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Simulation of 3D chip shaping of aluminum alloy 7075
in milling processes®
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Abstract: By adopting an equivalent geometry model of machining process and considering thermo-plastic proper

ties of the work material, a finite element method( FEM) to study oblique milling process of aluminum alloy with a

double-edge tool was presented. In the FEM, shear flow stress was determined by material test. Re-meshing tech-

nology was used to represent chip separation process. Comparing the predicted cutting forces with the measured

forces shows the 3D FEM is reasonable. Using this FEM, chip forming process and temperature distribution were

predicted. Chips obtained by the 3D FEM are in spiral shape and are similar to the experimental ones. Distribution

and change trend of temperature in the tool and chip indicate that contact length between tool rake face and chip is

extending as tool moving forward. These results confirm the capability of FEM simulation in predicting chip flow

and selecting optimal tool.
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1 INTRODUCTION

Metal cutting is one of the most common man-
ufacturing processes for producing parts of desira-
ble dimensions. M achining operations comprise a
substantial portion of the world s manufacturing
infrastructure. Some studies have found that do-
mestic expenditures on machining amount to be-
tween 3% and 10% of the annual US gross domes-
tic product( GDP): between $240 to $850 billion
dollars in 1998'" ?!.

economic and technical importance, machining re-

However, despite its obvious

mains one of the least understood of manufacturing
operations and the machining parameters are still
chosen primarily through empirical tests and the
experience of machine operators and programmers.
This approach is costly, and while databases have
been developed from large numbers of empirical
tests, these databases lose relevance as new tool
materials, machines and workpiece materials are
developed. As a result: A recent survey by a lead-
ing tool manufacturer indicates that in the USA the
correct cutting tool is selected less than 50% of the
time, the tool is used at the rated cutting speed on-
ly 58% of the time, and only 38% of the tools are
used up to their full toolklife capability. One of the
reasons for this poor performance is the lack of the
predictive models for machining'” .

Metal cutting is a highly nonlinear and coupled

thermo-mechanical process, where the coupling is
introduced through localized heating and tempera-
ture rising in the workpiece, which is caused by
the rapid plastic flow in the workpiece and by the

' For ex-

friction along the toolkchip interface'*
ample, temperature up to 1 000 C has been repor
ted in literature. Finite element model( FEM) is an
efficient way to model metal machining process and
help to understand the operation'® . Understand-
ing of the material removal process in metal cutting
is important in selecting tool material and geome-
try, and in assuring consistent dimensional accura-
cy and surface integrity of the finished product, es-
pecially in automated production and precision
parts manufacturing. Metal cutting modeling has
not been easy, and there are lots of problems in the
model, such as the method of establishing material
model, determination of friction coefficient and
heat transfer betw een rake face of tool and chip in-
terface. It needs more studies to settle these diffi-
culties. Although there are lots of literatures about
FEM of metal cutting, majority of them are two-
dimensional ones which are not able to represent

metal machining operation'®*'” . T hree-dimensional
FEM of metal cutting is more close to reality than
coupled thermo-

mechanical finite element model was constructed

two-dimensional ones. A

under some assumptions in the presented paper. In
addition, several special finite element techniques,
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such as friction model have been implemented to
improve the accuracy and efficiency of the finite ele-
ment simulation. It is believed that these models can
be used to optimize the machining parameters, impro-
ving tool design and enhancing machining efficiency.

2 DETERMINATION OF EQUIVALENT AND
UNDERFORMED CHIP GEOMETRY

2.1 Thickness of equivalent and undeformed chip

In the actual milling operation, the tip of the
cutting edge travels on a trochoidal path due to the
feed rate and spindle rotation. However, this path
can be assumed to be circular for small values of
feed per tooth (f:). Thus, only rotational motion
of the tool at a given spindle speed was considered
in the process model'" (Fig. 1). Although thick-
ness of the machining layer is variable continuous-
ly, for f. is very small, it can be approximated
using a circular element that has the equivalent
constant thickness determined from the area of un-
deformed chip cross section. Fig.2 shows the
equivalent machining layer with constant thick-
ness. The equivalent chip thickness (‘hew) can be
represented as

il fx
2r

,\J M- cos '

r is radius of the tool.
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5
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Undeformed
chip

Fig. 1 Sketch of undeformed chip betw een
two tool passes with consideration of
rotation of tool

2.2 Geometry model of milling process

During milling process, the tool moves on a
path in X direction and rotates around its axis at
the same time as shown in Fig. 3. The undeformed
chip is equivalent to a machining layer with con-
stant thickness, as stated in Fig. 2. The cutting
operation can be assumed that tool moves at con-
stant speed and cuts constant-thickness workpiece
material layer, as shown in Fig. 4. The cutter has
a primary cutting edge which is parallel to the cut-
ter axis and a minor cutting edge which is perpen-
dicular to the cutter axis. The length of workpiece

—9 o

/

hequ

Equivalent
chip

Fig.2 Sketch of equivalent machining layer
with constant thickness

. Tool
Material to be cut

Fig. 3 Schematic diagram of milling process

Fig. 4 Schematic diagram of
oblique double-edge cutting

shown in Fig. 4 is 11 mm, and the equivalent chip
thickness is 0. 15 mm. The six degree of freedom
of workpiece bottom is constrained. The inclina-
tion angle of the tool is 27°.

3 KEY TECHNOLOGIES OF FEM

3.1 Interfacial friction and thermal conductivity
Initial temperatures of tool and workpiece was
20 C, and heat transfer coefficient was 11 W/
(mm* + C).
tool contact with chip bottom, and there is slip
zone and stick zone on the rake face of tool. In this
paper, to model the effect of contact friction along

the tookchip interface, the friction law at the took
[12]

During milling process, rake face of

workpiece interface is
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T= m+ 73 (2)
where m= 0.2 and Ois the yield stress at the in-
terface.

3.2 Material model

The workpiece material was aluminum alloy
7075 and tool material was high-speed steel. Both
mechanical and thermal properties have been as-
signed to the workpiece whereas the tool has been
defined as rigid for it is harder than workpiece and
has been given only thermal properties. Although
engineering materials have been studied exhaus-
tively to characterize their stress-strain behavior,
most of these studies were carried out at room tem-
perature and only at low levels of strain (approxi-
mately 0. 3), compared to high temperatures and
strain levels witnessed in machining. For modeling
convenience and availability of data, the following
overstress model was used for 7075' "

For 0 2q

: 9,

6= D - 1 (3
where &, is the effective plastic strain rate, O

is the yield stress at a non zero strain rate, & is
the static yield stress, D and n are material
parameters, respectively (D= 1.6275x 10°, n=

1759y,

3.3 Mesh generation
Tetrahedron is used to mesh the workpiece

and the tool. Fig. 5(a) shows the shape and sur-
face mesh of tool and workpiece at the beginning of
the process. To simulate the chip formation a re
meshing procedure is performed very frequently,
so that the workpiece mesh is frequently updated
and modified to follow the tool progress, as shown
in Figs. 5(b) 7(¢). The total number of element is
32 000. This technique makes possible to simulate
chip separation from the workpiece without any ar-
bitrary predefinition, and improves the computing
efficiency and correctness at the same time.

4 VERIFICATION OF FEM BY EXPERIMENT

To verify FEM of milling process, up milling
experiment is done and milling force is measured
using dynamometer. Table 1 lists the experiment
conditions and Fig. 6 shows the experimental set-
up. The graph in Fig. 7 plots the cutting force
trends: all the three forces in direction X, Y and Z
reach stable values when the simulation reaches a
steady state. The same graph allows for a compari
son between predicted cutting forces and peak val-
ue of measured forces. A very good correlation is
found. The maximal error in three directions is
7.9%, 1.4% and 11%, respectively. The factors
that cause the existence of error are as follows: 1)
there is difference between FEM material model
and actual material properties in machining; 2) the

(b)
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Fig. 5 Predicted chip formation of Al alloy at different machining stages
(a) —Tool displacement of 0 mm; (b) —T ool displacement of 0. 616 mm;
(¢) —Tool displacement of 1.984 mm; (d) —T ool displacement of 9. 225 mm
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Table 1 Experimental conditions

Machine Force Charge Data ~ Workpiece Workpiece
tool  sensor amplifier acquisition material hardness
DMU Kistler Kistler Al
eV70 9257A 5007 pe 7075 HB 120

T ool Rake Clearance Inclination
T ool Tool :
bvoe  materisl diameter/ angle/ angle/ angle/
e mm () () ()
End WO9Mo3-
2 2 4 27
milling Cr4V J 6 #
Depth Cutting Width Rotational
Number
of cut/ speed/ of cut/ rate/
of tooth . o1 .
mm (mm*® min" ) mm (r* min” ")
2 2.1 900 12: 5 3 000

Fig. 6 Experimental setup for measurement
of cutting forces
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Fig. 7 Comparison of cutting
forces result from FEM and experiment

tool is assumed as a rigid body and perfect sharp,
but it is a hone radius edge in experiment and is an
elasticplastic body; 3) the thickness of unde
formed chip which is variable continuously in ex-
periment is equivalent to a constant value in FEM.
Considering the above assumptions and simplifica-

tions, the result of FEM is acceptable.

S ANALYSIS OF CHIP SHAPING

5.1 Chip shaping process

Chip is cut off as waste, but an important
practical problem concerns the formation of chips
produced in machining since this has important im-
plications relative to aspects as follows: 1) safety
of the operator; 2) possible damage to workpiece
and equipment; 3) handling and disposal of swarf
after machining; 4) cutting forces, temperature,
and tool life; 5) energy consumption. So chip for-
In this FEM,
chip formation occurs due to natural flow around
the tool tip where material splits into two parts one
flowing parallel to the tool rake face (chip) and the
other flowing under the tool flank face. This ap-

mation must be studied in detail.

proach requires a Lagrangian formulation with fre-
quent automatic remeshing. This is different from
many techniques found in the literature where a
chip separation criterion has to be specified in order
to let the chip separate from the workpiece (e. g.
using superimposed nodes at the parting lines and
separation based on effective strain or strain energy

[14]

density criteria) In the present work, no chip

separation criterion has been specified to
DEFORM 3D because the chip gets formed as a re-
sult of deformation of the workpiece. To be able to
obtain the natural formation of the chip due to de-
the automatic

formation capability

helps to create a new mesh whenever the current

remeshing

mesh gets server distorted.

Four different machining stages of aluminum
alloy 7075 are shown in Fig. 5. It is obvious that as
the tool moves forward, the chip forms and curls
naturally, not only in X Y plane, but also flows to
the side (in Z direction) because the existence of
inclination angle. As time goes on, the length (ar-
ea) of interface between the tool rake face and bot-
tom of chip extends.

Chip shape comparison is given in Fig. 8. It is
obvious that chip shapes obtained from FEM and
experiment are analogical, and both are spirality.
It should be emphasized that this type of discontin-
uous chip formation is a result of geometry alone
whereas in the turning operation, discontinuous
chips are usually due to fracture of the chip. The
regular chip discontinuity associated with milling
leads to non-steady-state cyclic conditions of force
and temperature. As a tooth engages the work-
piece, it receives a strong shock followed by a var
ying force. The entering shock is detrimental to
tool life.

5.2 Distribution of temperature and strain in chip
The cutting temperature is a key factor which
directly affects cutting tool wear, workpiece sur
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(a) (b)

Fig. 8

(c)

Comparison of chip shape from FEM and experiment

(a), (¢ —From FEM; (b), (d) —From experiment

face integrity and machining precision in machining
process. Two main heat sources are as: primary
heat source along the primary shear zone, and sec
ondary heat source along the toolchip interface.
Primary heat source contributes to the temperature
distribution on the tool side indirectly by affecting
the heat partition ratio along the toolchip inter-
face. The curve in Fig. 9 represents the tempera-
ture evolution. When the tooth engages the work-
piece material cutting temperature rises rapidly.
When the tool displacement is 1. 08 mm, that is
where the operation achieves steady state, cutting
temperature gets a steady value, too.
chining process, the heat generation is localized.
That is why generally the heat loss due to radiation
is not considered . Since almost all the plastic
work in the workpiece transforms into heat, the

In the ma-

fraction of plastic work converted into heat is de-
fined as 0. 9!, Tt is estimated that about 80% of
heat is generated by the mechanical deformation
that creates the chip, about 18% is created at the
tookchip interface or secondary shear zone, and
2% 1is created at the tool tip. The generated heat is
dissipated in three ways: about 75% is taken by
the chip, 5% by the workpiece and 20% is conduc
ted through the tool.

Because of the high-speed rotation of tool and
the very small thickness of undeformed chip, it is
difficult to measure temperature during the milling
process. But FEM of milling operation can obtain
the temperature distribution at any stage during
machining. Fig. 10 shows the temperature distri-
bution of the chip and workpiece. Although the
maximum strain rate and milling stress generate in
the primary shear zone, the temperature of chip-
tool interface is maximal, about 308 C, and the
temperature of the whole chip is very high, too.
This is because when the chip begins to form in the
primary shear zone, high temperature is result
from high strain and high strain rate. The just
formed chip with high temperature has no time to
cool and contact with tool rake face immediately as

400
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Tool displacement/mm

Fig. 9 Change of highest temperature in
chip during machining process

3.085 3% 102
2.796 7X 102
2.508 2% 10%
2.2197X 102
1.9312 X 102
1.642 6 X 102
1.354 1 X 102
11.065 6 X 102
10.777 1 X 102
10.488 5% 102
2000X 102

Fig. 10 Predicted temperature distribution

the tool moving forward, and friction happens at
the same time which contributes the generation of
heat. The strain distribution shown in Fig. 11 is
similar to temperature. When the tool cuts into the
material, the chip begins to form and the material
starts to strain. The strain achieves its maximum
when the chip forms completely, about 0. 67. Part
of strain is introduced by friction.

6 PREDICTION OF TOOL TEMPERATURE

T ool temperature is related with chip forming
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Fig. 11 Predicted strain distribution

process closely, and these temperatures increase
tool wear development. It is significant to adjust
machining parameters or adopt appropriate tool if
it is possible to predict the changing contact of
took chip and tool temperature timely. But it is dif-
ficult to measure tool temperature experimentally,
and the measured temperature is just local. The
range of highest temperature is more significant
than local temperature. Using FEM to simulate
metal machining process can get tool temperature
distribution and the range of highest temperature,
so FEM is the right-hand to optimize tool geometry
or select optimal tool.

The changing trend of highest temperature in
tool is given in Fig. 12. Comparing Fig. 12 with
Fig. 9, it is apparent that the highest temperature
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Fig. 12 Change of highest temperature in
tool during machining process

in chip can be as high as 308 ‘C, but tool is just
164 C. Tool temperature increases rapidly when
the tool just cuts into the material, and increases
slowly when the cutting operation comes to steady
stage, until the tool cuts out of the material. The
reasons of this phenomenon are as follows: 1) as
chip temperature rises, the amount of heat that
transfers into the tool increases, too; 2) when the
cutting operation comes to steady state, the con-
tact length of toolchip increases continuously,
which is in accordance with the changing trend of
cutting force. From contour of tool temperature
shown in Fig. 13, it is known that the region with

: 31.63
43,27 ‘ﬁ , g;’{
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Fig. 13 Contour of changing temperature in tool
(a) —Tool displacement of 0. 887 92 mm; (b) —Tool displacement of 1. 984 4 mm;
(¢) —Tool displacement of 9.225 mm; (a) —Tool displacement of 12. 352 mm
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high temperature in the tool is enlarging during
machining process, which proves that the percent-
age of heat absorbed by the tool and contact length
of tookchip increases. In actual metal cutting, it is
the tool rake face and near the tool tip where the
highest temperature occurs, but in this paper it is
the tool tip not the rake face where the highest
temperature exists. This is because that the tool is
perfectly sharp, and the rake angle and clearance
angle are all very large. When the tip absorbs as
mush amount of heat as usual, the increased ampli
tude of temperature is great. That is to say, the
ability of containing heat of the tip is poor.

7 CONCLUSIONS

1) Comparison of predicted chip shape with
actual chip shows reasonable agreement. Tempera-
ture analysis of chip and tool indicates the contact
length of chip and tool rake face, which is very dif-
ficult to measure by experiment. It was possible to
increase tool life by varying the size of the chip
contact length on the rake face of the tool while
machining. The methodology can be used to select
optimal machining parameters and improve tool de-
sign, and lengthy and expensive trial and error ex-
periment process can be avoided.

2) Because of some assumptions, the FEM
may not replicate the actual metal cutting process
completely. Future work must be done to improve
the FEM of metal cutting.
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