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Section B: Revised Manuscript

Coupled Eulerian-Lagrangian technique for microcutting FE-modelling of AISI1045 steel

Abstract

Deepen the analysis of the cutting process mechanics beneath the tool edge radius is one of the
primary concerns in micro cutting. This paper shows that Coupled Eulerian Lagrangian (CEL)
technique applied to micro machining process modelling can be a valid alternative comparison to
traditional chip formation modeling methods, as the Arbitrary Lagrangian Eulerian (ALE) and
Continuous Remeshing of Lagrangian domain (CRL). CEL does not require separation criteria
since it implements workpiece modeling by means of Eulerian domain — whilst keeping tool in
Lagrangian domain — by avoiding mesh topography changes. This work fills the gap that exists in
literature about the application of CEL technique in micro cutting modeling. The developed 3D
CEL entails a full set of thermo-mechanical input parameters and is validated by conducting micro
orthogonal cutting experiments. A specifically equipped ultra-high precision machining center is
used for cutting AISI1045 at different cutting speeds and uncut chip thicknesses — varied
respectively up to 300 m/min and 60 pum. CEL approach resulted capable to predict the process
outputs, i.e. namely chip thickness and cutting/thrust forces, within a mean error of around 20%,
comparable to existing techniques and showed better accuracy in actual chip thickness prediction.
Tool tip temperature and contact pressure investigations have been based on simulations,
underlining the significant role played by cutting speed on both outputs especially when tool edge
geometry dominates into the cutting, whilst confirming a minor role of the uncut chip thickness.
Finally, direct comparison with ALE approach confirmed that CEL shows similar computational

efficiency its final implementation in micro cutting modelling.
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1. Introduction
1.1. Finite Element Modeling in machining process
A deeper understanding of mechanics involved in chip formation of micro and macro cutting
processes is fundamental for improving cutting action by proper tool design and cutting process
setups. On one side, thermal analysis, consisting in understanding sources and amount of heat
generation in the process, can help technologists to design process parameters to minimize heat
generation on contact zone, preventing tool wear and consequently reducing machining costs.
On the other side, prior knowledge about cutting forces allows to better understand the required
stiffness of machine tool fixtures for each specific cutting condition. However, studying these
quantities with traditional techniques is expensive and difficult. For example, small contact
areas between tool and chip makes temperature distribution measure and other fundamental
process variables such as contact pressure distribution very challenging. This issue is
particularly pronounced in micro scale cutting, where in general the amount of material
removed is extremely small [1]and where the contact length can be less than 200 um [2]. For
this reason, numerical modeling such as Finite Element Method (FEM) is an attractive
approach to alleviate the required experimental efforts. This technique can predict fundamental
variables such as stresses, strains, strain-rates and temperatures, and other relevant variables
for industrial applications, i.e. tool-life, residual stresses and burr formation [3].
FEM in chip formation exists since seventies [4] and it has been continuously growing and
developing until today. In recent years, with the increasing development of available
computational power, FEM has been evolved and extensively used for machining modeling.
Significant efforts have been recently focused on improving and applying this method to tool
wear modeling and simulation [5,6], temperature prediction in workpiece deformation zones
and at the tool tip [7-10] , tool-chip contact behavior simulation [ 11-13], prediction of residual
stress at workpiece surface [14,15] and also microstructure and crystal plasticity analysis
during cutting [16-19] .
Despite the broad application of the FEM in modeling and simulation of machining, proper
implementation of this technique is still very complex and associated to main problems as, for
example, stick-slip behavior of tool and chip at contact area with extreme strain deformation
rates (10°-10° s!). As a consequence of the severe plastic deformation undergone by the

material, a strong chance of mesh distortion exists in FE simulation if grid points are fixed to



material points and implementation of separation criteria — as in case of Lagrangian
formulation [20] — which causes deterioration of results [21] . To alleviate this drawback,
there are three main techniques used in metal cutting FE simulation [22] to avoid mesh
distortion and keep the proper mesh quality, such as the automatic Continuous Remeshing of
Lagrangian domain (CRL) [23], the Arbitrary Lagrangian Eulerian (ALE) technique [24] and
the pure Eulerian technique [25] . From the analysis of the FE machining simulation literature,
it is evident that CRL and ALE approaches are more popular than pure Eulerian technique
since this latter has never reached a satisfactory level for machining modeling and simulations.
The aim of this study is therefore to develop a Eulerian FE model, suitable for workpiece
deformation and chip formation modelling in micro cutting. Micro cutting presents some
specific challenging aspects compared to macro cutting in FE modeling. For instance, proper
care should be addressed to simulation of material deformation in tool edge region, since
localized severe deformations caused by the unavoidable finite cutting edge radius, play a
significant role on chip formation process. A proper deformation modeling in this area can lead
to a better understanding of process mechanics. Based on this reasoning and on the nature of
Lagrangian method, simulation of micro machining cannot be effectively handled with this
technique that necessarily requires the implementation of separation criteria [21] where it leads
to poor tool edge-chip contact simulations. In fact, previous studies argue that using node
separation criteria disturbs material deformation beneath the edge [12,21]. Therefore, the
already mentioned CRL [23,19], ALE [26] and Eulerian [27] options remain suitable for micro
machining process simulation since they maintain mesh quality on contact while using material
plasticity to form a chip and by not requiring any separation criteria. The advantages and
drawbacks of these three formulations are well described in [28] and [22]. Despite advantages
of ALE and CRL and popularity of these techniques in machining FE simulation literature,
there are some drawbacks, such as amount of computational effort, that hold them back. In
fact, these two techniques might provide results for 2D simulation with reasonable
computational time but the issue of required time for single simulation becomes more evident
with 3D models. In fact, with Eulerian approach where the mesh is fixed, it would be possible
to reduce the time of each 3D simulation by modifying the size of mesh on critical part of the

model, so it is possible to carry out complex 3D cutting processes with reasonable



computational effort where this gives Eulerian technique an advantage over two other
techniques.

The biggest shortcoming of the Eulerian technique, basing on [28] and [22], consists in the
necessity to have prior knowledge about the chip flow. However, the advantages of this
technique — such as low computational effort, no need for separation criteria and possibility
to simulate material extreme deformations — still makes it an interesting approach for metal
cutting FE analysis.

Simulation modeling with CEL approach exists for many years [29] and has been used in
different types of applications, hull explosion under water [30], penetration into soil in
geomechanical problems [31-33] , and water jet machining [34,35], but no applications have
been found on micro machining process.

Based on this lack, this study presents a Coupled Eulerian Lagrangian (CEL) modelling of
micro machining. In the proposed development, the workpiece takes advantages of Eulerian
technique while tool is defined as Lagrangian part of the model, then exploring the actual
capability of Eulerian technique in micromachining modelling.

In addition, a dedicated experimental campaign is carried out and cutting forces along with
chip thickness have been captured and compared to simulated ones to validate the prediction
performance of the developed CEL approach. Further investigations on tool tip temperature
and contact pressure are offered through the comparison-based analysis of simulation outputs.
Eventually, a comparison between actual performance of CEL approach and standard ALE

approach is showed to support the reliability of the proposed method.

. Method: CEL model development

In this study, process simulation is performed with the Abaqus/Explicit software package [36]
. Full thermo-mechanical process specifications for workpiece, tool and contact are provided
as inputs. For workpiece body, Eulerian approach is adopted to simulate the material extreme
deformation and chip formation while for tool body Lagrangian technique is used. In the
Eulerian description, the material points are independent from mesh grids. CEL approach bases
respectively on 1) Lagrangian calculation, ii) Eulerian calculation and iii) coupling calculations
between these two different domains. With this approach, first pressure is determined from the

Eulerian part of the simulation, then this pressure acts on the Lagrangian part of the simulation
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through the penalty contact method to couple the Lagrangian and Eulerian parts [27,29,30,32]
. The developed 3D CEL model of the micro orthogonal cutting process has the following

characteristics:

1) fully thermo-mechanical properties of tool and workpiece are considered

1) the chip forms along the tool rounded edge directly from the workpiece plastic
deformation.

1) no separation criteria are used for chip formation

1v) one Eulerian domain is introduced to include all together the whole deformation zone
taking place in the cutting action and chip formation

V) mesh density is varied within the domain to reach simulation time efficiency and
accuracy of tool-chip contact analysis

vi) chip forms automatically from incipient workpiece stage without adjustment of its
shape into the process simulation

vii)  overall computational is reduced by avoiding frequent remeshing and node

displacement

2.1. Geometric modeling and boundary conditions

In the assembly of tool and workpiece, Figure 1, the whole Eulerian domain (box ACDE) is
meshed with an 8-node thermally coupled linear Eulerian (EC3DS8RT) element type [37] and
this mesh distributed uniformly within the domain with size of 50 um, except the area of
possible contact (box abcd), where the mesh size is assigned equal to 10 um.

Tool is meshed with an 8-node thermally coupled (C3D8T) element type [37] and this mesh is
distributed uniformly with size of 50 um on the body of this Lagrangian part, with a refinement
on the rounded edge (25 um).

The mesh sizes have been selected by performing preliminary sensitivity analyses on the
process outputs. The selected setting resulted the best to accomplish the accuracy and
computational time requirements.

The tool is fixed in space by applying displacement boundary conditions
(U1=U2=U3=UR1=UR2=UR3=0) (U refers to displacement, UR refers to rotation along the
axis and subscripts 1-3 refer to X, Y and Z directions respectively) on both its rear and upper

side (I II, II III). Cutting speed, is assigned as initial velocity to the workpiece nodes at the
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incipient stage (ABFG). In this case the material is also fixed at the lower side to prevent
movements along the Y direction. A reference point (RP) is defined in the middle position of

the cutting edge radius (re=60 pm) for extraction of temperature and contact pressure for further

investigations.

|
Outflow

I

Figure 1. Tool-workpiece assembly of the CEL approach

2.2. Thermo-mechanical material properties

The study focuses on micro cutting of AISI1045 with uncoated carbide tools, which represents
a reference case for many machining research studies [36,38] . Workpiece plastic deformation

is modeled with Johnson-Cook flow stress model[39] (Equation 1 and 2) described as follow:

o=[A+B(E)"] [1 + Cln (gio)] [1—T7 (1)
T = (o) ®

o is the flow stress, 4 is the initial yield stress at room temperature, B is the strain hardening

coefficient, C is the strain rate sensitivity coefficient, m is the thermal softening exponent, 7 is
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the strain hardening exponent, ¢ is the plastic strain, € is the strain rate, & is the reference strain
rate. Ty is the homologous temperature, which is a function of 7, the absolute temperature,
T'r00m, the room temperature, and Tierr, the melting temperature. The Johnson-Cook parameters
for the AISI1045 material are taken from [40] , where they were captured through Split
Hokinson Pressure Bar (SHPB) tests at high strain rates and temperatures. Thermo-mechanical
materials inputs for both uncoated carbide tool and AISI1045 workpiece are reported in Table

1.

2.3. Contact modeling

When machining is scaled-down from macro to micro, the importance of the edge geometry
increases since uncut chip thickness becomes comparable in size with it and the process
mechanics becomes more sensitive to interfacial behavior of cutting edge radius and chip. The
high plastic deformation generating high stresses, strains and temperatures, makes the contact
behavior modeling more complex. In this study, the following relations (Equation 3 and 4) are

adopted for modeling the stick-slip behavior on contact zone [37] :

T < Terit Sticking (3)

Tf = Terit Slipping (4)

where 7/1s the contact shear stress and 7. is a critical stress calculated as (Equation 5)

Terie = min(up, ky) (5)

where p is the Coulomb friction coefficient, p is the contact pressure and k7 is the shear stress
threshold for the target material, calculated as a,,/ /3, being oy the target material yield stress.

Friction modelling is playing big role is standard simulation of machining and there are studies
in literature of machining addressing contact behavior during the cutting of AISI1045[41,42].

For fully thermal analysis and heat transfer between tool and chip, the contact heat generation
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parameters and thermal contact conductance are also introduced into the model. Table 2

indicates full model inputs for the contact formulation of this study.

Table 1. Thermo-mechanical properties of AISI 1045 and uncoated carbide tool [11,40]

Value
Parameters Workpiece Tool
Uncoated
Thermo-mechanical properties [8] AISTI045 carbide
E': Elastic modulus 200 GPa 8000 GPa
p: Density 7800 kg/m’ 15000 kg/m’
v: Poisson’s ratio 0.3 0.2
¢ : Specific heat 432.6 J/(kg-°C) | 203 J/(kg-°C)
ar: Thermal expansion 11 pum/(m-°C) 4.7 pm/(m-°C)
A: Thermal conductivity 47.7 W/(m-°C) 46 W/(m-°C)
Br : Inelastic heat fraction 0.9 -
Johnson-Cook constants [35]
A: Initial yield stress at room temperature 553.1 MPa -
B: Strain hardening coefficient 600.8 MPa -
C : Strain rate sensitivity coefficient 0.0134 -
m : Thermal softening exponent 1 -
n : Strain hardening exponent 0.234 -
Johnson-Cook inputs
&o : Reference strain rate [40] 11/s -
Their - Melting temperature [40] 1460 °C -
Troom : Room temperature 25°C -
Table 2. Contact parameters

Contact parameters Value

Coulomb friction coefficient [11] 0.45

Shear stress threshold [11] 319.3 MPa

Fraction of dissipated energy 1

converted to heat

Fraction of converted heat to master | 0.5

and slave bodies

Thermal conductance 1x10% (W/m?-°C)

3. Comparison study between CEL and ALE techniques in FE simulation of micro cutting

process
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Eventually, to evaluate CEL and ALE approaches in FE analysis of micromachining process a
case study is implemented. ALE modelling has been already implemented for micro cutting
process in previous studies by the authors [26,27] . Differently for those studies, in this case
study a 3D ALE model is implemented, to compare the two 3-dimensional approaches. The
effort has been made to make these two techniques with as equal as possible inputs. The only
difference in modeling setups of these two techniques are in element type and number of nodes

included in the model.

Table 3. Comparison study inputs for CEL and ALE techniques

CEL ALE
Simulation inputs
Dimension 3D 3D
Element type EC3D8SR C3D8SR
Mesh geometry 10 pm X 5 um 10 pm X 5 um
Number of nodes on workpiece 11716 13122
Type of thermal analysis Adiabatic Adiabatic
Tool Rigid Rigid
Distance to engagement 200 pm 200 pm
Time period 0.95 ms 0.95 ms
Workpiece material AISI1045 AIST1045
Contact formulation Modified coulomb | Modified coulomb
ve (Cutting Speed) 300 (m/min) 300 (m/min)
h. (Uncut chip thickness) 40 pm 40 um

The geometry of mesh stays constant for entire simulation time in CEL and not in ALE.
Considering that in CEL the whole deformation area requires to be meshed, the number of nodes
on workpiece includes initial workpiece and void. The distance to engagement indicates the initial
distance from center of cutting edge radius to workpiece edge (see the Results paragraph for
details, Table 5 and Figure 8). Same material and contact characteristics have been setup where

applicable for this comparison, following Table 1 and Table 2, respectively.

4. Experimental setup for validation

Micro orthogonal cutting tests have been carried out with Sandvik uncoated carbide tool inserts

(DCMT 07 02 04-KM HI13A4) (Figure 2d and Table 1) on a ultra-precision Kern EVO 5-axis
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machining center (Figure 2b) with nominal positioning accuracy of = 1 um, used as a turning
machine. Tubular AISI 1045 specimens (Figure 2d) with wall thickness of 0.65 mm have been
adopted as workpieces. Focus variation non-contact measuring machine (Alicona Infinite Focus
®) (Figure 2a) has been used for tool topography (Figure 2e) and chip thickness (Figure 2c)

measurements. Tool characteristics measured via Alicona microscope, are showed in Table 4.

Table 4. Geometrical characteristics of the adopted tools

Sandvik DCMT 07 02 04-KM
Insert Model HI3A
Cutting edge radius (re) 60 um
Rake angle (y) 3°
Clearance angle (o) 7°

The chip thickness is measured in 5 different positions and the mean value is considered as an
output of the experiments. The cutting and thrust forces are captured online with the use of Kistler
9257-BA triaxial load cell (Figure 2d) and the mean value of the force signal during turning
operations is considered as the force output magnitude. Two factors have been investigated,
namely cutting speed vc and uncut chip thickness /¢, each one varied on two levels (40 pm and 60
um for 4c and 100 m/min and 300 m/min for vc) and two replicates have been performed, which
in total contributes to 8 randomized experiments. The 4c¢ are chosen to be comparable to the edge

radius to reflect usual conditions happening in micro scale cutting.
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Figure 2. Experimental setup and description of the micro orthogonal cutting

. Results and discussion

5.1. CEL modelling Results

5.1.1. Chip Thickness and Forces
The extracted experimental quantities (chip thickness, cutting and thrust forces) are compared
with predicted ones and prediction performances are quantified basing on Mean Percentage
Error of the prediction in respect to the experimental values, Figure 3. Figure 3 indicates the
error for all cutting conditions and outputs, while Figure 4 illustrates the final step of chip

formation with the CEL approach. As stated in the modeling section of this work, with this
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approach it is possible to achieve the final chip geometry from the workpiece incipient stage
and, this way, the improvement is achieved compared to the previous pure Eulerian technique
[26] , where the simulations were carried out with the introduction of the initial chip flow zone.
Figure 4 clearly indicates the “Curling back” effect in micromachining with different
parameters. Figure 4 illustrates that, when the uncut chip thickness changes from being equal
to edge radius of the tool to lower than that, then chip starts to curl back more intensively.
Furthermore, cutting speed is also playing role on “Curling back”, for instance, lower cutting
speed provides the opportunity for the chip to stay closer to the rake face of the tool while
higher cutting speed pushes the chips away from contact zone. Mean error changes for each
output but always keeps under 20%. Error on cutting force (Figure 3a) with ~c= 60 um, equal
to edge radius and with both vc values, shows lower values compared to the lower Ac (7% and
15%, respectively). In case of the thrust force, the error varies from case to case and the best
estimated thrust force (10.8% of mean error) is for the cutting condition with ve =100 m/min
and sc= 60 um. The mean errors on the chip thickness are the smallest ones since all of them
are below 6%. The range of 20% error between simulation and experiments could be
reasonable in micro scale cutting, as claimed by [7] , so the potential of the CEL approach in

the FE modeling of the micro cutting process is approved by the presented results.

30

— Cutting Force ‘
Thrust Force
C""D Thickness

Nakid

hc=40 um  hc=60pm  hc=40 pm  hc=60 um
vc=100 m/min ve=300 m/min

Error %
20 25

15

10

Figure 3. Mean Percentage Error (MPE) for the prediction of Cutting force, Thrust force, Chip
thickness

5.1.2. Temperature and contact pressure
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Tool tip temperature and the contact pressure are fundamental variables for studying tool-chip
contact condition during cutting action but with the state of the art sensing technologies they
are extremely difficult to capture from experiments in micro scale cutting processes. These
quantities are extracted from simulation at the reference point introduced in Figure 1 (point
RP) at the final simulation step (Figure 5 and Figure 6). Main effects plots, Figure 7, enable
the analysis of differences between level means for each single factor without considering
mutual interactions [43]. Figure 7a confirms that tool tip temperature is sensitive to cutting
speed: by increasing ve from 100 m/min to 300 m/min, the tool tip temperature increases from
487 °C to 685 °C. On the other hand, the increase of 4c does not significantly increase the tool
tip temperature (passing from 582 °C to 590 °C). This fact reveals that in cutting actions with
hc comparable to the edge radius, heat generation is not significantly affected by this factor,
but it is sensitive with changes of vc.

Contact pressure on the tool tip also increases (from 1495 MPa to 1615 MPa) when vc increases
from 100 m/min to 300 m/min, Figure 7b. Moreover, /¢ is playing a minor role on the contact
pressure variation at the tool tip. In fact, the contact pressure slightly increases (from 1525
MPa to 1585 MPa) by increasing Ac from 40 pum to 60 um, Figure 7b. Figure 7a and 7b show
that higher cutting speed increases both contact pressure and temperature at the tool tip when
cutting with uncut chip thickness comparable or lower that edge radius of the tool. Contact
pressure is a function of forces on the contact zone to area of tool-chip contact, as indicated
also in figure 4, because of higher chip curl back with higher cutting speed the area of contact

decreases so the pressure is higher and because of frictional behavior the shear stress and

temperature on tool are higher.

Figure 4. Chip formation with CEL approach, a) ve = 300 m/min, hc = 60 um, b) hc 300 m/min,
hc =40 um, c) ve = 100 m/min, hc = 60 um, d) vc = 100 m/min, hc = 40 um

19



Figure 5. Tool tip temperature (°C), a) ve=300 m/min, hc=60 um, b) vc=300 m/min, hc=40 um,
c) ve=100 m/min, hc=60 um, d) ve=100 m/min, hc=40 um
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Figure 6. Contact pressure (Pa), a) ve=300 m/min, hc=60 um, b) vc=300 m/min, hc=40 um, c)
ve=100 m/min, hc=60 um, d) vc=100 m/min, hc=40 um
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a) Main Effects Plot for Temperature {t}
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Figure 7. Main effects plot a) Tool tip temperature, b) Contact pressure at reference point
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5.2. Comparison between CEL and ALE

The summary and results of two models are reported in Table 3 and chip formation for

each is illustrated in Figure 8. The comparison between CEL and traditional ALE approach

gave interesting results. Simulation outputs indicate that CEL is more expensive in terms

of computational time (simulations are executed with single processor on Intel(R)

Core(TM) 17-4500U CPU @ 1.80GHz) while this technique showed a better prediction

performance for all of process outputs. In conclusion of this case study, CEL model despite

of its demand for more computational power can predict simulation outputs better than

ALE approach.

Table 5. Thermo-mechanical properties of AISI 1045 and uncoated carbide tool [9,36]

CEL

ALE

Simulation outputs

Computational time

95 Min and 12 Sec

79 Min and 47 Sec

MPE Cutting Force 22.8 % 31.1 %
MPE Thrust Force 19.0 % 35.2%
MPE Chip thickness 7.43 % 10.6 %

a) +1,122e+09 b} +1.111e+08

V55456108 18 05ae108

+B.413e+08 183556 08
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ALE model

Figure 8. Von Mises stress (Pa) distribution in FE simulation of microcutting a) CEL model, b)
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6.

[1]

[2]

Conclusion
CEL approach can be an attractive technique for FE modeling of metal cutting since the
topography of the mesh (shape and size) is constant during the simulation and material flows
within the domain and independent of mesh. Therefore, there are two advantages behind this
modeling technique: i) the mesh cannot be distorted, ii) the computational effort can be
adjusted by localized mesh refinement. Eventually, these two factors are very important in
every machining simulations. This study explored the capability of CEL approach in predicting
micro cutting process outputs by considering fully thermo-mechanical input parameters of
working materials and contact properties. A 3D model has been built and experiments have
been carried out to validate the achieved performance. Results indicate that there is a good
potential for the use of the CEL approach in the material removal process simulation at the
micro scale. This study revealed that the developed CEL model predicts the micro scale cutting
process outputs with reasonable accuracy, i.e. with mean errors less than 20%.
Further investigations have been dedicated to study the effects of uncut chip thickness and
cutting speed changes on tool tip temperature and contact pressure. According to the simulation
results, the following remarks can be summarized in micro cutting conditions where uncut chip
thickness is lower than the cutting edge radius:
1. The tool tip temperature increases with cutting speed and uncut chip thickness and the
amount of this increase is more pronounced with the cutting speed growth.
2. The contact pressure at the tool tip is also subjected to the same behavior as the tool tip
temperature when cutting speed increases. In fact, simulation outputs illustrate that the

contact pressure is higher for high cutting speeds compared to low cutting speeds.
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