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Abstract

The aim of this study is to realize a simple simulation tool, in order to predict the form defect of
cylinder block bore liners in the moment of rough boring process. In this study a simple static FEM
model, based on the cylinder block geometry, is proposed to predict the form defect of the bore
liners in the moment of process.

The simulation results put forward that the clamping condition plays an import role in the bore
distortion. Consequently, optimizing the clamping pressure and its localization is critical, before
cutting parameters adjustment, in line boring process. Experimental validation is performed in
parallel with the simulation. The first correlation between experimentation and simulation results
shows that the first influent factor which disturbs the correlation is the initial form defect of rough
part due to the casting process. Integration of casting form defect in the simulation is crucial and
should be taken into account in the next studies.

Introduction

Geometrical defect predictions is critical for Process Engineering in order to optimize all machining
sequences in the production line, to garantee the final product, according to the norms defined by
the Design Engineering. In revenge, Process Engineering can suggest a new product design
according to geometrical defect predictions. Simulation can significantly reduce the time of Process-
Product parameters adjustment (pre-project) [1].

Although not as much as milling and turning, little research effort has been reported in predicting
the boring process [2, 3]. Milling and turning issues are already well covered by available
commercial codes such as CAD/CAM, Catia or Pro-Engineer (NC programming, tool collisions,
time cycles ...) or specialized software such as CutPro for chatter prediction [4]. However,
substantial advancements are to be made to meet all the industrial needs in manufacturing process
simulation [5].

For industrial parts, a numerical method such as the finite element method is required to obtain the
part deformations occurring along the tool path. A few methods are proposed in the literatures that
are mostly based on a time approach, which implies a complex interpolation scheme to obtain the
defect of the whole machined surface [5].
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Force cutting law modeling

Definition of force cutting law modeling. Cutting Force is a force that is generated by the cutting
tool as it machines the workpiece. It can be divided into primary and secondary cutting forces.
Primary cutting force is a cutting force that is directly generated by the relative motion of the cutting
tool with respect to the work piece during machining. It occurs in the same direction as cutting tool
movement. Secondary cutting force is a cutting force that is generated in response to primary cutting
forces, for example, vibrations during the machining. Cutting forces modeling is the mathematical
representation of a machining process in order to study the effects of varying process parameters on
the cutting forces [6, 7].

Machining is a process of chip formation. Although the final purpose is to obtain a determined form
and shape from the cutting of the material, this has to be done by creating defined chips. Thus,
machining is a process in which the components of the process are in such form that the external
forces applied can cause the chips to be fractured to several parts. This fracture can be caused by the
combination of bending stresses: tensile stress and shear stress. Cutting is a process of extensive
stresses and plastic deformations. The high compressive and frictional contact stresses on the tool
face result in a substantial cutting force. Knowledge of the cutting forces is essential to make a
proper design of the cutting tools, of the fixtures used to hold the workpiece (clamping condition)
and cutting tool, for the calculation of the machine tool power, and for the selection of the cutting
conditions to avoid an excessive distortion of the workpiece. As the power consumed by the
machine to take out the process is always a factor to be optimized, cutting force is one of the most
important parameters in the machining operation. In spite of their importance, it is one of the least
understood operation parameters of a machining operation [8, 9].

Mechanism of cutting. In any machining operation, the unit product of the material removal is
called chip. The thickness of the chip is always more than the layer of the metal removed. This is
due to plastic deformation of the metal during the cutting process. The separation of the chip from
the workpiece takes place by shearing. Frictional forces being generated at the cutting edge result in
heat and tool wear.

In the actual cutting of the metal, the tool deforms some of the material and then separates it
through plastic deformation. This elastic and plastic deformation of the metal takes place as it
approaches and exceeds the yield strength of the material as it moves past the tool face. In this
deformation, large forces are produced. For the convenience of analysis and resolution of the
resulting cutting force, F, is divided into three components (Fig. 1) [8]:

The tangential force, F, the axial force, Fr, the radial force, F,,
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(Fig.1: Cutting force components)

The radial cutting force component (F,) is directed at right angle to the tangential force from the
cutting point. The axial cutting force (Fy) is directed along the feed of the tool, axially along the
direction of machining of the component. This is an important force factor in drilling operations.
The cutting ability of the drill geometry will considerably influence the size of the force needed and
as a rule the axial feed force requirement rises with the diameter of the drill [1]. The cutting force
value is primarily affected by the following cutting conditions:

- Cutting speed, v, feed, f, and depth of cut, a,
- Cutting tool geometry (tool orthogonal rake angle)
- Properties of work material

As it may be expected, the size relationship between the force components varies considerably with
the type of machining operation. The tangential force often dominates in milling and turning
operations, especially in power requirements. The radial force is of particular interest in boring
operations that is the case of our study, and the axial feed force in drilling. The size of the radial
cutting force is dependent upon the entering angle used and the nose radius. A 90° entering angle
and small nose radius will minimize the radial cutting force component, which strives to deflect the
tool and gives rise to vibrations. Vibration tendency is one consequence of the cutting forces, as
well as tool or workpiece deflection [10].

Friction force also comes partly into the process as the material is forced onto the tool at great
pressure and high temperature. The pressure depends upon the shear yield strength of the workpiece
material and the area of the shear plane.

Force cutting law. Still no satisfactory model exists for calculating cutting forces for all machining
processes. However, there are several laws that can be found in the literature that propose different
simple and complex models. We study here three of the force cutting law models: linear, Kienzle
and affine force cutting law.



Linear force cutting law. The linear model propose a force cutting law in which cutting force
depends to the depth of cut a, or chip width b) and feed (f) (or chip height h) linearly. The
expression of each component is as following:

F; = K;ay = K;bh with i=c,f,p (1)
However, experiments have shown that evolution of different components for the total cutting force
is not linear. Thus, this law is only valid for the smaller values of chip height (h). The specific
cutting force rate depends to the cutting material and depth of cut (ap). Some specific cutting force
values are given in literature [8].

Kienzle force cutting law. Experiments have shown that the cutting force varies proportionally
with the cutting width (b) but disproportionally with the cutting height (h). The fundamental
Kienzle law associates the value of Specific cutting force with chip height (h) as follow:

h o\ "M
Ki=Kaa(o=)  [Nmm?] )
K; = Kij; h™™ (3)

Equation 3 is only valid for a specific range of chip height (h). Because in case of an infinite chip
height the equation (Eq.3) states that K; goes to 0 and there is no need for specific cutting forces that
is theoretically incorrect.

Kienzle coefficients K; ;| (specific cutting force for the chip area A;=1mm?) and m; (exponent) are
determined experimentally. The relations (Eq.4, 5, 6) are used to calculate the cutting forces in the
identical condition with the experiment which allowed the determination of Kienzle coefficients
values [11]. We can nevertheless apply correction factors if the conditions are not identical.

In order to determine the Kienzle coefficient K; |, | and m; (exponent) values, specific experimental
tests should be performed in the laboratory under a specific cutting condition. Some independent
cutting parameters such as cutting speed (v.), depth of cut (a,), and feed (f) are selected. Then the
measurement of cutting forces (tangential force, F., the axial force, Fy, the radial force, F,) was
made by three component measuring gauge. Regression analysis needs to be conducted in order to
determine Kienzle coefficients K; | | (specific cutting force for the chip area A;=Imm?) and mj
(exponent) [11].

However, it should be noted that K; ; ; is the specific cutting force for the chip area A.=1mm?.
Similarly, it should be noted that this expression is only valid over a given range of h values.

(1-m;) represents the force increasing rate for a given chip height (h) increasing rate. From equations
(Eq.1) and (Eq.3) the expressions of the total cutting force components becomes:

F. = K.y bh! ™™ 4)
Fr = Ky 1bh' ™™ (5)
Fp = Kplllbhl_mp (6)

We have to note that in the equations (Eq.4, 5, 6) K ;. is the specific cutting force for A;=1 mm?,
K, 1,1 1s the specific feed force for Ac=1 mm?, K,, ;1 is the specific passive force for Ac=1 mm?, m, is
the slope coefficient for cutting force, my is the slope coefficient for feed force and my is the slope
coefficient for passive force.

Affine force cutting law. Experiments have shown that the variation of the cutting force as a
function of chip section thickness gives a fairly correct alignment from a certain value of chip height



(h). If the chip thickness is in an interval in which the lower limit of the interval is greater than the
chip height value (h), we can model the cutting forces by the affine law.

In this interval, we can write the following expression:

F; = b(A;h + B;) with i=c,fip (7)
There are several ways to determine the coefficients A; and B;:

* The tangent at of a specific point on the Kienzle curve.

* The affine model curve can be determined in a way to get close to the Kienzle model curve in a
specific interval range (using the method of least squares, for example). In this way we can identify
the coefficients A; and B;.

The affine law provides a very good estimation of the cutting forces in a specific interval of chip
height (h).

Relation between different components of cutting force. It is possible to describe the cutting
force components as functions of the each other. For this it is necessary to know the three following
parameters:

e The depth of cut a,
e Lead angle K,
e (utting corner radius or nose radius r

Table 1: Relation between different components of cutting force

K, < 60° 60° < k. < 90° 90° < «,
E, 0,65 0,5 0,37
a,, 03 X F, a,, 04 X F, a,, 056 X F,
/T'g /rg /ré‘
Ff 0,5 % F, 0,5%E, 0,6 X F.
So we can deduce a relationship between specific cutting forces as follow:
Table 2: Relation between different specific cutting forces
K. < 60° 60° < k. <90° 90° < k,
K, 0,65 05 0,37
7 03 X Ke o 0a <K a,, 056 X K,
*/r, P/, /r.
K; 0,5 X K, 0,5 % K, 0,6 X K,

Choice of force cutting law. The choice of force cutting law for boring simulation tool was based
on the Kienzle law. Indeed, this model has the advantage of better estimation of cutting force
evolution because of disproportionate dependence on the chip height (h).

Furthermore, the coefficients of Kienzle model are obtained experimentally and can be adjusted if
the process parameters such as cutting conditions or cutting tool parameters, are slightly different



from the experiment in which the process parameters are define. In rough line boring process the
vibration is very low and the chip thickness is relatively high (4 mm). In such a condition in which
the vibration and the chattering are not the important issues, choice of Kienzle law appears
appropriate.

Rough line boring FEM tool

For industrial parts, a numerical method such as the finite element method is required to obtain the
part deformations occurring along the tool path. A few methods are proposed in the literature. Most
are based on a time domain approach, which implies a complex interpolation scheme to obtain the
defect of the whole machined surface [12].

The aim of this study was to provide a user friendly simulation tool for rough line boring of cylinder
blocks in static domain. Thus, the tool must allow the user to set the input parameters and to
visualize the results of the simulation through an easy to use interface. The choice is therefore
focused on the use of Excel to achieve an interface, which has the advantage of being known and
mastered by all.

Rough line boring FEM tool - Calculation Methodology. The cutting force for each tooth of the
reamer is applied to the circles which their radius is about twice of bore liner thickness. The aim is
to spread the load across multiple nodes instead of applying one-time effort on each node that has
no physical meaning .Application of the efforts of a reamer to 3 teeth). It is possible to simulate the
tool trajectory by a simple static model and an elastic-plastic constitutive law. Indeed, the ABAQUS
software allows the linking calculations via steps through a Python sub-routine. Thus, we can model
the efforts of the tool at time (t + 1) by applying a new step of calculation, on the circles which have
an angular offset, compared to the tool position at time: Position of the tool at time t + 1).
According to this methodology, we can model the cutting forces created by the reamer for each level
of bore liner. Successive positions of cutting forces over the bore liners).

All the steps defined in the simulation allow us to apply cutting efforts on 3 levels of bore liner: top,
middle and bottom, corresponding to 3 levels of metrology control. The number of calculations or
steps depends on the number of cylinder block’s bores and the number of required tool position to
perform the machining. From one side the number of the reamer teeth and from the other side the
diameter of the bore liner for each level (top, middle, and bottom) is needed, to identify the numbers
of successive circles/ nodes for applying cutting forces.

Rbeircies Jievels ®)

nbcalculations = nblevels X nbbores X nb
toot h

The output of the FE calculation will be an Excel file with two types of results:
e First results contain the displacements of each bore as a function

o of'the tool path and level of the bore liner in the moment of the line boring process;

e Second results contain the displacements of each bore as a function of bore liner level after
line boring process.

The tool will run through a python script that



* Creates data layout for ABAQUS by generating .inp file in with the boundary conditions such as
iso-statisme condition, clamping pressures, material properties and the corresponding cutting forces
for line boring process are defined;

* Starts ABAQUS software and runs .inp file on Renault’s calculation server;

* Carries out the results post-processing in .dat file generated by ABAQUS software and presents
them in an Excel file.

The tool can then be divided into three sub-routines (see Fig.2 and Fig.3):
* Sub-routine corresponding to the entries that are defined in the Excel interface;
* Sub-routine for the data layout and calculation defined by Python routines and ABAQUS solver;

* Sub-routine corresponding to the outputs presented in an Excel file.

¢ Cylinder Block choice
= o=\ W {I=8 * Tool choice
* Cutting condition parameters

%, + Selecting the nodes on the border of all bore
liners (spherical zones)

- » Applying cutting forces on the selectioned nodes
* Runing the FE calculation

Calculation
* Solving the FE calculation

Abaqus

» Getting out the displacments associated to all the
nodes

SOV o Treating all the results in the Excel file

N
m;;w,;m:w s Visualizing the forme defece curves/values in
- excel file

(Fig.2: Rough line boring FEM tool- Calculation Methodology)
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(Fig.3: Rough line boring FEM tool- Calculation Methodology)



(Fig.4: Boundary conditions during the process- constraint surface- lock pads-clamping forcess)
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(Fig.5: Rough line boring FEM tool- Calculation Methodology)
Industrial Application of the FE tool

The methodology is tested for a prototype cylinder block in an automotive company. Fuel efficiency
requirements whether based on fuel consumption, fuel economy, or CO;, have made and will
continue to make a profound impact on the automotive industry.

The aim of the simulation was to confirm the cutting process parameters (iso-statisme, cutting
condition...) from one side and to predict the bore liner form defect (circularity, cylindricity,
displacements...), after the process, from another side. A comparative numerical study is performed
between the cylinder block manufactured in the production line (type A) and the prototype one with
mass reduction (Type B).

Same cutting forces were applied over 3 levels of the bore for each cylinder block. The final results
did not show a big difference in terms of the displacements observed between 2 cylinder blocks.
These calculations helped us to avoid several prototypes manufacturing and tests in order to validate
the Product-Process parameters.

Kienzle law for industrial application. The same cutting condition is applied on both cylinder
blocks: the one in the manufacturing lines (Type A) and the prototype one with 2 kg of mass
reduction (M9TGEN4 light). The cutting conditions are as follow:



K-=90° a,=2.35 mm f,=0.25 mm/tr Nieet n=3

Via these cutting conditions and the values found in literature for Kienzle coefficients: K; ; ; and m;,
the cutting forces are calculated . These coefficients are related directly to the interaction between
the cutting tool and the cylinder block (cast-iron) materials. A simple elasto-plastic constitutive law
is used in ABAQUS software to compute the mechanical properties of both cylinder blocks.

K= 950 m,=0.28 h =0.25 mm
F, = 822.8 N F; =4937N  F, =2469N

Cutting Forces  F; = K;; ;bh!™™:

1000
/

900
800 /

700 /

600

500 / . Fcib
400 / : Ff/b
— : ——Fplb
200 / 4 B il

100 A

Fifb (Nfmm)

0 02025 g4 0.6 08 1 1,2
h (mm)

(Fig.6: Cutting forces by Kienzle law)

It seems that the cutting forces obtained by Kienzle law are very low values. The cutting force
values should be optimized by accurate measurement of Kienzle coefficients: K; ; ; and m; through
experimental tests (See Fig.6).

Main results of modeling for industrial application. Different scenarios are studied for cylinder
block type A and B:

1. Bore distortion under clamping pressures for type A;
2. Bore distortion under cutting forces without any clamping pressure for type A;
3. Bore distortion under both clamping condition and cutting forces for both types A and B.

Four clamping forces (3 forces equal to SKN and one force equal to 10KN) are applied to one
face of cylinder block and for each clamping point in the opposite face there is a constrained point
to assure the stability of the part during machining process. The results for the first scenario are
shown in Fig.7. It seems that the bores are more displaced and less distorted. Bore number 4, is
slightly distorted in addition to the displacement. This can be explained by the fact the clamping
forces are stronger close to the bore number 4 in compare with the others.
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(Fig.7: Bore distortion for type A cylinder block under clamping forces)

Results for the second scenario are illustrated in Fig.8. The distortion of the bores is studied for one
tool position (for a reamer with 3 teeth). The distortion due to the cutting process is not very
important compared to the displacement obtained under clamping forces (see Fig.7 and Fig.8)
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(Fig.8: Bore distortion for type A cylinder block under cutting forces)

Finally when the clamping condition and the cutting forces are mixed together and the results are as
follows (see Fig.9):
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(Fig.9: Bore distortion comparison between type A and B cylinder blocks under cutting and
clamping forces)

Comparison of displacements and distortions between MOTGEN4 and M9TGEN4 light shows that
the difference of rigidity between the cylinder blocks, is not significant (less than 8%). Thus, the
mass reduction of 2 Kg did not have an important impact on the cylinder block’s rigidity. These
calculations confirmed the cutting parameters of the prototype cylinder block (MOTGEN4 light).



Simulation and experimental correlation. The experimental tests are conducted on the prototype
cylinder blocks. The idea of these experiments was to measure the circularity default of cylinder
bores on the top, middle and the bottom of the bore, before and after rough bore lining process, over
2 prototype cylinder blocks. Unfortunately due to the confidentiality issue, these results are not
demonstrated in this paper. The first metrologies on the rough part, before and after the process,
showed that the first influent factor which disturbs the correlation between the simulation and
experimentation is the initial form defect of rough part due to the casting process. Integration of
casting form defect in the simulation is crucial and should be taken into account in the next studies.

Summary

This study presents a simple model of cutting forces via Kienzle law. Once the cutting forces are
computed, a Python routine is developed for activating the ABAQUS software and imposing the
boundary conditions. Finally the form defect results (circularity, cylindricity, displacements,) are
shown in an excel interface. The FE tool is tested for a new prototype cylinder block. The
comparative simulations between the cylinder block in the production line and the prototype one
proved that the mass reduction will not significantly change the rigidity of the part. The same
cutting parameters are chosen for the prototype cylinder block thanks to this modeling. The
simulations showed that clamping conditions play an important role in the bore distortion of the
cylinder blocks. Impact of clamping forces in some cases (cast-iron cylinder blocks) can be more
important than the cutting forces, so it is essential to optimize the clamping conditions in the first
stage of process.
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