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In micro pattern machining, rectangular channel structures having high aspect ratio can be easily deformed because the cutting force
perpendicular to the moving direction of the diamond tool pushes the channel structure. In order to prevent such deformation,
conservative cutting conditions that can reduce the cutting force are applied, but make great sacrifices in productivity. Therefore, it
is necessary to study the deformation behavior of micro channels to determine optimum cutting conditions. This paper presents a
theoretical prediction solution for the deformation of the micro rectangular channels. To obtain maximum principle stress and
deflection of micro rectangular pattern, the used model was a cantilever beam with a distributed load. Furthermore, for verifying this
solution, FEM analysis and experiments have been carried out to rectangular patterns by diamond machining. The maximum error
between the predicted deformation and experimental deformation was approximately Smm, which means that this prediction solution

works well.
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1. Introduction

Recently, research which aiming to fabricate plastic optical elements
with micro-structures at high efficiency but low cost is grossing and is
considered as a current trend." These optical elements are intensively
used commonly in optics, displays, communications, electronics, and
fuel cell industries. The most popular examples of using these elements
include concave and convex plastic lenses, Light Guide Panel.”> In
producing plastic optical elements with micro-structures, one of the
most common methods is injection molding technique. A simple
summary of injection molding method is shown in Fig. 1. This method
consists of mold filling, packing, and cooling stages.> Various kind of
materials are applied for the optical mold such as electroless nickel-
phosphorous (Ni-P) plated mold steels, aluminum alloys and copper
alloys.* These materials are machined using a single-point diamond
tool on ultra-high precision machines. This process enables the shaping
of the inserting mold to have complicated forming surfaces in order to
give desired optical characteristics. However, diamond ultra-precision
machining of brass that carries high aspect ratio micro-patterns involves
lots of problem in terms of deformation. These problems ultimately
result in badly quality molds. Fig. 2 illustrates the state of molds after
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deformation occurs. As a result, a large deformation was observed from
our experiment in fabricating the rectangular micro pattern with high
aspect ratio on the mold surface. To prevent such deformation,
conservative cutting conditions that can reduce the cutting force are
used. However, these methods require a lot of works and reduce the
productivity. Thus, a proper selection of machining process conditions
is an important prerequisite for product quality assurance, machining
cost reduction, productivity increase, and assistance in computer-aided
process planning.>®

Therefore, it is necessary to study the deformation behavior of
micro patterns in diamond precision machining to avoid deformation
and to determine possible optimum cutting conditions. Researchers had
tried to approach this behavior by various methods from theory to
simulation and experiment. To analyze three dimensions cutting, the
numerical approaches based on the Finite Element Method (FEM) as
the closest solutions are considered.” Bacaria applied the transient
numerical models of metal cutting by using the Johnson-Cook’s rupture
criterion. Pantale used the ALE 3D model for orthogonal and oblique
metal cutting processes. Both of them showed a very good agreement
of FEM with experimental results. But for orthogonal cutting, the radial
cutting force was assumed to equal zero, hence, the deformation of
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Fig. 1 Micropattern injection molding

Fig. 2 Deformation phenomenon

pattern was neglected. On the other hand, the micro pattern with high
aspect ratio is a typical type of thin walled structures. Ning et al applied
the FEM method to quantitative analyze and calculate the deformation
in the process of CNC milling. Because of the coincidence between
FEM and practical results, it proved that based on the deformation
calculation a compensation method can be adopted to produce precise
thin-walled components. Rai et al. presented a comprehensive FEM
based milling process plan verification model to predict the part thin
wall deflections and elastic-plastic deformations during machining. But
these FEM were applied for milling machining not diamond machining.
To the best of the author’s knowledge, there has not yet been a study
based on FEM to estimate the deformation of micro pattern in diamond
machining process.

In this paper, a FEM analysis of deformation behavior of high
aspect ratio micro channels in diamond ultra-precision machining was
presented. The shape of cutting tool is rectangle. Due to the easy to use
and quick set up feature, a standard package of ANSYS Workbench v12
was chosen as the FEM software medium. Furthermore, to verify FEM
analysis method, several experiments in diamond ultra-precision cutting
were carried out and are compared.

2. Analytical Method

2.1 Deformation sources

In micro channel fabrication, favorite cutting mode for rectangular
pattern is plunge cutting, as shown in Fig. 3. Grooves are machined
completely and sequentially. This mode guarantees the accuracy of
pattern by reducing positioning errors.

In our previous study, the source of lateral deformation was verified

®
—_—
olle s

Fig. 3 Plunge cutting mede
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Fig. 4 Radial force acts on the side face of micro channel

as cutting force.® During cutting process, radial cutting force F,, of three
cutting force components causes a normal stress on side face of micro
pattern, as shown in Fig. 4, we call this stress as side stress. Depending
on the large of this stress, micro pattern can be deformed. If the side
stress excesses the yield strength of workpiece’s material, the plastic
deformation will occurs. Otherwise, the micro pattern can only be
deformed elasticity, this means that the deflection of pattern returns to
zero when tool passes over the pattern or there is no contact between
tool and micro pattern.

2.2 Proposal theoretical deformation modelling

A micro channel was considered as consisting of many rectangular
thin plates, as shown in Fig. 5. All these plates have the same
dimensions: height L, width h and thickness b. During machining
process of cutting step i, the cutting tool moves along the X-axis, from
0 to L. In case where the lateral deformation occurs, it grows along the
micro channel. For the sake of simplicity, we assumed that there is no
interaction between these plates, they are deformed separately. Because
all thin plates have the same dimension and the cutting force is kept

constant value in one cutting step, the maximum deflection of them
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Fig. 5 The modeling of the deformation of a micro pattern

will be the same value d;. Hence, the maximum deflection of a thin
plate equals the maximum deflection of the micro pattern.

On the other hand, the thin plate have many similar features with
cantilever beam. The width/height h/L ratio and the thickness/height b/
L of a thin plate are significantly small number. Plus, the radial force
is perpendicular to the thin plate. In case where deformation occurs, the
bottom of a thin plate is laterally and rotationally fixed, and the top of
a thin plate is free to move along the Z-axis. Therefore, we decided to
use cantilever beam to calculate deformation of thin plate. In addition,
the radial forces F, was converted to the distributed load @. Besides,
after the tool passes, the beam is unloaded; it still has the trend of
recover to its original position but it was plastically deformed, hence,
the beam move recover but not fully."" This phenomenon is called
springback, as illustrated in Fig. 7. Springback behavior depends on
material properties, geometry and tooling dimensions. Kalpakjian and
Schimid have estimated the initial radius/final radius ratio by the
following equation:'?

R

1?;:4(%)3_3(%)+1 1)

For simplification, in order to predict deformation of the rectangular

pattern, the following assumptions are applied:
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Fig. 6 The uniform distributed load on the cantilever beam
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Fig. 7 Springback phenomenon

(1) The distributed load on the contact area is uniform linear.

(2) The displacement of every point on the beam does not change

along the thickness.

(3) There is no interaction between the chip flow and the rectangular

pattern.

(4) The cutting type is orthogonal cutting.

Based on the proposal deformation modeling, Fig. 8 is a flow chart
of deformation calculation of rectangular patterns. The input data
consists of machining conditions, material’s properties and cutting tool
conditions. To machine a micro pattern with the height L, we will need
k cutting steps and k =L/d, where d is depth of cut. At the cutting step
i, the cutting force is calculated by applying a modified Merchant’s
method, then it is converted to distributed load and estimate side stress.
Comparing the side stress and yield strength of a workpiece material
determines the type of deformation: elastic or plastic. If only elastic
deformation occurs, when the tool passes over, patterns return to its
original position and deflection of this step equal zero. Otherwise, in
cases where the side stress surpasses workpiece’s yield strength, the
pattern is deformed plastically and its deflection will be used for
calculating the deflection of the next step, i+1 and be accumulated in
total maximum deflection. These steps are repeated until the tool
reaches the required depth of pattern.

2.3 Mathematics
2.3.1 Cutting force and distributed load

With a high tech measurement instrument, the cutting force and
thrust force of a cutting tool can be measured accurately without any
difficulty. But in the case of the radial force, it’s hard to get the exact
value because it’s relatively small. In theory, the Merchant's model is
considered the most famous approach for cutting force estimation and
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Fig. 8 Flow chart to calculate deformation

it is widely used in introductive courses on machining.” But in orthogonal
cutting, this model assumed that the radial force equals zero. Therefore,
a modified method has been proposed: the dividing solution. The cross-
section of an uncut chip will be divided into several parts. Each part
will be applied to the Merchant’s theory to determine the local cutting
force and local thrust force. The total cutting force will be determined
by combining these local forces.

There are many ways to divide the rectangular uncut chip. Because
the cutting is done by 3 tool edges, the dividing method, as shown in
Fig. 9 - three pieces linearly divided - was chosen for calculation in this
paper. The study on the effectiveness and differences of the dividing
method will be discussed in future. By using Merchant’s equation, the
local cutting force of 3 pieces can be expressed as

_oosBn)
?}ocall = FIC = COS.(¢o+ﬂ_ 70) Tyb/’l @
Fy | _sin(B-7,) 2sin(g,)

cos(4,+5-1,)

cos(f-7,)
?}ocaIZ = ﬁlocaB = cm = COS.(¢0+ﬂ7 70) —““_‘7th (3)
Fy) | _sin(B-z,) [#sin(4)
COS(¢0+IB_7/0)_

Among 3 cutting force components there is a local thrust force to
piece number 3, which acts on the side wall, thus, to calculate the stress
that acts on the micro pattern, the thrust force (F;), a component of
piece number 3, is used. This force is converted to a uniform distributed
load w, by the following expression:

_Fy_1_ sin(B-z) _ zbh

ik O X — €}
n n cos(g,+B-y,) 4sin(g,)

With distributed load @, the maximum stress oy, on the cantilever
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Fig. 9 Cross section of a divided, uncut chip

beam, shown in Fig. 4, can be calculated as the following equation:

sof)

O = ®

max b

2.3.2 Maximum deflection

After comparing the maximum side stress with the yield strength, the
type of deformation of the workpiece (elastic or plastic deformation)
can be determined.

After analyzing the common and different features between elastic
mode and plastic mode, in order to calculate easier, the cantilever was
divided into two parts based on the position of distributed load, as shown
in Fig. 10. The part with distributed load, which is always a straight beam
in the beginning of every step, will be bent. The length of this part
equals the height of contact area n, and its deflection at the tip is d;;.
The other part, which has been bended (or not) in the previous steps,
will not be deflected anymore, but it will be rotated at an angle ¢; due
to the deformation of the part with distributed load. This rotation will
create a deflection &,. Naturally, the deflection of step i will be the sum
of those two deflections &; and &,

6;=0,15, (6)

2.3.2.1 Part I with distributed load

The part with distributed load always straight at the beginning of
every cutting step and is bent at the ending. The angle of rotation at tip
6 and the maximum deflection & at the free end of cantilever are two
factor which will be determined.'®

When the maximum moment in the beam exceeds the yield moment
M,, the beam will have two regions: (1) a region of fully elastic

behavior, and (2) a region of elastic-plastic behavior, as shown in the
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Fig. 11 Two regions of a cantilever beam: full elastic and elastic-
plastic

Fig. 11.
The angle at the end of the beam & is equal to the area of the
curvature diagram:
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And we also have the deflection at the end of the beam calculated
d from the second curvature-area theorem as follows:

3
=[x, BT s ﬂy(z— 3—22) ®)
o 2EI s M o

y

Next step is springback calculation. Compared to the length of beam

L, the deflection at the tip is relatively small. So the cantilever beam is

considered as an arc of a circle, as shown in Fig. 12. Hence, the initial

radius R; can be calculated as:
n

R =—— 9

' sind ©)

After determining the final radius R¢ by using Eq. (1), we can

calculate the true maximum deflection of the part under the distributed
load without difficulty, as Eq. (10)

o= tanil(@) (10)

n

And we can also obtain the rotation angle at the tip of part I (with

Independent
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Excel . .
interpolation

Independent
deformation of every
cutting step

Total deformation at
the end of every step

Fig. 13 The flow chart to determine total deformation

distributed load) «; is
_ 1. Yn
0y = ntan(ism (E)j (10)

2.3.2.2 Part II without distributed load

Unlike the part with load, the part without load could not keep the
same form during the machining process. It only rotated angle a; due
to the deformation of the part with load, and this angle is calculated as
Eq. (24). Thus, its deflection depends on the deformation of this step
and previous steps. It can be expressed by the equation:

-1 1S
8, = mtan (a,.+tan (—-—’-’—ID (11)
m

where m is length of the part without distributed load, &, is deflection
of previous steps

In the end, the maximum deflection of the step i will be obtained by
the sum of the maximum deformation of two parts, as Eq. (6). This
calculation procedure has been repeated until the desired height of
pattern was achieved.

2.4 The FEM analysis of deformation behavior

Finite element method (FEM) has a great use in modelling
orthogonal (2D) and oblique (3D) metal cutting. One of the first FEM
models for metal cutting processes is developed by Klamecki.!'! He

used an updated Lagrangian elasto-plastic 3D model, but it was limited
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Fig. 14 Five geometrical workpiece models

to the initial stages of chip formation.

With the developments of hardware and commercial FE codes,
limitations in modelling and computational problems have been
overcome to some extent. Thus, many researchers has focused on
special topics of metal cutting. In recent researches, almost all of the
metal cutting simulation are made by these softwares: DEFORM 3D,
AdvantEdge, ABAQUS, LS-DYNA. But they are expensive and
require high skill users. On the other hand, ANSYS is a general-
purpose software package designed for analysis using finite elements.
Compare to other software, it’s more popular, cheaper, especially, the
Workbench module is easy to use for everyone. But the main
disadvantage is that ANSYS used generally for large scale simulation.
In this paper, a strange approach of ANSY'S was used in simulating the
deformation of the micro patterns in micro grooving process. Computer
analysis of the deformation in micro grooving was realized using the
ANSYS Workbench v12 software system and its module for structural
analysis - Explicit Dynamic.

Base on the proposal theoretical modelling, an analysis procedure
was proposed as shown in Fig. 13. We assumed that every cutting step
has independent deformation &;,q. ; which can be estimated by using
ANSYS. The total deformation at the end of step i+1 equal sum of all
previous independent deformation from 1 to i. Firstly, a certain number
of typical cutting steps was chosen to analyze in ANSYS. From
different cutting steps, workpiece models with different height of
pattern were built. In order to be solvable, the original model, which is
in micro scale, were be scaled up to millimeter scale models. After
obtaining the discrete set of independent deformation by ANSYS
simulation, we used polynomial interpolation function in Excel to
establish quickly a relationship between height of pattern and
independent deformation. Based on this connection, total deformation
at the end of every step can be calculated as Eq. (2).

Height of pattern = cutting step i x depth of cut

é‘inde :f(hop) (12)

i—1 i
5tm‘ali = Z;(sindej = Ioﬂhop) (]3)
j=

ﬂll'

HOP=200pm

HOP=300um HOP=400um

40.33,m

10 ym

Fig. 15 Real cutting tool and modelling cutting tool

Table 1 Geometrical models

Pattern width 15 pum
Pattern height 50,100,200,300,400 pm
Pattern thickness 100 pm
Cutting tool 400 x 40 x 40 ( clearance angle 5°) pm

2.4.1 FEM geometrical modelling

Based on the above hypothesis, five geometrical workpiece models
with different height of patterns have been built, as shown in Fig. 14.
The depth of cut was kept constant at 5 mm at grooving process. The
middle of the machining step is chosen to simulate. Thus, a groove,
which has a height equals to half of the pattern height, is created. This
groove’s width has the same width of cutting tool. In the other hand,
based on the diamond tool, geometrical tool model was also built as
shown in Fig. 15. Table 1 shows a dimension of all five geometrical
models.

2.4.2 Meshing and boundary conditions
To reduce the simulation calculation time, we concentrated on
meshing the area around the contact between tool and workpiece as
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Fig 17 Deformation probe on the workpiece

detailed as possible, as shown in Fig. 16. For example, total number of
elements is 147950 for the 200mm of pattern height case.

The next step is choosing the materials for cutting tool part and
workpiece part. As mimic the experiment conditions, workpiece and
cutting tool's material are brass and diamond. The mechanical properties
of parts are applied by using the properties of material used in
experiment, which will be presented in “Experiment setup” chapter.
After that, for the boundary condition, three bottom faces of workpiece
will be considered as fixed support. And the velocity of cutting tool is
assigned 100 mm/s, the same value as real machining conditions.

The output of simulation, obviously, is pattern deformation, especially
the deformation at the top of pattern. A probe was attached to the
vertex of pattern top, to obtain the maximum deflection of pattern, as
shown in Fig. 17. The end time of analysis was set as 0.1 second. The
Fig. 18 shows a directional deformation of 200 mm height of pattern
case. And Table 2 shows the simulation results of five models. By
using Excel, a relation between independent deformation and height of
pattern was established in form of a polynomial formula, as shown in
Fig. 19.

0.200 ()
]

I
0,050 0150

Fig. 18 Directional deformation of 200 mm height of pattern case

Table 2 Simulation results and total deformation estimation

Height of pattern ~ Independent deformation Total deflection
(zan) (zan) (zan)
50 pm 0.0127 0.6025
100 pm 0.0248 2.98
200 pm 0.0513 12.16
300 pm 0.0836 25.74
400 pm 0.0927 41.92
0.1000

y =-3E-07x? + 0.0004x - 0.0072
0.0800 =

0.0600
0.0400

0.0200

0.0000

Independent deformation (um)

0 100 200 300 400 500
Height of pattern (um)

Fig. 19 Relationship between independent deformation and height of
pattern

St =—=3x 107" x hop” +0.0004 x hop—0.0072 (14)

hop
S = | Singe =—1x107 x hop®+0.0002 x hop™~0.0072x hop (15)
0

3. Experience and Discussion

To validate the simulation solution in this paper, the deflection of
micro rectangular patterns and the cutting force were measured by tool
dynamometer. This experiment was carried out by grooving machine
with diamond cutting tool. In order to avoid flank wear, rake angle is
zero and diamond is chosen as cutting tool materials.'” The grooving
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Fig. 20 Grooving machine, measurement tools

machine and the measurement tools are shown in the Fig. 20. The
machining system has four axes of driving system: X-, Y-, Z- axis and
C- axis. Fundamental machining experiments were carried out by
shaping process with single point diamond tool, continuously
increasing the cutting depth by 5 mm. During the machining processes,
the dynamometer measured three components of cutting force. The
output signal was amplified by a charge amplifier and was transmitted
to a computer through a NI-DAQ border. Software DEWE was used to
analyze the measured data.

Table 3 lists the machining conditions for the experiment. The
workpiece is 6:4 Brass, which is used for micro pattern plate mold in
industry, its characteristics are shown in Table 3. The workpiece’s
material is also called Muntz metal - C2800. The true yield strength
was obtained by the micro indentation machine MICRO-AIS of Frontics.
The height of pattern was different for each experiment, from 50 mm
to 400 mm.

After machining, the maximum deflections of 5 different molds
were measured from the front view and top view by using SEM, as
shown in Fig. 21. There was no deformation occurred in the case of 50
and 100 mm heights of pattern, all patterns kept their original shape. In
the contrary, the other cases had uniform deformations, plus when the
height of pattern increased, the deflection increased. Hence, the
maximum deflection measurement 55.65 mm was obtained from the
mold that had the highest pattern.

The comparison of FEM simulation, theory and experiment is

100 zgm

50 gm

Fig. 21 The front view and top view of five experimental cases

Table 3 Machining condition

Parameter Description

Planer (900x900x100 stroke)

Machine tool

Cutting tool W40pm, L400um, A0 Diamond cutting tool
Workpiece 6:4 Brass 30x30 ym

Cutting speed 100 zm/s

Pattern pitch 15 gm

Cutting depth (2 pmx1)+H(5 pmx79)+(3 umx1)=400 Lm
Cutting oil Mist oil No. 9

Table 4 The mechanical and chemical characteristics of 6:4 Brass

Mechanical properties

Nominal Yield True Yield Elongation Hardness
Strength (MPa) Strength (MPa) (%) (HV)
250 350 55 135
Chemical components (%)
Cu Zn Pb Fe
60 39 0.3 0.07

shown in the Fig. 22. In term of trend, the simulation and theoretical
calculation results are in agreement with the experimental results.
When the height of pattern increases, the maximum deformation also
increases. But, unlike experiment, both ANSYS simulation and
theoretical prediction had deformation in the cases which patterns have
50 and 100 mm height. When compared to the experiment, the maximum
error of simulation is 13.74 mm, while theory’s is only 5.27 mm, as
illustrated in Table 5. They both shows that when the height of pattern
increases, the error between experiment and FEM simulation will
increase. The biggest error of theory is only 9.4% which is acceptable,
but the FEM simulation is larger - 24%. That means the theory part
worked well while the FEM simulation method need to be improved.

4. Conclusions

In this paper, a method for quick simulating the deformation of
micro patterns in ultra-precision machining was proposed. The
deformation analysis by using our method is quick, easy to follow and
can be done by an average skilled operator. Together with FEM
simulation, theoretical prediction and experimental results showed that
the deformation of micro pattern will change with different height of
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Table 5 The errors of the Theoretical prediction and ANSYS simulation

HOP  Theory . FEM Experiment Theory’s Simulation’s
simulation

(um) (pm) (um) (um) error error
50um  0.95 0.60 0.00 0.95 0.60
100 pm 3.8 2.98 0.00 3.80 2.98
200 um 1543 12.16 11.00 443 1.16
300 um  34.62 25.74 30.27 4.35 -4.53
400 um  60.93 41.92 55.66 5.27 -13.74

pattern. It suits to what we observed when we tried to produce a higher

aspect ratio pattern. When compared to the experiment results, it was

shown that the prediction solutions work well. This method can be

applied for predicting the maximum deformation of other cutting tool

shape, such as triangle, trapezoid.
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