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Abstract— In this paper it is examined the use of finite

elements in predicting the cutting forces of machined parts of

stainless steel AISI 316L through turning. The process were
held in high speed machining which continuously improves and
it has be found application in more and more manufacturing
processes like aerospace industry, in die and mold companies
and in the last years also in bioengineering in manufacturing
hip joint implants. The cutting forces, which were measured
through experimental process, were compared with predicted
ones from the finite element modulation, and it was exported
that they can be predicted with good precision when machining
with the FEM model.

Index Terms— FEM analysis, High speed Machining,
Cutting Forces, AISI 316,

I. INTRODUCTION

TURNING is a type of material processing operation where
a cutting tool is used to remove an unwanted material to

produce a desired product, and is generally performed on
a lathe. In recent decades, considerable improvements were
achieved in turning, enhancing machining of difficult-to-cut
materials and producing better surface finish. Various
methods, such as high-speed machining (HSM), have been in
use for considerable time [1]. This is not really a new
technology. First investigations have been performed by
Salomon in the twenties. However, these investigations were
only ballistic analysis. The improvement of machine tools
and controls made HSM possible in machining operations in
the seventies [2]. However, this method and all metal
machining processes are characterised mainly by quick
changes in quantified elements. Individual changes do not
occur in isolation and they influence each other. The analysis
of these changes requires study of the complicated complete
systems in their real situations. The study of cutting
processes such as turning and facing, from dynamic aspects,
is very important. The trend towards the measurement of
cutting forces in machining leads to many theoretical and
practical problems. Theoretical problems associate mainly
with the choice of a suitable technique to measure, and the
statistical methods to analyse the components of cutting force
to be determined in realtime. Practical problems involve the
errors and uncertainties relating to the measurement system

used [3].
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The cutting operation is controlled by the parameters v,
(cutting speed), d (cutting depth) and f (feed rate). The
results obtained include specific quality of a machining
surface but also cutting forces and tool wear. Only the
knowledge of such results could help us to choose an
appropriate set of work piece-cutting force-machine tool for
a projected industrial production'’. In this paper, it will be
presented the effect of the aforementioned parameters on the
cutting forces, during the HSM manufacturing of metallic
femoral head, from stainless steel AISI 316L. The forces
were measured by a series of experimental measurements.
Furthermore there were analysed by the Finite Element
Method using AdvantEdge™ and compared with the
experimental results.

The results were analysed through the Analysis Of Variance
(ANOVA) in order to eliminate the fault factor and they were
also evaluated according to the produced surface roughness.

II. CUTTING FORCES

Material removal described so far is known as
orthogonal, producing only two cutting forces; when turning
these is axial and tangential. Tangential cutting force is by far
the greater and axial cutting force is the force required to
keep the cutting edge in contact with the. Oblique cutting
introduces a third cutting force, radial. It is known that the
cutting edge is not perpendicular to the axis of rotation as in
orthogonal turning. Tangential cutting force resists the
rotation of the work, as relatively high speeds are used the
bulk of power consumption lies here. Axial cutting force
resists the travel of the tool, however this is a relatively low
speed compared with rotation of the work, so for all practical
purposes power consumption may be ignored [5].

Furthermore investigations have shown that increasing
cutting speed leads to reduced cutting forces and better
surfaces. The effect of the cutting speed increase on the
cutting forces during the turning process is the reduction of
forces. Tests proved that for every investigated steel the
cutting force decreases down at approximately 450N when
the cutting speed increases up to 500 m/min with feed rate
0.1 mm/rev and cutting depth at Imm. For the steel with the
larger grain sizes, higher forces are to be applied in each case
of material separation. At cutting speeds above
approximately 800 m/min no further reduction of cutting
forces was detected. Therefore, it can be assumed that above
this cutting speed HSM conditions are present concerning the
cutting forces for these steels [6,7].
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III. FINITE ELEMENT ANALYSIS

The method of finite elements (FEA) was developed
from one special concept: A work that acts on a Form is
divided through analysis in a big amount of small parts
(elements), which shows the developing of an action on the
part[8]. The method is a numerical analysis technique for
obtaining approximate solutions to a wide variety of
engineering problems. Although originally developed to
study the stresses in complex airframe structures, it has since
been extended and applied to the broad field of continuum
mechanics[9]. Through the years it has become a powerful
tool for the numerical solution of a wide range of engineering
problems. Applications range from deformation and stress
analysis of automotive, aircraft, building. In this method of
analysis, a complex region defining a continuum is
discredited into simple geometric shapes called finite
elements. The material properties and the governing
relationships are considered over these elements and
expressed in terms of unknown values at element corners
[10].

Looking at the literature for metal cutting with FEM, it is
observed that a large part of them describe the simulation
results of the chip formation process during orthogonal
machining [11-15]. Furthermore there are also papers, that
describe the stresses during the machining [16-18], tool wear
[19] and of course cutting forces [20-23]. In all these
projects, there were utilised a number of softwares like Marc,
Abaqus, Deform 2D/3D, Nike, AdvantEdge, etc.

Predicted results may vary with software and with the
input data so the choice of the software is of extreme
importance. Finite element software, specific for machining
operations, was chosen to simulate the metal cutting process
(in this case, a turning operation). Therefore, AdvantEdge™,
supplied by Third Wave Systems, was used in this study.
This commercial software package was built from the start
with metal cutting operations in mind, allowing simulating
turning, drilling, milling, micro machining, etc in either two
or three dimensions. It uses adaptive meshing to help
improving the quality and the accuracy of the predicted
results and it also supports several workpiece material
libraries. Unfortunately, the solver cannot be controlled by
the user but fast setups for several simulations can be done
easily because of the easy to use software interface [24].

IV. MATERIAL AND METHOD

For this investigation, there were held a number of
cuttings, which variables was based on the design of
experiments methodology™2%. Eight experiments represent
2% factorial designs with added ten points in the middle edges
and faces of the representation cube, Fig. 1, was taken.
Taking into account three different levels for each variable,
as shown in Table 1, there were taken the experimental
conditions for 18 experiments, shown in Table 3.

TABLE I
UNITS FOR MAGNETIC PROPERTIES
Factor, coding (unit) Low (-1) Centre (0) High (1)
Cutting speed, v (m/min) | 264 352 440
Feed, f (mm/rev) 0.06 0.08 0.12
Depth of cut, d (mm) 0.1 0.15 0.2
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Fig 1. Representation of a 2* factorial design with added parameters

A. Workpiece and cutting tool material

The materials, which was manufactured in a CNC lathe
OKUMA Lb 10II, was from AISI 316L steel, which hardness
was 79HRB, as shown its properties in Table 2. Medically,
the uses of stainless steels like 316L, although their high Fe
contents render them non-compatible with magnetic
resonance imaging (MRI) and to be poor fluoroscopic
materials. In spite of their limitations and a myriad of
materials have been chosen (like titanium), stainless steels
are still favoured, as evidenced by the fact that seven out of
the eight implants approved by the US Food and Drug
Administration are made of stainless steels[27].

R

Fig. 2 Experimental procedure (a) the CNC Lathe which was used, (b)'
inside the cabin where there are the device to support the dynamometer (b;),
which sends its signal to amplifiers (b,) and (c) the final femoral head
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Regarding the use of coolants, 316L better results in tool
wear and piece roughness are achieved when external coolant
(emulsion 4-5% of a mineral oil in water) is used™.
Furthermore, the development of new materials for cutting
tools, such as TiN-coated cemented tungsten carbides, has
also led to better control of the material removal process’*”

U Therefore, a coated tool from SECO specification:

DNMG 110404 - M3 with TP 2000 coated grade was used =
for the manufacturing process. This has rhombic shape with Z T ZRITERILSRILNNT LT
cutting edge angle 55° and are intended for general turning \8-/
on steels and alloyed steels, as they are coated with four E gl . -
layers of Ti (C, N) + ALO; + Ti (C, N) + TiN. The rake ki SEEALIZRBRSARTSSaa=
angle mounted in the toolholder is y-5° and inclination angle =
is A,-9.5°. The tool cutting edge angle is x 93°. -Lé 2lece wooo -
Small cylindrical parts with diameter 30mm and length 5 ISR IXZZEZCRARREKITI AL
28mm with a conical hole were used to manufacture the 3
spheres, femoral heads, Fig. 2. 2 Alugagssgugoaroaoaess
TSN AN NOT NN~ —ANn AN~ — A<
TABLE I
N MATERIALPROPERTIES ) ém%c\lowo-—l\c\l\ovmv—oocmw
Material Properties AISI 316L Stainless Steel TN oot~ AT AAQAN®OD
Physical ~
Dei,lsity 8 g/cc i % o o “
Mechanical 5lg Yl ceoaanlecsIiage
Hardness, Rockwell B 79 21
Tensile Strength, Ultimate 560 MPa & 2 <
Tensile Strength, Yield 290 MPa % 5 ® % % § Q g E % % Quxwn % faAg® rE
Elongation of Break 50% e
Modulus of Elasticity 193 GPa g
Poisson ‘s Ratio 0.29 E %\ggaagggggggpaglg%@%
Z noonNaAaNNOUWVMMNONHAN —— NN — — — A <F
3
B. Measurements 2 ] P I
During the procedure there were measured the forces that % 50
acted to the tool. For this reason a special device held a E -§ X g
Kistler dynamometer 9257A, as shown in Fig. 2b. This is a § o Y o
three-component piezoelectric dynamometer platform. The m o7 e
force data were recorded by a specifically designed, very = T T T T T T e e e e e
compact multi-channel microprocessor controlled data 1=
acquisition system with a single A/D converter preceded by a 2=
multiplexer. The results are recorded in Table 3. &= g
C. Finite Elements Analysis 3 XANLLXANNRVOORNNROO 0N
After the experiments, there were held a number of a ceeseseseseseeeeeS
analyses according to the experimental conditions. Through _
AdvantEdge™ software there were all experiments run in § é
simulation mode in order to predict the cutting forces and to o g
. . ~ St aaaocococoocooaAaaAaal st <t <t
compare the experimental results with the results from the CognunIIIIIINLLSSS
analysis. The software inputs parameters are shown in Table
4. P
F
V. RESULT AND DISCUSSION = R R LR bbb bbbl
In Table 3 it can be seen all the results that exported
from this project, the experimental and the predicted results S =
from the AdvantEdge™ software. However, during the 2O ) B S
process of manufacturing femoral heads, because of the TAOT IO RO
spherical shape of the manufactured parts, the cutting depth
is changing, as the tool follows its cyclic route. For this
reason during the prediction process with the FEM, there
must be taken, several cutting depths into account. For this
analysis, there was examines the forces when the tool was at
9°, 30°, 60° and 90° according to the axis of revolution of the
parts.
ISBN: 978-988-19253-5-0 WCE 2014
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TABLE 1V
SOFTWARE INPUT PARAMETERS
Workpiece
Workpiece length 5.0 mm
Workpiece height 3.0 mm
Workpiece material AISI316L
Tool
Rake angle 6.0°
Rake face length 2.0 mm
Relief angle 10.0°
Relief face length 2.0 mm
Cutting edge radius 0.04mm
Material Carbide-General
Coating (3 layers) TiN: 0.0lmm
AlO3: 0.02mm
TiC: 0.0lmm
Process
Depth of cut 0.1 and 0.2 mm
Length of cut 3.0mm
Feed 0.06, 0.08 and 0.12 mm/rev
Cutting speed 264, 352 and 440 m/min
Friction coefficient Default
Coolant Used
Simulation
Maximum number of nodes 24000
Maximum element size 0.1 mm
Minimum element size 0.02 mm

If there is a comparison between the results in order to
find the error, it will be two pairs, the error between
numerical and experimental values and the error between
predicted and experimental values. The errors can be found
using the following formulas:

‘Experiment alvalue — Pr edictedval ue‘
x100 %

Error = -
Experiment alvalue

From the comparison of the values it is exported that the
error is not grater than 11.5% for the majority of the
experiments. There are two values which have error 16.5%
and 31.5%. For this two pair it can be concluded that there
were a mistake during the procedure or a measurement fault,
something which affect the result. For all the others the
different is normal, because with the Finite Element analysis
which is predicted the values there will be an error less than
15%. A clear view of these results it can be exported from
the graphs below, Fig. 3 and 4, where there the results for
the two cutting depth, 01 and 0.2mm.
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Fig. 4 Comparison of cutting forces between experimental and predicted
values for cutting depth of 0.1mm

In order to compare better the results of the two methods,
numerical and experimental an analysis of variance
(ANOVA) was held between the forces and the cutting
parameters separately for each method. The variation
between the groups of cutting parameters represents
systematic variation due to the effect on the forces. The
between-groups variation is often called the effect variance
and the within-groups variance is often called the error
variance. In statistical terms, the analysis will tell whether the
groups differ significantly or not. If a result is statistically
significant, it tells that the group means are too different to
have been that way by chance alone. Two levels of
significance, p<0.05 and p<0.01, are typically employed in
statistics. These mean that the probability of getting that
result alone is less than 5% and 1% perceptively. These give
pretty good confidence that the result obtained is a true
reflection of an actual difference [32,33]. Through this
analysis, it was examined an important aspect of statistical
modelling, which distinguishes it from mere function
approximation, the interpretability of results [34]. In Table 5
it is shown the analysis of the experimental Forces and in
Table 6 the analysis of predicted Forces.
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Fig. 3 Comparison of cutting forces between experimental and predicted
values for cutting depth of 0.2mm
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TABLE V
ANOVA OF THE EXPERIMENTAL RESULTS

Source DF SS MS F P
Cutting Depth | 1 4900.5 4900.5 53.10 0.000
Cutting Speed | 2 1834.8 917.4 9.94 0.003
Feed rate 2 7057.4 3258.7 38.23 0.000
Error 12 1107.6 923
Total 17 14900.3

$=9.60710 R*=92.57% R*(adj) =89.47%

TABLE VI
ANOVA OF THE PREDICTED RESULTS

Source DF SS MS F P
Cutting Depth | 1 4933.6 4933.6 67.61 0.000
Cutting Speed | 2 1309.8 654.9 8.15 0.006
Feed rate 2 4333.4 2166.7 26.69 0.000
Error 12 875.7 73.0
Total 17 11452.4

S=8.5423 R?>=9235% R*(adj)=289.17%

It is obvious that their confidence interval for three is
very good, over 90% and too close to numerical, with
91.45%. Also the calculated F — values, which shows the
ratio of the mean square of parameters to mean square of
pure error are close. For numerical results and predicted
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ones, the F-value for cutting speed is the same for both of
them. Hence all three analyses are found to be adequate.

In Figure 5 there is the comparison of the distribution of
temperature and chip between four analyses, with the first
440m/min cutting speed, 0.06 mm/rev feed rate and 0.2
cutting depth at position of 60°, the second with 264m/min
cutting speed, 0.06 mm/rev feed rate and 0.2 cutting depth at
position of 9° the third 352m/min cutting speed, 0.08
mm/rev feed rate and 0.2 cutting depth at position of 30° and
the forth with 440m/min cutting speed, 0.12 mm/rev feed rate
and 0.1 cutting depth at position of 9°.

From this comparison it can be seen the form of the chip
that is produced, when the cutting speed and feed rate
changes.

i
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Fig. 5 Distribution of temperature and chip between (a) 440m/min cutting
speed, 0.06 mm/rev feed rate and 0.2 cutting depth at position of 60°, (b)
with 264m/min cutting speed, 0.06 mm/rev feed rate and 0.2 cutting depth
at position of 9°, (¢) 352m/min cutting speed, 0.08 mm/rev feed rate and
0.2 cutting depth at position of 30° and (d) with 440m/min cutting speed,
0.12 mm/rev feed rate and 0.1 cutting depth at position of 9°

As it can be seen also, the values of the forces are
decreasing as the cutting speed increases and the cutting
depth and feed rate is decreasing. The highest decrease was
for cutting speed of 352m/min, where for the same depth and
feed rate, there were at about 25% decrease. For cutting
speed 440m/min the amount of change was smaller. The
effect of cutting speed can be attributed to the fact that as
speed decreases, the shear angle decreases and the friction
coefficient increases. Both effects increase the cutting
force[35]. From the other hand the increase of cutting depth
and feed rate, increases the amount of the removed material,
so is increasing the resistance to the tool, which means the
increase of the cutting speed. To this increase, it can be
outputted that the cutting depth affects the forces directly
proportional as it quite double, when the depth is twice
increased. However the proportion of the feed rate is not
direct, according to the results, which lead to the choice of
the k2 factor in the numerical model.

So in these experiments, the forces for the
manufacturing with cutting speed 440m/min, cutting depth
0.1mm and feed rate 0.06mm/rev are the smallest from all.
So in these conditions it can be made easier and with less
tool wear the manufacturing of the spheres of femoral heads.
As the feed rate becomes bigger up to 0.12mm/rev the forces
increases and with the cutting depth the relevance between
them is proportional. The highest cutting force were logically
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at 264m/min cutting speed with cutting depth 0.2mm and
feed rate 0.12mm/rev, and its value 129N.

Surface roughness

To fully characterize the process quality, all balls were
measured after their fabrication in an Atomic Force
Microscope (AFM). This technique was used for two
reasons. Firstly, we have to measure very low and accurate
values of roughness, and secondly, it is a quite good method
for measuring spherical surfaces, as it can measure a very
small surface, i.e., 50 x 50 um, considering it as a flat portion
of the sphere. It was found that the surface quality becomes
better as the cutting speed increases. The surface roughness
was predicted by measuring at five points of each sphere.
Each measure was revised three times, in order to eliminate
the fault factor. This procedure was repeated for a number of
places along the profile, where the heights of lays and feed
marks variation play a significant role for surface quality.
The results of four measures, as they have been taken from
the software of the AFM, are shown in Fig 6.
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Fig. 6: Surface topography of manufactured femoral heads (a) with

352m/min cutting speed, 0.06 mm/rev feed rate and 0.2mm cutting depth,

(b) with 440m/min cutting speed, 0.06 mm/rev feed rate and 0.2mm cutting

depth, (¢) with 440m/min cutting speed, 0.06 mm/rev feed rate and 0.1mm

cutting depth, (d) with 352m/min cutting speed, 0.08 mm/rev feed rate and
0.1mm cutting depth

b

(c) -

It must be noted, that the scale of 50pm in the x and y axis is
not the same with that of the z axis, which has peak value of
1.7 um; see also Fig. 6a. The z scale was enlarged 16 times
in order to be visible the surface marks. As it can be seen,
there are a number of lays and feed rate marks, as expected
in any cutting process. However, their values are so small
and only the picks take values close to 1.3 um, not
significantly affecting in the results for the mean roughness
Ro. From the graph of Fig. 7, surface roughness seems to
become lower, as the cutting speed increases. However, with
reducing both the feed rate and the cutting depth, the
roughness improves and takes the values closer to the
international standards limits for femoral heads [36-37].
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Fig. 7: Surface roughness for manufacturing spheres

VI. CONCLUSION

To summarize this paper refers to the forces that act on
the tool during the manufacturing of femoral heads with high
speed turning.

1. The predicted values from the finite element software
in this investigation have a deflection not more than
12%.

2. The higher the cutting speed and lower cutting depth
and feed rate the lower are the cutting forces that acts
on the system tool and manufactured part.

3. The highest decrease was for cutting speed of
352m/min, where for the same depth and feed rate,
there were at about 25%

4. Expansion of tool life, because small cutting forces
cause less tool wear, and of course to better surface
quality which plays a very important role to the
manufacturing of femoral heads according to the strict
regulations of ISO 7206.

5. An increase in tool life was throughout apparent due to
small cutting forces and better surface quality.

as the conclusion. A conclusion might elaborate on the
importance of the work or suggest applications and
extensions.
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