 mm

[ simulation (plastic) [l] Simulation (elasto-plastic) [l Exp.

Tool material: Carbide HF K40

1000 ) ! . ' Max. burr
Cutting force F.! Passive force Fy! height h,
30 % |
0.08 &
9 % =
. 1% S
P mm g
Q -
o =
s S
2 0.045
%
©
=
0.00

Fig. 16 Comparison of simulations with plastic and elastoplastic
workpiece behaviour with the cutting experiment
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9 Conclusion and outlook

The goal of this work was to develop a 3D FE simulation
capable of predicting the maximum burr height for plan-
ing because the dimensions of the burrs can have the same
magnitude as the structure itself. For this reason, novel
fluid mechanical investigations of non-idealized sawtooth
structures were conducted, demonstrating a sensitive per-
formance concerning the resulting normalized mass flow
rate depending on the tip geometry. In order to ensure an
accurate description between the workpiece and tool in the
simulation, friction experiments were performed. Thereby, a
hybrid friction model with a speed-dependent coulomb fric-
tion model was utilized. Additionally, planing experiments
were carried out in order to generate validation data for the
simulation and improve the process comprehension. Next,
a 3D FE simulation, including a triaxiality-dependent dam-
age model, was established. This damage model was chosen
because of a new observation of high positive triaxialities #
> (0.375 in the burr formation zone. For this model, a con-
vergence study was conducted. Thereby, the pathological
mesh size dependence of continuum damage models was
observed. Due to this, a calibration of the damage model
was performed. Furthermore, a comparison of the experi-
mental and simulative results was carried out, showing a
reasonable agreement (+ 15%) of the cutting force. In con-
trast, the passive force was greatly underestimated (—41%),
which could be attributed to the underestimated ploughing
force component in non-elastic chip formation simulations.
Moreover, the maximum burr height for v, = 90 m/min was
predicted with good accuracy (—2%). However, the predic-
tion of the simulation for the other cutting speeds regarding
the maximum burr height was poor due to the observed BUE
(v,=30 m/min) and dynamic behaviour of the machine tool
(v,=150 m/min) in the experiments. Additionally, it was
observed that the normalized burr volume is more sensi-
tive to a change in the simulation than the maximum burr
height, because the latter is significantly influenced by a
non-physical remeshing algorithm, which was described in a
schematic model. This implies that the maximum burr height
might not be an appropriate characteristic for Lagrangian
chip formation simulations where remeshing is necessary.
To the authors’ best knowledge, this was not discussed in
prior publications.

This hypothesis will be investigated in more detail in
future research using an Abaqus-coupled Eulerian-Lagran-
gian model, which does not require remeshing. Addition-
ally, cutting experiments with an acceleration sensor will be
conducted, whereby different values for the cutting speed,
rake angle and uncut chip thickness are considered. This
information will be used to implement the dynamic machine
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tool behaviour in the simulation and improve the prediction
quality of the simulation.
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