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ABSTRACT

In this research, the author investigated and revealed the effects of cutting
parameters on the cutting characteristics of laminated sheet materials subjected to a
wedge indentation process. Apart from this laminated sheet, the cutting characteristics
of a fragile acrylic resin sheet were studied. A thermal cutting method was proposed to
overcome the unstable separation and quality of the sheared profile of the worksheet.

The main objectives of the research work were as follows:

First, concerning the wedge cutting of the nylon- polyethylene film (PA6/PE),
the fundamental cutting characteristics of wedge indentation was reviewed. A general
cutting mechanism of PAG6/PE film and the factors affecting the cutting performance of
wedged cutting process were presented. From the experiments, it was found that
underlay stiffness and blade tip thickness were important factors that affected to the

bent-up angle and cutting load response of the nylon film.

Second, to overcome the unstable cutting with a crushed blade tip, a thermal
cutting technique was proposed. It was found that the appropriate range of the
temperature of a blade body, a case of T = 318K against a room temperature 296K is
suitable for cutting the 0.16mm PAG6/PE film off during a wedge indentation. An FEM
model was conducted to reveal the effect of temperature on the deformation of the
PAG/PE film.

Third, to reveal deformation behavior and cracking patterns of an acrylic
worksheet subjected to a punch shearing or a wedge indentation was investigated under
varying the mechanical conditions such as the cutting velocity, and the temperature of
blade. As the results, a suitable cutting tool conditions for making a smart sheared

wedging of the worksheet was proposed.

Furthermore, a developed simulation model using VCCT method was developed
to predict the crack propagation in fragile materials (acrylic, ceramics) subjected to a

shearing tool indentation.
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NONMENCLATURE

L Length of specimen, [mm)]
B Width of specimen, [mm]
t Thickness of the specimen, [mm]
E Young’s modulus, [MPa]
1% Poison ratio
oy Yield stress, [MPa]
0B Tensile strength, [MPa]
B Breaking strain
o Blade tip angle, [degree]
w Blade tip thickness, [mm]
to Thickness of the blade, [mm]
Wp Width of the blade, [mm]
Cutting velocity, mm/min
T Temperature, [K]
f Cutting line force, [N]
dft Normalized indentation depth
0 Bent-up angle, [degree]
Omax Maximum value of bent-up angle, [degree]
fc Peak of cutting line force, [N]
Jr Cutting energy, [N.mm™]
T, Room/ambient temperature, [K]
T Melting temperature of material
& Reference strain rate
p) Density, [kg/mm?®]
Ki Stress intensive facture, [MPa.m?]
Gc Critical energy release rate, [N/m]
Tmax Shear strength, [MPa]
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Chapter 1: Introduction

Chapter 1
INTRODUCTION

The purpose of this chapter is to introduce the background and to present the
fundamental of plastic plate application and its cutting process. Research objectives and

scope of the study are identified.
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Chapter 1: Introduction

1.1 Motivation

Recently, plastics sheet is widely using in the packaging industry, the precision
electronic components, such as the product of laminated LCD cover film, lenses and
touch-screens in electronic devices and luxury products. Plastics have many unique
properties such as a wide range of working temperatures, light-resistant and high
strength. Due to the low cost and their advanced application, the annual global demand
for plastic reached 245 million tonnes [1.1]. Although there are hundreds of plastic
materials, only some of them are widely used in terms of their high volume and
relatively low price for example low-density polyethylene (LDPE), high-density PE
(HDPE), polypropylene (PP), PS and polyethylene terephthalate (PET) [1.2].

In plastics processing, a based plastics plate is converted to finished plastic parts
and objects basing on die-cuting method [1.3-1.4]. For most industrial applications the
quality of the products is related to the shape of the cutting profile. Some examples of
sophisticated die-cutting products are presented in Figure 1-1.

(b)

Figure 1-1. Some examples of die-cutting products. (a). Food packaging (b)
Pen/Pencil container

In general, there are two types of die-cutting systems: wedged indentation and

punch/die shearing as shown in Figure 1-2. For the wedge indentation, it is often chosen

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 2
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Chapter 1: Introduction

when cutting square shape, while the punch/die shearing is suitable for circular shape
cutting. In the real industry, the wedge indentation and punch/die shearing is applied in
both systems of rotary and flatbed cutting, as shown in Figure 1-3.

(a) Wedge indentation cutting (b) Punch/die shearing

Figure 1-2. Die-cutting processes for packaging and protective sheet industries

Rotation

direction
Knife (wedge blade)
\
AN |
Feed direction = = )
Cutting
. direction

Rotation
direction

Z

counter plate
(a) Rotary shear cutting (b) Flatbed shear cutting

Figure 1-3. Types of die-cutting processes

Analysis of die-cutting is mainly based on phenomenological knowledge. Since,
also in die-cutting processes, requirements concerning product quality, accuracy in
dimension shapes, the separation performance of cutting blade, and also maintain a
service life of the cutting tool are becoming more severe. The quality of the die-cutting

product is affected not only by the material mechanical properties, but also other

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 3
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Chapter 1: Introduction

problems caused by crushing of the blade tip. A crushed wedge is difficult to cut off in
some laminated structures in comparison to a single layer. Namely, the cutting direction
is affected to the cutting characteristics of the laminated worksheet sensitively. One
obvious way to tackle this problem is to apply the appropriate cutting temperature and

velocity that can improve the cutting processability and protect the cutting tip life.

1.2 Problem statement

100 u m

Figure 1-4. Burrs occurred nearby the tip blade in term of w/t=0.23 [1.10]

It is necessary to improve product quality and also maintain a service life of
cutting blade on a cutting process. However, many problems affect the product quality
of the wedged sheet. Previous researchers have studied how a tip blade was crushed
during the processing and its effect on the occurrence string like dust in white-coated
paperboard [1.5-1.7]. Murayama et al. [1.8-1.9] and Seksan et al. [1.10] also have
investigated the effect of tip profile on the load response and final separation of the
aluminium workpiece. In their researches, they found that if the ratio between the tip
thickness of the blade and thickness of the specimen was w/t = 0.23, the burrs occurred

at the beneath of the blade tip as shown in Figure 1-4. Moreover, the effect of hardness

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 4
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Chapter 1: Introduction

of the blade, friction, underlay rigidity on cutting processability of the blade also have
been reported by many researchers [1.11-1.18]. From these researches, many critical
conditions for wedge indentation process were studied sufficiently. Nevertheless, these
studies have not expanded to laminated plastics sheets, for example, PET, nylon-
polyethylene film (PA6/PE) and so on. Due to their complicated structures, laminated
material properties are quite different from the original sheet. Figure 1-5 shows an
example of cutting defects in a laminated nylon film which was become unstable in
cutting process. Namely, the cutting failure appears in some commercial product
manufacturing as shown in Figure 1-5 (a). The section view of these uncut part is shown
in Figure 1-5 (b). This unsuccessful cutting phenomenal seems to be related to the
difference in material properties between the substrate film and released film of
laminated film. Another factor that affects the possibility of the cutting blade to the
laminated film is the tip thickness. Namely, during the cutting, when the blade tip
collides with the hard counter plate, it is normally deformed and becomes a crushed tip.
Therefore, the analysis of the crushed tip blade indentation to the worksheet would be

investigated experimentally and numerically.

() (b)

Figure 1-5. Cutting defects of plastics film.
(@) General view of cutting failure (b) Sectional view of uncut part (SEM) [1.19]

From the aspect of difficult-to-cut plate, other problems that occurred in die-
cutting are the crack generation in some fragile material such as acrylic at high velocity
as shown in Figure 1-6. The unexpected cracking seems to be caused by a fragile

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 5
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Chapter 1: Introduction

property of the AC worksheet. Therefore, to find suitable cutting conditions, thermal
cutting, and equivalency of the velocity effect should be clarified. These reasons
indicated that the study of effect of the temperature and velocity for a cutting method

would be of interest and investigated in Chapter 3 and Chapter 4.

R T W AR I TR ey

Cracked
generation

Figure 1-6. Generation of cracks in the worksheet

Moreover, the cracking behavior of plastics in wedge cutting is observed in
many studies. From the literature survey, some researchers have demonstrated through
the experiments and simulations for modeling of crack propagation of ductile sheet
materials, and its breaking behavior [1.19-1.24]. However, the breaking behavior of
ductile workpiece seems to be different from that of brittle workpieces. Crack initiation
and propagation appeared to be broken randomly due to the fragile property of the brittle
materials [1.25]. There are many fine cracks that seem to occur on the deformed surface
pressed by a tool [1.26]. Therefore, it is limited to predict its deformation and cracking
behavior due to the randomly broken of a fragile material. Previous researchers have
just only investigated the deformation and stress distribution of the deformable body.
There are almost not any research works that clarified the cracking behavior of a fragile
workpiece. In order to promote suitable technology for cutting the fragile materials and

to briefly estimate the breaking strength of that materials, the cracking behavior of

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 6
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Chapter 1: Introduction

sintered Si3N4 workpiece and acrylic must be understood. Therefore, from the aspects
of easy measuring of the strength of brittle ceramics, a notched specimen seems to be
convenient for making a stable breakage, and a shearing test using losipescu specimen
[1.27-1.28] is easy to make a shearing state at the notched zone without any gripping
failure. Therefore, a study in developing a FEM cracking model to predict the crack
behavior in fragile plates would be interested and discussed in Chapter 5. Consequently,
this method will be applied to various resin fragile plates in wedged indentation and

punch/die shearing process.

1.3 Objectives of research work

The research to be presented in this thesis aims to develop the die-cutting
methods for cutting thin sheet applications such as precision electronics part, thin plastic
film, and so on. The main objective of this research is designed to optimize the cutting
conditions which able to cut off a thin worksheet. This study then aims to propose the
essential combination methods of applying an optimal temperature and velocity to
enhance the quality of the cutting profile of the thin plates. The major objectives of this

study are as follow:

- To reveal the effect of underlay and crushed blade on cutting deformation of a

nylon- polyethylene.

- To reveal the effect of temperature on cutting characteristics with a crushed blade
tip.
- To find a suitable cutting tool conditions (cutting temperature, cutting velocity) for

making a smart sheared edge of the worksheet, avoid the crack generation.

- To develop a FEM model to predict the cracking behavior of fragile worksheet in

material processing.
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1.4 Scope of research work

The attention in this research is focused on both the experimental and the
numerical analysis. The work materials of wedged indentation processes are based on
the plate material which is nylon- polyethylene film (PA6/PE) of 0.16mm thickness and
an acrylic sheet of 0.5mm thickness. Meanwhile, 1mm thickness of acrylic and two
types of sintered silicon nitride (Si3N4) plates are used for the shearing process.

Furthermore, the cracking problems of fragile materials (ceramics and acrylic)
were numerically studied by a Finite Element code MSC. Marc. In this model, a virtual
crack close technique (VCCT) was developed. The adaptive auto-remeshing technique
has also been conducted. The adopted constitutive models are the isotropic Von Mises
model incorporated in MARC and the work material is considered to be an isotropic

deformation.

1.5 Organization of treatise

This treatise has been organized into six chapters. Each chapter provides the

information as follows:

Chapter 1: Introduction. Some important problems related to thin plastic plate
application and its processing were elaborated. Research objectives and scope of the

study were identified.

Chapter 2: Cutting mechanism of nylon polyethylene laminated film subjected to
wedge indentation. The fundamental cutting characteristics of wedge indentation was
reviewed. In this chapter, a general cutting mechanism of PAG6/PE film and the factors
affecting the cutting performance of wedged cutting process were presented. It was
found that underlay stiffness and blade tip thickness were important factors that affected

to the bent-up angle and cutting load response of the laminated nylon film.
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Chapter 3: Thermal dependency on cutting characteristics of nylon-
polyethylene laminated film. The characteristics of nylon worksheet subjected to
wedged indentation were investigated experimentally and numerically in the previous
chapter. It was found that the bad cutting profile occurrence in case of using a
trapezoidal cutting blade. To overcome the unstable cutting with a crushed blade tip, a

thermal cutting technique was proposed.

Chapter 4: Thermal cutting and equivalency of velocity in cutting characteristics
of acrylic worksheet. Deformation behavior and cracking patterns of an acrylic
worksheet during the wedge indentation process were investigated under varying the
mechanical conditions such as the punch/die cutting velocity, cutting temperature. As
a result, a suitable cutting tool conditions for making a smart sheared edge of the

worksheet was proposed.

Chapter 5: Predict cracking behavior of fragile sheet using losipescu type
specimen subjected to a shearing-tool indentation. In this chapter, a VCCT model was
applied to simulate a shearing process for investigating breaking behavior of ceramics
and AC workpiece subjected to a shearing-tool indentation. This proposed model can

be developed and apply to simulate the AC cutting in wedge indentation process.

Chapter 6: Conclusions and prospects. This chapter summarized the major
contributions of this research. It then provides recommendations for further studies.
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Chapter 2 :

CUTTING MECHANISM OF NYLON POLYETHYLENE
LAMINATED FILM SUBJECTED TO WEDGE INDENTATION

In the previous studies, the fundamental cutting characteristics of wedge
indentation were reviewed. In this chapter, a general cutting mechanism of PA6/PE film
and the factors affecting the cutting performance of wedge cutting process are presented.
It is found that underlay stiffness and blade tip thickness were an important factor
affected by the bent-up angle and cutting load response of the nylon film.
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2.1 Introduction

A cutting method with a 42 degrees center bevel blade into a sheet material is
widely used in many packaging industries for converting metal films, laminated resin
sheets, and other similar materials [2.1-2.2]. Recently, laminated structure material is
increasingly used in packaging applications due to two desirable features: the first one
is their high stiffness and high strength and the second is their properties that can be
tailored to various components with strength far that of the original materials [2.3].
However, there are many problems that affect the product quality of the wedged sheet
are caused by many mechanical conditions for making the cutting process such as the
tip thickness, hardness, mechanical properties of underlay [2.4-2.6]. Experimentally and
numerically studies the effect of crushed tip to the cutting characteristic of white-coated
paperboard has been reported recently [2.7-2.8]. The effect of blade tip profile, apex
angle, friction on cutting processability on an aluminum sheet was also reported by
Seksan [2.9] and Sugihara [2.10]. Figure 2-1 shows an example of burrs that were

generated when a blade has become a crushed in wedge indentation cutting.
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Figure 2-1. Typical problems in wedge indentation cutting [2.9]
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Nevertheless, these investigations were not expanded to other laminated
structures. Recently, although a nylon film is widely used in a field of food packaging
due to its unique properties such as low cost, high stiffness, high transparency,
thermoformability, there are not any academic reports of cutting deformation of this
kind of hard material. One of common nylon film is PE-PAG6 laminated film, which
consists of a high tear and puncture resistance PA6 “structural” layers and a water
vapour permeability PE “barrier” layers [2.11]. In laminated structure processing,
crushed wedge is difficult to cut off in some laminated worksheet in comparison to a
single layer. Figure 2-2 shows an example of commercial based PA6/PE films which
had cutting defects. Figure 2-2(a) shows a general view of stacked films after a cutting
process. Figure 2-2(b) shows a sectional view of uncut part by zooming up a cutting
line. Therefore, the same PAG/PE film was used for the cutting test in this work by
changing/crushing the tip thickness of blade to reveal the effect of tip thickness to the
possibility of cutting blade to the laminated worksheet. Moreover, due to the difference
in material properties between the substrate film and release film, the cutting direction
is sensitively affected to the cutting characteristics of the laminated worksheet.
Accordingly, in the first study of difficult-to-cut plate, the cutting direction of nylon

polyethylene (PA6/PE) laminated film subjected to wedge indentation was investigated.

XEZB 1881m

Figure 2-2. Cutting defects of PA6/PE film. (a) General view of cutting failure (b)
Sectional view of uncut part (SEM)
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2.2 Effect of cutting direction

2.2.1 Experiment method

2.2.1.1 Material and specimens

The material is used in the experiment is a commercial nylon polyethylene film.
This laminated film is composed of 0.03 mm polyamide 6 (PA6) and 0.13 mm
Polyethylene (PE). These layers are bonded perfectly by a very thin adhesive layer. The
mechanical properties of the nylon polyethylene film and PC counter plate are shown

in Table 2-1.

Table 2-1. Mechanical properties of polycarbonate underlay and nylon film.

Material | Thickness Young Yield stress Tensile Breaking
t/mm modulus oy/MPa strength strain
E/MPa os/MPa B
PC 1 2650 55 153.7 0.57
PAG 0.03 2000 33 128 1.35
PE 0.13 175 10 12.7 6

2.2.1.2 Experiment condition

Figure 2-3 shows a schematic view of the experiment and specimen
configuration. In this experiment, the fine cutting blades had an average tip thickness of
w = 5um and the thickness of t, = 0.9 mm and width of wy, = 30mm. Experiments were
carried out 5 times for each condition. On the experiment apparatus, the upper crosshead
had the cutting blade mounted on the load cell with a maximum of load 20kN. The
upper crosshead comoved downward with a constant speed V = 5mm.min* and indented
to the nylon film specimens, which were placed onto polycarbonate (PC) underlay fixed
on the lower crosshead until the nylon film was cut off totally. The indentation depth d
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of the blade into the laminated sheet was calculated by the displacement meter of the
upper crossed. The cutting load response F was recorded by the load cell. Then, the

cutting line force was calculated as f = F/B, N.mm™.

Upper crosshead

Feed velocity
$=0.9mm Loadcell [y

| - Lower crosshead _‘I |

I
Counter plate: PC

Worksheet

Figure 2-3. Experiment apparatus and PAG6/PE film structure.
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In this experiment, the effect of laminated structure was clarified by varying the
cutting direction of the laminated worksheet. The normal cutting direction is specified
when PAG layer is in the upper and PE layer is in the lower. On the other hand, inverse
direction is defined when PE layer is in the upper and PAG is in the lower. The difference
in the material properties of these layers seems to be affected to the cutting

characteristics of the laminated worksheet.

PE

PA6
(b)

Figure 2-4. Cutting direction: (a) Normal direction. (b). Inverse direction

2.2.1.2 Experiment results

Figure 2-5(a), (b) shows the deformation profile of the laminated wedged
worksheet with the tip thickness w/t = 0.03 at the normalized indentation depth of d/t =
0.71 of PAG-PE and PE-PAG, respectively. For PA6-PE, the PE lower layer is
remarkably deformed, and the worksheet was in a large bending. In contrast, the
laminated worksheet is almost cut off at the normalized indentation depth of d/t = 1 with

a small bending phenomenon in the case of PE-PAG.

Figure 2-6 shows the bent-up angle & of the laminated worksheet and the
normalized indentation depth d/t for 2 cases of cutting direction PA6-PE and PE-PAG.
Here, the bent-up angle & is defined as the angle between the lower surface of the

worksheet against the horizontal axis as shown in Figure 2-5(a). In the case of normal
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cutting direction with PA6-PE, for 0 < d/t < 0.13, there was a slight bent-up of the
laminated worksheet due to a small contact of the cutter tip and the worksheet. In the
next stage, the bent-up angle was linear increase for 0.14 < d/t < 0.6 and reached a pick
at d/t = 0.6mm. Seeing Figure 2-6 and Figure 2-7, it was observed that the peak of
maximum cutting line for fc1 and peak of maximum bent-up angle occurred at the same
normalized indentation depth d/t = 0.6. After reaching a peak at 35°, the bent-up angle
declined significantly and stayed at the same level from d/t = 0.91. In contrast, there is
not any bending phenomenon in the case of PE-PAG for 0< d/t < 0.8. This tendency was

almost similar to cut off a soft worksheet to a hard underlay [2.12].

(b)

Figure 2-5. CCD side views of sheared worksheet (a) PA6-PE and (b) PE-PA6 when
choosing the feed velocity V =5 mm.min™,
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Figure 2-6. Bent-up angle 0 and the normalized indentation depth d/t for 2 cases of
cutting direction PA6-PE and PE-PAG.
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Figure 2-7. Cutting line force f and the normalized indentation depth d/t for different
cutting directions PA6-PE and PE-PA6 when choosing the feed velocity V =5mm.min-
1
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Figure 2-8. SEM micrographs of wedged profile of laminated nylon film by varying
the cutting direction (a) PA6-PE and (b) PE-PA6

2.2.2 Finite element analysis
2.2.2.1 Simulation condition

In order to simulate the cutting deformation of the nylon laminated structure, a
FEM code, MSC MARC 2015.0.0, was used. Figure 2-9 shows a half symmetric cutting
simulation model that had the same dimension as the experimental system with respect
to the effect of cutting direction (a) PA6-PE and (b) PE-PAG.

IS
e
8
S PAG layer c w/2 PAG layer
e 'HHMH}}}H}HHH o_%' I A
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2 Lo
o Loy ] |
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e
| I 8 | I |
20mm | ° 20mm |
(@) (b)

Figure 2-9. A half symmetric cutting simulation model with respect to the effect of
cutting direction (a) PA6-PE and (b) PE-PAG.
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In the finite element model, a plane strain model with 4280 elements was used
for defining the initial mesh of the laminated workpiece. Here, the fine meshes are
created for the contacting areas between the worksheet and cutting blade as shown in
Figure 2-10. The blade was assumed to be a rigid body while the nylon film and
underlayer were assumed to be isotropic elastoplastic deformation bodies. Glue contact

function was used to define the contact between PAG layer and PE layer.

ll’sé}jaﬂ-m:

[Esunnsanannan ,
= PA6 layer :
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r  mesh + mesh Y
| HAAEEAERAAREAEE]
-llllllllllllil .
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it

- PCcounter plate ‘, | |

Figure 2-10. Representative initial meshes in the FEM model.

To discuss the effect of cutting direction on the nylon film subjected to wedge
indentation process, simulation conditions were defined as shown in Table 2-2. During
the downward process of the cutting blade, there was a largely deformed near the blade
tip; the simulation calculation could not continuous due to crushing of the element. To
overcome the poor mesh, an automatic remeshing function (2D solid: Advancing Front
Quad) was used in the FEM simulation. There is not any damage model was considered

in this study.
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Table 2-2. FEM conditions.

Sheet symbol Nylon film Counter plate
PAG PE PC
Young modulus, E/MPa 2000 175 2650
Yield stress, oy/MPa 33 10 55
Friction coefficient Blade and nylon film pp = 0.23

Nylon film and counter plate p. = 0.4

Blade tip angle/ degree =42
Blade tip thickness/ um w=5
Cutting velocity/ mm.mint V=5

2.2.2.2 Simulation results

Comparing the deformation profile of wedged worksheet with respect to the
cutting direction PA6-PE and PE-PA6 as shown in Figure 2-8, it found that, for the
inverse cutting direction PE-PAG6, a good cutting profile was obtained. While a large

bending leads to a bad cutting profile in case of normal cutting direction PA6-PE.

(@) (b)

Figure 2-11. Deformation profile of nylon film with respect to the cutting direction
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As we mentioned in section 2.2.1, the laminated nylon film was composed of a
PA upper layer and PE lower layer. From the tensile test of PA6 and PE as shown in
Table 2-1, Young’s modulus of PA6 was estimated to be approximately 2000 MPa, and
its value was significantly large in comparison to 175 MPa of PE. These have led to a
significant difference in the bending phenomenon in two cases of cutting. Figure 2-11
shows the deformation profile of the laminated nylon film with respect to the cutting
direction PA6-PE and PE-PAG in the FEM simulation. Comparing Figure 2-11 with
Figure 2-8, the simulated profile of the nylon film shows good agreement with
experimental results. For the normal direction cutting with PA6-PE, the PE lower layer
was in a large deform, and the blade could not sufficiently be indented to the worksheet.
Hence, the cutting line force increased and reached the first peak fc at the indentation
depth dc: = 0.6. Here, the PA6 layer was successfully separated, and the blade
continuously indented to the PE lower layer until the second peak dci = 0.82. For the
inverse side cutting with PE-PAG, the cutting line force generally linear increased
concerning the indentation depth. From this numerical and experimental investigation,
we found that the cutting load response and the deformation profile of the nylon film
mainly depend on Young’s modulus of upper layer and lower layer of laminated

worksheet.

2.3 Effect of tip thickness on cutting resistance

In order to discuss the effect of tip thickness on cutting characteristics of
laminated PAG6/PE film, the blade tip was varied. The blade was indented to the top
surface of PAG/PE film which was placed on a PC underlay. In this experiment, the
non-filled blades had a thickness of tc = 0.9 mm width of w, = 30mm and average tip
thickness of w = 5um as shown in Figure 2-12 (a). The tips of trapezoidal bevel blades
were filed using sandpapers to various tip thicknesses w = 11, 21, 32, 42 and 60 pm.
These blade tips had the bevel apex angle of 42° and a hardness of 600HV (JIS Z 2244).
Figure 2-12 (b) shows an example of crushed tip of cutting blade with tip thicknesst =
32um. The experimental measurements were carried out 5 times for each case of tip

thickness.

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 24
and Control. Eng. at Nagaoka University of Technology



Chapter 2: Cutting mechanisism of nylon polyethylene laminated film subjected to
wedge indentation

%1, 988 X1, 998

(b)

Figure 2-12. Cutting blade tip (a) fined tip and (b) crushed tip
2.3.1 Measurement of bent-up angle

Figure 2-13 shows the maximum value of bent-up angle émax of the laminated
worksheet with respect to thickness w/t. Here, the bent-up angle @ is defined as the angle
between the lower surface of the worksheet against the horizontal axis as shown in
Figure 2-13(a). It is recognized that the maximum value of bent-up angle Omax was
linearly approximated with the tip thickness for w/t < 0.2 and reached a saturated state
of Gns=64° at w/t = 0.26 when the worksheet was touched to the side of cutting blade.
Here, ns was 93% of 69° (=90°—«/2) due to the contact limitation of wedge blade. The
residual difference of 69—6ns=5° appeared to be an elastic detaching deformation. From
this experiment, it was found that the cutting load response and the deformation profile
of PAG/PE film remarkably depended on the tip blade thickness.
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Figure 2-13. Maximum value of bent-up angle 6max of wedged sheet at various tip
thickness.
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The occurrence of a large bent-up angle of PAG6/PE film seemed to be caused by
the dissimilar mechanical properties of PA6 and PE layers. Namely, since a PAG6 layer
had 3 times large yield stress and 10 times large tensile strength from Table 2-2,
compared to that of a PE layer, the PE layer seemed to be easily elongated in the in-

plane direction before cutting the PAG6 layer off during the cutting process.
2.3.2 Cutting load resistance and side-view deformation of worksheet

Figure 2-14 shows the experimental of the relationship between the cutting line
force f and the normalized indentation depth d/t with respect to the wi/t for cutting
direction PAG/PE. The maximum load points are indicated (fci1, dci/t) and (fcz, dca/t),
where fci, fc2 is the line force; dci, dc2 is the corresponding indentation depths of the
blade at two peaks of load. The cutting line force was reached the first peak fci1 when
the PAG layer was separated. The blade continuously indented to the PE layer until the

second peak fc2 when the PE layer was cut off.

20
t=0.16 mm

18
L 16 —o—w/t=0.03
E 14 wit=10.06

w/it=0.13

=12
&? wit=10.2
s 10 ——wit=0.26
f—; 8 —o—w/t=10.37
s 6
2
5 4
@

2 ,,/Vv /

0

0 0.2 0.4 0.6 0.8 1 1.2
Nominalized indentation depth, — d/t

Figure 2-14. Cutting line force f and the normalized indentation depth d/t at various
tip thickness.
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The linear approximations of fci, fco by the least-squares method were derived
as Eq. (1), (2), (3), (4) as shown in Figure 2-15. There were slightly changes at w/t =
0.13 with fc1 and at w/t = 0.06 with fca.

f., =33.06(w/t) +2.65 N.mm™ (w/t < 0.13) (2-1)
f., = 49.61(w/t)—0.92 N.mm™ (w/t > 0.13) (2-2)
f., =32(w/t)+1 N.mm™ (w/t < 0.06) (2-3)
f., = 28.76(w/t) —2.03 N.mm™ (w/t > 0.06) (2-4)

e}
o
®

—53

E 16

z Fq. (2-2) )
g ad
1
N 7 .l
< g Eq.(2-1) - \

2 ®

E \ P

S ey .(2-4
£ 4 Y l Eq. (2-4)
£, Eq. (2-3)

0 0.05 0.1 0.15 02 025 03 035 04
Variance of the tip thickness, w/t

Figure 2-15. Relation between the cutting line force f and the normalized indentation
depth d/t.

Figure 2-16 shows the SEM micrographs of wedged profile of laminated
PAG/PE film by varying the tip thickness w/t. When w/t was varied from 0.03 to 0.37,
there were 3 kinds of load response with respect to the indentation depth d/t: (a) 0.03 <
w/t < 0.07. The blade was smoothly indented to the PA6/PE film and successfully cut
off the film at d/t ~ 1. (b) When choosing 0.07 < w/t < 0.26, a large force dropped

occurred without any residual resistance at the breaking stage of PA6 layer and many
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string-like dusts occurred. (c) For w/t > 0.26, the blade tip generally pushed the PA6/PE
film without any separation in the final stage. Namely, the PC underlay was deformed
with a high pressure from a sort of built-up edge which consisted of blade tip and
adhered PAG layer.

(@) wit < 0.13

(b) 0.13 <w/t < 0.26

(c) wit > 0.26

Figure 2-16. SEM micrographs of wedged profile of laminated PAG6/PE film by
varying the tip thickness wit.
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2.4 Conclusions

In this work, a cutting test of a 0.16mm PAG6/PA laminated film subjected to a

42 degrees wedge indentation was carried out experimentally under the cutting velocity

V=5 mm.min. By varying the cutting direction and crushed tip thickness w, the

following results were obtained.

By varying the cutting direction PA6-PE and PE-PAB, the bent-up angle 6 of the
laminated worksheet and cutting load response were remarkably affected by the

laminated structure.

A bad cutting profile occurred in this case of normal cutting direction PA6-PE.
While a good cutting profile was observed for revered cutting direction PE-PAG.
From this result, a good cutting condition can be chosen for a similarity

laminated worksheet cutting in the mass industrial.

The simulated profile of the nylon film shows good agreement with
experimental result. The bent-up angle and the deformation profile of the nylon
film mainly depend on Young’s modulus of the upper layer and lower layer of

the laminated worksheet.

The bent-up angle and the deformation profile of worksheet remarkably
depended on the normalized tip thickness of the cutting blade w/t. When
choosing w/t < 0.13, the bent-up angle was less than 50degrees (72% of
saturated maximum angle) and the cutting peak maximum was less than 7 N/mm
at normal temperature. This seemed to be a preferable mechanical condition for
smoothly cutting a PA6-PA film off.
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Chapter 3 :

THERMAL DEPENDENCY IN CUTTING CHARACTERISTICS OF
NYLON- POLYETHYLENE LAMINATED FILM

The characteristics of nylon worksheet subjected to wedged indentation were
investigated experimentally and numerically in the previous chapter. It is found that the
bad cutting profile occurrence in case of using a trapezoidal cutting blade. To overcome
the unstable cutting with a crushed blade tip, a thermal cutting technique was proposed.
It was found that the appropriate range of the temperature of a blade body, which is
suitable for cutting the 0.16mm PAG/PE film off during wedge indentation.
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3.1 Introduction

In the wedged indentation process, many problems that affected on the quality
of the products. One of them is caused by plastic crushing or abrasion of the blade tip.
Nagasawa et al [3.1-3.3] and Nagae [3.4-3.5] have investigated how the tip profile was
crushed and its effect to the cutting characteristic of white-coated paperboard. In their
study, it was found that the fine cutting tip became a crushed form when the cutting tip
contacted to the hard-counter plate after multiple cutting processes. In the previous
chapter, it was also shown that the bad cutting profile occurrence in case of using a
trapezoidal cutting blade with w/t > 0.07. In this study, a thermal system was used to
overcome the unstable cutting with a crushed blade tip. To develop new
countermeasures, temperature elevation effect is considered. Namely, changing the
temperature of the work body is seems to be effective to change the material properties
and improve the edge profile. Therefore, in this chapter, in order to reveal the effect of
cutting parameters on the cutting features, a 42 degrees wedge indentation test of 0.16
mm thickness PAG/PE film was conducted. The cutting line force was gotten using a
recording unit; the cutting profile of the PA6/PE film was observed using a CCD camera.
In this study, in order to reveal the effect of elevated temperature of blade on the cutting
resistance and deformation state of the film, a rubber heater was mounted on the blade
and the cutting test was investigated. Moreover, the FEM simulation was applied the
Johnson-Cook model to simulate the effect of temperature on the cutting characteristic
of PAG/PE film. The transition heat conduction and load response in the experiment
have been discussed with the FEM simulation results.

3.2 Experiment method

3.2.1 Condition of thermal cutting system and specimens

In the wedge indentation experiment, the specimens of the laminated nylon film
were prepared which has a thickness of 0.16mm (composed of 0.03mm polyamide 6
(PA6) and 0.13mm Polyethylene (PE)). The mechanical properties of the PA6/PE film
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were determined by uniaxial tensile test by using JIS K 7161 standard. The specimen
of nylon film was a rectangle sheet that has an average total thickness of t = 0.16mm
(0.157-0.165), L= 50mm length and a 20mm width. The cutting position was across the
crossing direction (CD) as shown in Figure 3-1. The mechanical properties of the
PAG/PE film and PC underlay were shown in Table 3-1.

Cutting line

Cross direction
—_—

S

Figure 3-1. Schematic of PAG/PE specimen.

L

Table 3-1. Mechanical properties of PA6/PE film, PA6 film, PE sheet and PC sheet (*
A referenced data of single substance)

Sheet symbol Thickness Young modulus  Yield stress  Tensile strength
t/mm E/MPa ov/MPa os/MPa

PAG/PE (CD)  0.16 495 15 55

PAG* 0.17 2000 33 128

PE* 0.25 175 10 12.7

PC 1 2650 55 153.7

Figure 3-2 shows a schematic diagram of the thermal cutting system experiment.
A specimen of the PA6/PE film was placed onto a polycarbonate (PC) underlay fixed
on the lower crosshead. The upper crosshead moved downward with a constant velocity
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V =5 mm.min™. The cutter was indented to the laminated PAG6/PE film until the lower
layer was cut off. The blade edge was indented to the upper surface of PA6 layer and
the PA6 layer was equivalently stacked on the PE layer without detaching. The
normalized indentation depth of the cutting blade into the laminated sheet was estimated
by the displacement of the upper crossed. The load response F was measured by the
load cell with a maximum load of 20kN and the cutting line force f = F/B, N.mm™ was
calculated. All the experiment was carried out at a temperature 296K and relative

humidity of 50% in a controlled room.

Upper crosshead

Feed velocity

!

Rubber
heater

Crushed
tip cutter

Temperature
controller

Thermocouple

Lower crosshead

Counter plate: PC

Figure 3-2. Schematic diagram for thermal cutting system.

In this system, heat was generated from the rubber heater and transferred to the
tip blade. A thermocouple was mount to the blade to measure the real temperature in
the tip blade. A temperature controller was used to compare the temperature signal to
the setpoint (desired temperature) and actuated the rubber heater. Another thermocouple
was placed at a 2mm off-set from the cutting line to measure the heat transfer from the
blade to the worksheet. A thermal imaging camera was used to capture the temperature

in the cutting system area as shown in Figure 3-3. Thermal system components and
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their specifications are explained in Table 3-2. In this experiment, a crushed blade tip

with the tip thickness w/t = 0.13 (w=21um) was used to investigate the effect of cutting

temperature to the cutting profile and cutting load response. Other experiment

conditions, for example, feed velocity, worksheet and counter plate were kept as the

same with the previous investigation, which was explained in Chapter 2, section 2.3

effect of tip thickness on cutting resistance. The cutting temperature of blade was varied
at room temperature (296K), 318K, 333K.

Table 3-2. Specification of Thermal system.

Component

Model, specification

Thermal controller
Thermocouple

Silicone rubber heater

Thermal imaging camera

E5CC-RX3ASM-000
Type K; 273K — 453K

Maximum operating temperature: 473K
Heat generation density: 0.8 W/cm?
Voltage: 100 V, Power: 10 W

Flir C3

Thermal sensitive < 0.1°C
Temperature range -263K~ +423K
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5 po 1

Figure 3-3. Thermographic image of thermal cutting system.

3.2.2. Experiment results and discussions
3.2.2.1 Cutting load resistance and deformation profile of worksheet

Figure 3-4 shows the relationship between the cutting line force f and the
indentation displacement d/t with varying temperatures. The peak of cutting line force
was indicated (fc1, dci/t) and (fco, dca/t), where fc1, fco was the line force; dci, dco was
the corresponding indentation depths of the blade at two peaks of load. It was found that
the cutting line force remarkably decreased when increasing the temperature of blade.
At room temperature (T = 296K), a large force dropped without any residual resistance
at the breaking stage of the PA6 upper layer when using the crushed tip blade. Namely,
the blade was indented to the worksheet with high pressure. As a result, a bad profile
was observed in Figure 3-5 (a). On the contrary, in cases of T = 318K, the cutting line
force tended to be same as the first cutting mode with a fine tip blade which was
explained in chapter 2, section 2.3.2. In this case, after passing the first peak of load,
the cutting line force residually decreased when the PAG layer was separated. Therefore,

it seemed that the cutting line force decreased due to the effect of temperature on the
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yield stress of PAG6/PE film. In addition, the cutting profile was improved with a good
profile as shown in Figure 3-5 (b). When we applied a high temperature larger than
333K, the second peak of load has not appeared in the red curve in Figure 3-4. The
plastic flow phenomenon was observed with an unsuccessful cutting mode as shown in
Figure 3-5 (c). This seemed to be caused by reaching the heat deflection temperature
of PE layer (333K-363K) [3.6]. From these results, it was found that the cutting
temperature significantly affected the load response and cutting profile of the PA6/PE

film.

10 .
o
7 O
- o T =296K _ = e+
; 8 (fCI _6-6; dCl/ts =0. 9}
g o T =318K
Z 7 eT=333K
=6
o
:_‘;6) 5 (fC_‘,_' =3-4; dc]/ts =O.76)
o 4
éﬂ 3 (fCI =2.1 7 dCl/ts =0.51) P333K2
=
5 2 P318K2
1
0 P333K1
0 0.2 0.4 0.6 0.8 1 1.2

Nominalized indentation depth, d/t

Figure 3-4. Relation between the cutting line force f and the normalized indentation
depth d/t when choosing the temperature of blade as T = 296, 318 and 333K.
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Figure 3-5. CCD side views of sheared PAG/PE film by varying the temperature of
blade.
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3.2.2.2 Relationship between cutting energy and cutting profile
The cutting energy Jr from a point P,1 to point P;2 was expressed as follows:

3= [ fa(dit) (3-2)

P

In the equation, f was the cutting line force, d/t was the nominalized indentation
depth, the P} and P2 were positions of blade indentation when PA6 and PE layers were
cut off respectively at the specified temperature T in Figure 3-4. Here, the trapezoidal
rule was used to approximate the definite integral using the increment pitch of
indentation depth of 0.005. Finally, the results of average cutting energy at various

temperatures were shown in Table 3-3.

Table 3-3. Average cutting energy of PE layer from Pt to P?r with respect to the
temperature of blade at a feed velocity of 5 mm.min-1 (maximum-minimum measured).

Temperature of blade  Cutting energy Maximum-minimum of Jr
T, K Jr, N.mm™? measured

296 3.97 (3.85-4.15)

318 2.42 (2.37-2.61)

333 4.23 (4.13-4.42)

From Table 3-3, it was found that the cutting energy was large in the case of
room temperature and T = 333K, while this value was small at T = 318K. It was possible
to decrease the cutting energy when choosing the appropriate temperature of blade.
However, the cutting energy was large in case of T=333K (at a higher temperature) due
to the half melting state of PE layer and the wetting of blade surface as shown in Figure
3-6. It appeared that the larger cutting energy the cutting process had, the worse profile
the sheared edge of PAG6/PE film had. From these results, it was found that appropriate
temperature of blade was an effective method to cut off smoothly the PAG/PE film

during a cutting process.
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wetting of blade surface

Figure 3-6. Photograph of wetted blade after cutting PA6/PE film at a temperature of
blade T=333K.

3.3 Simulation method

3.3.1 Procedure to determine Johnson — Cook material parameters

The temperature effect was numerically investigated based on the Johnson-Cook
model. This model is used for explaining the flow stress of materials when strain rate

hardening and elevated-temperature softening are considered as Equation 3.3.

o= [A+Be"][1+Cins|[1 - 1™ (3-3)

Where, parameters A, B, C, m, and n are material constants. ¢ is a strain rate and

€, is a reference strain rate. T is homologous temperature. It can be calculated by the

Equation 3-3.
=1 (3
T —Tr
4) Where:
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— T isthe material temperature

T, is the room/ambient temperature

— T, is the melting temperature of material

In Johnson-Cook (JC) model (Equation 3-3), the three groups of terms in the

blanket express elastoplastic deformation, viscous-plastic deformation and thermal

softening, respectively [3.7-3.8]. To determine JC constant parameters, a series of

compressive tests of PA6 and PE material was conducted. Figure 3-7 and Figure 3-8

show the representative true stress and true strain by varying strain rate at reference

temperature T, = 239K and varying the temperature at the reference strain rate &,

0.0083/s, respectively. From these figures, it can be found that PE is more sensitive to

the velocity and temperature changes than PAG6. PE has reached the heat deflection

temperature at T = 333K as shown in Figure 3-8 (b).
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(a)
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‘Ezo ——0.4167/s
g —=—0.0167/s
=
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0 0.1 0.2 0.3
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Figure 3-7. True strain-true stress data by varying strain rate at reference temperature

T, = 239K (a). PA6 (b). PE
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PAG

PE
—— 296K

——3]3K
?35 —=—333K

0 0.1 0.2 0.3 0 0.1 0.2 0.3 0.4 0.5

True stram[ -] True strain| -]

Figure 3-8. True strain-true stress data by varying the temperature at the reference strain
rate €. = 0.0083/s (a). PA6 (b). PE
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Figure 3-9. Yield stress as a function of strain rate (a). PA6 (b). PE
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Figure 3-10. Yield stress as a function of temperature (a). PA6 (b). PE

In this study, the lowest temperature T, = 296K and strain rate &, =
0.0083/s was assigned as the reference values. Therefore, value A can be obtained

from Figure 3-9.

At the reference temperature and strain rate, Eq. (3-3) simplifies as:
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o= (A+Be™)or 0 —A = Be™ (3-5)

Taking natural logarithm from each sides of the latter equation gives:

In(c —A) =InB + Ine (3-6)

Therefore, value B and n can be determined from Figure 3-11.

PA6 PE
4 2
¢
3.5
3 L5
2.5 y=1.2948x + 4.5539
3 3
e 2 e 1 y=1.1765x + 2.7498
= =
1.5 .
1 0.5
0.5
0 0
2 -1 -1 -0.5 0 2 -15 -1 -0.5 0
In(e) In(e)

Figure 3-11. The plots used to determine value B and n

At the reference temperature, Eq. (3-3) can also be simplified as:

0= (A+Be™) (1+ClIn(él er))

2> 0/(A+Be™) =1+ClIn(él er)

Therefore, the slope of the plot of o/(go+Be") and In /e at constant strain 0.1-0.3 at

various strain rates gives the value of C as shown in Figure 3-12.
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Figure 3-13. The plots used to determine value m

At the reference strain rate, Eq. (3-3) can also be simplified as:

o=(A+Bem) (1- =2 m)

m—Tr

> I ™o 1 6/ (A + Be™)

Ty —Tr

Taking natural logarithm from both sides of this equation gives:
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In [1- o/ (4 + Be™)]=min[-—=]
Therefore, the slope of the plot of In [1- 6/ (A + Be™)] and [TT__T;] in Figure 3-13 at

constant strain 0.1-0.3 and various temperatures give the value of m.

As aresult, a list of Johnson-Cook parameters of PA6 and PE was determined as shown
in Table 3-4.

Table 3-4. List of Johnson-Cook parameters.

Parameter PAG PE PC

A, [Mpa] 28.2 10.1 80

B, [Mpa] 94.6 15.6 75

C, [ 0.001 0.07 0.052
m, [] 0.16 0.32 0.548
n, [] 1.29 1.18 0.9
Tm, [K] 473 333 562
o, [kg/mm?] 1.73e-6 0.95e-6 1.2e-6

3.3.2 Friction coefficient test

From a literature review of the previous study [3.9-3.10], it is found that, in
plastic processing, the rise of temperature obviously influences the coefficient of
friction of the material. Namely, the friction coefficient of some polymers
(Polycaprolactam, Polyethylene) increased with the rise of temperature. While this
value decreased in polytetrafluoroethylene (PTFE). These previous studies also show
that the friction coefficient of polymers gradually increased above the glass transition
temperature point. Therefore, to obtain the effect of temperature on the friction
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coefficient of the blade and nylon-polyethylene sheet, the friction test at various
temperatures was investigated. Figure 3-14 shows the schematic of the friction test
system. Here, to apply the heat in the polyethylene sheet and steel plate, a rubber heater
was set up and controlled by a thermal controller. A thermocouple mounted in the
polyethylene surface to measure the real contacting temperature between nylon-
polyethylene sheet and steel plate surface. The tests were performed with a sliding
velocity of 5mm/min for 10mm sliding distance, and temperatures between 296 K-333K.
These tests were made in dry condition (no lubrication) at an environmental humidity

of 50%. Two cases of the contact surface were investigated as indicated in Table 3-5.

Table 3-5. Testing conditions

Case No. plane material worksheet material
1 Steel PA6
2 PC PE
_)
14
loadcell
worksheet

thermocouple

supporting base and rubber heater

Figure 3-14. Friction coefficient testing system at various temperature
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As a result, the friction coefficient of contacting surface between the cutting
blade and upper PAG surface; lower PE surface and PC counter plate were explained in
Table 3-6. Here, friction coefficient of PA6 against steel has risen 9% when the
contacting temperature changed from 296K to 333K. While this value is calculated at
15% for PE against PC. The obtained values of friction coefficients will be used to

define in the FEM model that will be explained in section 3.3.3.

Table 3-6. Effects of temperature on the friction coefficient of polymers (Average,
max-min of 5 times)

Contact type K (T = 296K) M (T = 313K) M (T = 333K)
PAG6 against 0.54 (0.53-0.55) 0.56 (0.54-0.57)  0.59 (0.58-0.60)
Steel
PE against PC 0.23 0.26 (0.24-0.27)  0.30(0.29-0.31)

3.3.3 Finite element analysis
3.3.3.1 FEM condition

In order to simulate the effect of temperature on the cutting deformation of the
nylon laminated structure, a FEM code, MSC MARC 2015.0.0, was used. Figure 3-15
shows a half symmetric cutting simulation model that had the same dimension as the
experimental system with respect to the effect of temperature. In the finite element
model, a plane strain model with 4280 elements was used to define the initial mesh of
the laminated workpiece. The blade was assumed to be a rigid body while the nylon
film and underlayer were assumed to be isotropic elastoplastic deformation bodies. Glue
contact function was used to define the contact between PA6 layer and PE layer. To
discuss the effect of temperature on the nylon film subjected to wedge indentation
process, mechanical properties of the worksheet, underlayer and simulation conditions

were defined as shown in
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Table 3-7 and Table 3-8, respectively. Moreover, the Johnson-Cook material
parameters used in the simulation are presented in Table 3-4. List of Johnson-Cook
parameters. Here, the properties of PA6 and PE were obtained from the experiment,
which was explained in the previous section. Meanwhile, the Johnson-Cook parameters
of PC counter plate were calculated by A. Dwivedi et al [3.9] as shown in the right

column of this Table 3-4.

\0(/2

0.03mm

i W/2 PAG layer

0.13mm

20mm

A
!

Figure 3-15. A half symmetric cutting simulation model

During the downward process of the cutting blade, there was a largely deformed
near the blade tip; the simulation calculation could not continuous due to crushing of
the element. To overcome the poor mesh, an automatic remeshing function (2D solid:
Advancing Front Quad) was used in the FEM simulation. There is not any damage

model was considered in this study.
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Table 3-7. Mechanical properties of polycarbonate underlay and nylon film.

Material Thickness Young modulus Yield stress
t/mm E/MPa ov/MPa
PC 1 2650 55
PA6 0.03 1995 28.2
PE 0.13 185 10.1

Table 3-8. FEM conditions.

Blade tip angle/ degree a=42°

Blade tip thickness/ pum w=5pum

Cutting velocity/ mm.mint | V =5 mm/min

3.3.3.2 Simulation results and discussions

In order to discuss the effect of temperature on the nylon film subjected to wedge
indentation process, a normal side PA6-PE cutting direction was investigated. Here, the
cutting blade was applied at various temperatures T = 296K, 318K and 333K.
Meanwhile, the nylon film was initially assumed at the room temperature (T = 296K).
In this model, thermal contact between cutting blade and the worksheet was defined by
interface heat transfer coefficient at approximately 4700 W/ (m?.K) [3.11]. To
comparing the heat conduction from the blade to the worksheet between the experiment
and simulation, temperature of point Q was measured and compared in Figure 3-16.
Here, point Q is the position of thermocouple in the worksheet surface, which is placed
at 2mm off-set from the cutting line to avoid the damage from the cutting blade. From
this figure, it is found that the transferred temperature in the experiment is slightly less

than in the simulation. This small mismatching seems to be caused by the heat transfer

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 53
and Control. Eng. at Nagaoka University of Technology



Chapter 3: Thermal dependency in cutting characteristics of nylon- polyethylene
laminated film

from the worksheet surface to the air in the experimental investigation. On the other
hand, in this simulation model, the heat transfer to the air has not been investigated.
From this result, it can reveal the matching between the experiment and simulation in
heat conduction from the cutting blade to the worksheet. Therefore, this simulation is

suitable to predict the heat transition in the experiment.

340

330 X XX
M 325 UIVES Sl &

x" --e-- Experiment
300 P --%-- Simulation

295 %

290
0 01 02 03 04 05 06 07
Nommalized mdentation depth,  d/t

Figure 3-16. Comparison temperature at point Q of the worksheet between experiment
and simulation

Seeing Figure 3-16 and Figure 3-16 (), it is also found that the temperature at
point Q was smaller than in applied temperature in the cutting blade (T = 333K) in both
experiment and simulation. However, seeing Figure 3-17 (b), the temperature of the
worksheet body beneath the cutting blade was almost similar to the applied temperature
in the cutting blade. Therefore, the heat transfer was sufficient to make a change in the

PAG6, PE material properties.
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Figure 3-17. Contour plot of the temperature at d/t = 0.3 when the blade is applied T =
333K.

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 55
and Control. Eng. at Nagaoka University of Technology



Chapter 3: Thermal dependency in cutting characteristics of nylon- polyethylene
laminated film
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PE layer PE layer
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Figure 3-18. Deformation profile of the worksheet on the FEM simulation at d/t = 0.45
with respect to various temperature of the blade (a) T = 296K, (b) T=318K, (¢) T =
333K

Figure 3-18 shows the deformation profile of the laminated wedged worksheet
with the tip thickness w/t = 0.13 at the normalized indentation depth of d/t=0.45at T =
296K, T=318K, T=333K respectively. From the compressive test of PA6 and PE at

room temperature as shown in

Table 3-7, Young’s modulus of PA6 was estimated to be approximately 1995
MPa, and its value was significantly large in comparison to 185 MPa of PE. Due to this
significant difference, the PE lower layer was remarkably deformed, and the blade was
generally pushed to the worksheet. This tendency was almost similar to cut off a soft
worksheet to a hard underlay [3.12]. Meanwhile, when a 318K of temperature was
initially applied to blade, the PA6 and PE yield stress was significantly decreased. As a
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result, the PA6 layer was in large deform as shown in Figure 3-18 (b) and totally

separated at d/t = 0.67 as shown in Figure 3-19(b).

) Vi MSC i Seltware ; g i MSC A Seltwere
296K ' 318K,/ et -
Y R e

Q\ - phes
y V
B PE layer _§
ﬁj\ " \ PE layer
dey/t=0.78 7 |de/t=0:67 B
(a) PC counter plate B (b) PC counter plate L
313k 0 s
R
( o= ;C(“
PE layer 1
d,,/t=0.44 '; !
()  PCcounterplate |

Figure 3-19. Deformation profile of the worksheet when the 1st peak of cutting load
(fcr) with respect to various temperature of the blade (a) T = 296K, (b) T=318K, (c) T
= 333K

Figure 3-20 shows the relationship between the cutting line force f and the
indentation displacement d/t with varying temperatures. The peak of cutting line force
was indicated (fci, dci/t), where fc1 was the line force; dci was the corresponding
indentation depths of the blade at two peaks of load. It was found that the cutting line
force remarkably decreased when increasing the temperature of the blade. At room
temperature (T = 296K), the blade was indented to the worksheet with high pressure
when using the crushed tip blade. On the contrary, in cases of T = 318K, the cutting line

force tended to be decreased and the PAG layer was totally separated at d/t = 0.67. When
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the high temperature was up to 333K as shown in Figure 3-19(b), fc1 continued to
considerably decrease and the PA6 was almost cut off at the normalized indentation
depth of d/t = 0.44. However, at T = 333K, the PE layer was reached the heat deflection
temperature and the plastic flow phenomenon was observed with an unsuccessful

cutting mode as described in the previous section.
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|
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Figure 3-20. Cutting load response with respect to cutting temperature

Comparing Figure 3-20 with Figure 3-4, the simulated cutting load response of the
nylon film shows good agreement with experimental result. However, there was not any
damage model has been investigated in this model. Therefore, this model was not
successfully simulated the breaking behavior of PA6layer and the second peak of load

as the experiment results.
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3.4 Summary

In this study, the cutting characteristics of 0.16mm nylon film subjected to a

wedged indentation were investigated experimentally and numerically. By varying the

cutting temperature of blade body T, features on the cutting resistance and profile

deformation mode were revealed as follows:
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Chapter 4 :

THERMAL CUTTING AND EQUIVALENCY OF VELOCITY IN
CUTTING CHARACTERISTICS OF ACRYLIC WORKSHEET

In this chapter, deformation behaviour and cracking patterns of an acrylic
worksheet during the wedge indentation process were investigated under varying the
mechanical conditions such as the punch/die cutting velocity, cutting temperature. As
a result, a suitable cutting tool conditions for making a smart sheared edge of the
worksheet was proposed.
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4.1 Introduction

Because of many advanced characteristics, for example, low density, visible
light, high shattered resistance, good resistance, an acrylic sheet is proposed to be an
ideal material for making control panels, advertising boards, dental applications, etc.
[4.1-4.4]. To cut a based acrylic sheet into net shape products, a wedged indentation
process is one of the attractive cutting methods. Previous researchers have paid a lot of
attention to the cutting of ductile metallic sheet materials [4.5] and paper board.
Experimentally and numerically studies the effect of crushed tip to the cutting
characteristic of white-coated paperboard has been reported recently [4.6-4.7]. From the
above literature survey, most researchers have investigated the cutting of ductile sheets
due to the stable in cutting profile of its worksheet. On the other hand, acrylic is a fragile
material, which has some difficulties for smooth processing. Concretely, the acrylic
worksheet appears to be randomly broken by the propagation of several initiated cracks
when it is subjected to a wedged indentation and shearing process [4.2, 4.5]. The

unexpected cracking seems to be caused by a fragile property of the acrylic worksheet.

eaan ™ L fnt LS TS ame R S

Cracked
generation

Figure 4-1. Generation of cracks in the worksheet

Figure 4-1 shows an example of cracks generation in an acrylic cutting. In order

to enhance the wedge indentation technology for cutting the fragile worksheets, the
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cutting characteristics of acrylic sheet must be understood furthermore. In this study,
deformation behavior and cracking patterns of an acrylic worksheet during the wedge
indentation process were investigated under varying the mechanical conditions such as
the cutting velocity, cutting temperature. As a result, a suitable cutting tool conditions

for making a smart sheared edge of the worksheet was proposed.

4.2 Experiment method

4.2.1 Experiment conditions and specimens

In order to evaluate the in-plane mechanical properties of the AC worksheet, the
uniaxial tensile test (based on JIS-K7127 standard) was carried out. The stress-strain
relationship of the AC worksheet at various temperatures, and reference strain rate =
0.002 s was shown in Figure 4-2, and its mechanical properties were concluded into
Table 4-1.

Table 4-1. In-plane mechanical properties of acrylic at reference temperature T=
296K, strain rate = 0.002 s*

-1
ts: 0.5 mm, strain rate = 0.002 s

Young’s modulus Yield strength Breaking strength Breaking strain

E/MPa o,/ MPa o/ MPa g,
2200 40 47 0.015
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Figure 4-2. True stress- true strain relationship of AC sheet at various temperature

with constant strain rate = 0.002 s*

The effect of temperature and strain rate on the deformation behaviour of AC is

presented in Table 4-2. Here, JC parameters were calculated as the same method that

was explained in the previous chapter.

Table 4-2. AC Johnson-Cook parameters.

Parameter A, B, C, m, n, T 2l
[Mpa] ~ [Mpa]  [-] 1 [l k]  [kg/mm?]
AC 53 64 0.049 053 075 433 9.4e-7

To observe the cutting behaviour of AC sheet, the wedge indentation

experiments were carried out as shown in Figure 4-3. During the cutting process, the

blade was pushed into the AC worksheet by the moveable of the upper crosshead of the
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universal testing machine. When the worksheet was completely separated, the upper
crosshead was moved upward. For observing side view deformation of worksheet, a

high-speed camera was installed with the cutting apparatus.

Rubber
heater

Thermo-
couple
|

Thickness of
blade s

Indentation
angle & displacement ¢ |

Il
=P
Tip thickness w

Temperature
controller

Figure 4-3. Schematic of experiment apparatus

In this thermal cutting system, the rubber heater was mounted in the blade holder
to generated heat and transferred to the worksheet when the cutting blade moved
downward and indented to worksheet. Here, the temperature in the blade was controlled
by the left temperature controller in Figure 4-5 (a). There are two thermocouples were
used. The fist thermocouple was mount in the blade to measure the real temperature in
the tip blade (Figure 4-4 (2)). The second thermocouple was placed at 2mm off-set from
the cutting line to measure the heat transfer from the blade to the worksheet as shown
in Figure 4-4 (b). The measured temperature in the worksheet was observed in the right

display unit in Figure 4-5 (a).
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Figure 4-4. Thermal system setting: (@) Thermocouple in the cutting blade and (b)
Thermocouple in the worksheet.

In this experimental investigation, an acrylic (AC) rectangle specimen of 20 x
60 mm with thickness t=0.5 mm was used. To propose a suitable cutting tool conditions
for making a smart sheared edge of the worksheet, a series of cutting tests were
conducted on AC worksheet at various temperature and velocity to characterize its
mechanical response. First, the experiment was conducted at room temperature (T=
296K) and varied the feed velocity at 1, 5 and 25 mm.min™. Second, the cutting
experiments were kept at a constant velocity V=25 mm.min™ and varied the cutting
temperature T= 296K, 323K and 343K. The cutting load resistance and the side-view

deformation behaviour of the worksheet were compared and discussed.

4.2.2 Experiment results
4.2.2.1 Cutting load resistance

When the cutting blade indented to the worksheet, the heat was transferred from
the blade to the worksheet surface. Figure 4-5 shows the representative measured
temperature in the blade (Ts) and worksheet (Tw) during the blade indentation when a
313K of temperature was set for the cutting blade. When d/t = -1 (the blade is above the
worksheet surface 0.5mm), Twwas calculated at 298K (25°C). This value was a bit larger
than room temperature (296K) due to the heat transfer from the blade to worksheet.
After that, the blade was indented to the worksheet when the upper crosshead moved

downward to the worksheet. To protect the thermocouple from the cutting tip blade, the

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 66
and Control. Eng. at Nagaoka University of Technology



Chapter 4: Thermal cutting and equivalency of velocity in cutting characteristics of

acrylic worksheet

thermocouple was setup a 2mm off-set from the cutting line force. Therefore, the

measured temperature was smaller than the real temperature at the cutting line, where

the blade contacted the worksheet as shown in Figure 4-5 (b). As a result, the heat

transfer was sufficient to make a change in the worksheet material properties.

Measured Measired M d e
= temperature in Eastie temperature in
temperature m blade otkhoer temperature in blade n“'lg;kSheet
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Set temperature
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Figure 4-5. Measured temperature in the blade and worksheet when
(@) d/it=-1(b) d/t =0.5.

Set temperature =)

Figure 4-6 and Figure 4-7 shows the experimental results of the relationship

between the line force f and the normalized indentation depth d/t for at various cutting

velocity and various temperature, respectively.
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Figure 4-6. Cutting line force at constant temperature T= 296K with various cutting
velocity

Seeing Figure 4-7, the cutting line force was gradually decreased when the
cutting velocity decreased. At low-velocity of V=1 mm.min* and V =5 mm.min?, AC
sheet had a plastic deformation before breaking off. Meanwhile, the cutting line fore
was approximately linear increased and suddenly breaking off when the force reached
a peak. The breaking behaviour is almost similar to the ceramics worksheet subjected
to the shearing process due to the brittle behaviour [4.8]. Namely, cracks were generated,
and an unstable cutting phenomenon occurred. The relation between the peak of cutting
line force F¢ and the cutting velocity V is linear approximate as Equation 4-1.

fo = 0.48V + 43.37 [N] (4-1)

In the second series experiment, the cutting experiments were kept at a constant

high velocity of 25 mm.min? and varied the cutting temperature T= 296K, 323K and
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343K. Seeing the Figure 4-7, it was found that the cutting load response was
significantly decreased when we applied the cutting temperature to the cutting plate.
This tendency is almost similar to the case of decreasing the cutting velocity. The
relation between the peak of cutting line force F¢ and the cutting temperature T is linear

approximate as Equation 4-2.

f.=0.3T - 57.13 [N] (4-2)
60
o T=296K
_ 0 o —a T=323K
' ®
= o o ——T=343K
S 40
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Figure 4-7. Cutting line force at constant high-velocity V = 25 mm.min* with various
cutting temperature

From the equation 4-1 and equation 4-2, a suitable value of T and V for making

a smart sheared edge of the worksheet could be obtained.
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4.2.2.2 Deformation profile of worksheet

Figure 4-8 and Figure 4-9 show the representative sheared surfaces with respect
to the effect of V and T, respectively. Here, c/ts is the ratio of cracking length and
thickness of the worksheet (ts = 0.5mm). Comparing values of c/tsin Figure 4-8(a) and
Figure 4-9(c), it was found that the crack generation in the AC cutting could be

overcome when an optimum value of V and T were applied.
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T e e e
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Figure 4-8. CCD side views of sheared AC sheet by varying the velocity
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Figure 4-9. CCD side views of sheared AC sheet by varying the temperature

4.4 Summary

In this study, the cutting characteristics of 0.5mm acrylic worksheet subjected
to a wedged indentation were investigated experimentally and numerically. By varying
the cutting temperature of blade body T and cutting velocity v features on the cutting

resistance and profile deformation mode were revealed as follows:

I. The cutting load response and the deformation profile of the worksheet
remarkably depended on the cutting velocity and applied temperature of the

cutting blade.
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An appropriate range of the temperature of a blade body and cutting velocity
can be optimized to enhance the quality of the sheared surface of the cutting
worksheet.

References

[4.1]

[4.2]

[4.3]

[4.4]

[4.5]

[4.6]

[4.7]

[4.8]

Crawford RJ (1999) Plastics Engineering, 3 Eds., Burlington: Elsevier
Butterworth-Heinemann, 1-40.

Masami Kojima, Pusit Mitsomwang, Shigeru Nagasawa. Effect of cutter tip
angle on cutting characteristics of acrylic worksheet subjected to punch/die
shearing. AIMS Materials Science, 2016, 3(4): 1728-1747.

Al-Rifaiy MQ (2010) The effect of mechanical and chemical polishing
techniques on the surface roughness of denture base acrylic resins. Saudi Dent J
22: 13-17.

Shimizu H, Tsue F, Chen Z, et al. (2008) Bonding of auto polymerizing acrylic
resins to magnetic stainless-steel alloys using metal conditioner. J Dent 36: 138—
142

Pusit Mitsomwang, et al.,, An Experimental Behavior of Acrylic Worksheet
Subjected to Squared Punch Shearing, Proc. of the 2012 Japanese spring
conference for the technology of plasticity., pp.135-136

Nagasawa S, Sato H, Yamaguchi D, et al. Effect of tip clearance and blade
hardness on cutting resistance and tip shape in paper board die-cutting. J Jpn
Soc Technol Plastic. 2006;42(480):38-42.

Nagasawa S, Sekikawa H, Murayama D, et al. Effect of initial tip profile on
crushing of center bevelled cutter-numerical analysis of crushing tip indented
on paperboard. J Jpn Soc Technol Plastic. 2004;45(524):747-751.

Hanh C. Nguyen, Shigeru Nagasawa, Kensei Kaneko. Strength estimation of
silicon nitride ceramics using a round-notched specimen subjected to shearing-
tool indentation. AIMS Materials Science, 2020, 7(5): 518-533.

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 72
and Control. Eng. at Nagaoka University of Technology



Chapter 5: Predict cracking behavior of fragile sheet using iosipescu type specimen
subjected to a shearing-tool indentation

Chapter 5 :

PREDICT CRACKING BEHAVIOR OF FRAGILE SHEET USING
IOSIPESCU TYPE SPECIMEN SUBJECTED TO A SHEARING-TOOL
INDENTATION

The thermal cutting and equivalency of velocity effect on acrylic (AC) wedge
cutting was discussed in the previous chapter. It is found that the cracking behaviour in
AC cutting was significantly affected by the cutting temperature and velocity. Due to
the time-delay of crack propagation from initiation, the cracking behaviour in AC
worksheet is unstable in FEM simulation. Therefore, in the first stage of study, an
losipescu specimen, which has a rounded-notch on the top, is proposed for analysing a
stable cracking in fragile material. In this model, a VCCT model is applied to simulate
a shearing process for investigating breaking behaviour of ceramics and AC workpiece
subjected to a shearing-tool indentation. This proposed model can be developed and

apply to simulate the AC cutting in wedge indentation process.
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51 Introduction

From the literature survey, there are some researchers have demonstrated
through the experiments and simulations for modelling of crack propagation of ductile
sheet materials, and its breaking behaviour [5.1-5.6]. However, the breaking behaviour
of ductile workpiece seems to be different from that of brittle workpieces. Crack
initiation and propagation appeared to be broken randomly due to the fragile property
of the brittle materials [5.7]. There are many fine cracks seem to occur on the deformed
surface pressed by a tool [5.8]. Therefore, it is limited to predict its deformation and
cracking behaviour due to the randomly broken of fragile material. Previous researchers
have just only investigated the deformation and stress distribution of the deformable
body. There are almost not any research works which clarified a cracking behaviour of
a fragile workpiece. In order to promote the suitable technology for cutting the fragile
materials and also to briefly estimate the breaking strength of that materials, the
cracking behaviour of sintered Si3N4 workpiece and acrylic must be understood.
Therefore, from the aspects of easy measuring of the strength of brittle ceramics, a
notched specimen seems to be convenient for making a stable breakage, and a shearing
test using losipescu specimen [5.9-5.10] is easy to make a shearing state at the notched

zone without any gripping failure.

In this work, the VCCT model was applied to simulate a shearing process for
investigating breaking behaviour of Si3N4 and AC workpiece subjected to a shearing-
tool indentation. By considering the appropriate resistance of crack propagation from
the pre-cracked bending test, a propagation behaviour of initial surface crack was
numerically detected and compared with the shearing experiment of Si3N4 and AC

workpieces.

In this study, so far, the shear strength of two types of sintered silicon nitride
(Si3N4) plate [5.11] was estimated using a round-notched specimen subjected to
shearing-tool indentation. Although the losipescu specimen, which has a symmetric pair

of round-edges on the top and bottom side, is more convenient for analysing a pure
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shearing state, to make a pair of round-edges at the just same position on the upper and
lower part in a specimen is empirically difficult, especially for machining brittle
ceramics. Therefore, a shearing test of one side-notched specimen was proposed here to
estimate the shear strength. In this case, a CO2 laser-assisted diamond cutting wheel
abrasion was used for making a round-edge on the upper side of a Si3N4 specimen.
Also, a finite element method (FEM) analysis was conducted in order to further discuss
about the resistance of crack propagation in ceramics and acrylic workpiece subjected

to a shearing-tool indentation.

5.2 Strength estimation of silicon nitride ceramics using a round-

notched specimen

5.2.1 Materials and experiments
5.2.1.1 Materials

This study was performed by using two types of commercial silicon nitride
(SizN4), SNP0O2 and SNPO03 (made by Japan Fine Ceramics Co.,Ltd.). SNP0O2 was a
sintered reaction bonded silicon nitride (SRBSN) while SNP03 was prepared via gas-
pressure sintering of silicon nitride (SSN) method. Both of SNP02 and SNP03 had the
same hardness at 15 GPa which was conducted by Vickers hardness test based on JIS
R 1601 standard test method.

Silicon nitride (SisNa) is a brittle material at the ambient temperature since the
yielding is very small [5.12-5.13]. To detect the mechanical properties of SisNa4
workpiece, a non-destructive test method based on ASTM E 494 — 15, was investigated.
In this test method, an ultrasonic pulse generator and sensors plus an oscilloscope was
used to measure the sound velocity. Figure 5-1 indicates a schematic of the ultrasonic
testing system. Young’s modulus E and Poisson’s ratio v of a ceramics specimens were
calculated from the longitudinal wave velocity vi, transversal wave velocity vs and
density p using Egs. (5-1, 5-2) [5.14-5.15]. and its mechanical properties were
concluded into Table.5-1. It was found that SNP03 had slightly low stiffness compared
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with that of SNP02. The Young’s modulus of SNP03 was almost similar to that of SizNa

which was estimated in [5.16].

«—— Ultrasonic
trangducer

Oslosoope
- -~~~ — - <1— Purewater
- —| T tthickness
Ceramics oedmen
Figure 5-1. Ultrasonic testing system.
v=[1-2(v, /)’ ]/ 2[1- (v, /v)* ] (5-1)
Table 5-1. Mechanical properties of Si3N4 workpiece.
Physical parameters SNPO02 SNPO3
Dencity, p [kg/m?] 3200 3200
Poisson ratio, v [-] 0.29 0.3
Young’s modu. E [MPa)] 271 297
Vickers hardness. Hy [VHN] 1500 1500
Str. Intensive.fac. K| [MPa.m*?] 6 7
Critical enr. rel. rate Gc [N/m] 19 21
E= [,ovs2 (3v? —4v52)] (v -v.?) (5-2)

There are many test methods to detect the fracture toughness of ceramics,
including chevron-notched beam test, surface crack in flexure method and pre-cracked
beam method. In this study, pre-cracked beam test (ASTM C 1421-10), which is easy

to prepare the straight through pre-crack, was used. Crack intensive factor of two types
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of silicon nitride was calculated from the fracture force, the measured pre-crack length
and the specimen size. The critical value of energy release rate Gc¢ is calculated from
Young’s modulus, Poison’s ratio and stress intensive factor K; shown as Eq. (5-3) [5.17].
The calculated stress intensive factor K and energy release rate G¢ is shown in the last
two rows of Table 5-1. These calculated stress intensive factors were nearly similar to
that of SisNs reported in [5.16]. However, these values were quite larger than 5.3
[MPa-mY?] of Kadin et al’s estimation [5.18]. Microstructure and manufacturing

conditions seem to be reasons leading the difference between these kinds of ceramics.

_ K|2(1_V2)

GC
E (5-3)

5.2.1.2 Experiment procedure of shearing

V-notched groove

t=1 mm

/=50 mm Ny

(a) (b)

Figure 5-2. Size of specimen. (a). General view of workpiece, (b). Zoomed up view of
profile of the notch.

Specimens of SNP02, SNP03 were prepared as a rectangle shape which had a
thickness of t = 1£0.01mm, a length | of 50+£0.05 mm and a width b of 10+0.04 mm,
using a diamond abrasive cutting wheel. A CO; laser machine (HAJIME CL1 PLUS)
was used under a specific condition: 30W power laser was scanned 7 times with a
velocity of 1 mm.s? to heat the surface of specimen and also the diamond abrasive

machine was used for making a V-notched groove on the specimen. A single line V-
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sharp was generated as the following profile parameters: w, = h, = 0.15£0.01mm and
an = 63°. Machined notch has surface roughness Ra of 0.417-0.439 um, which was
observed by laser microscope (Figure 5-3). Various dimensions of a workpiece and
round-notched groove are shown in Figure 5-2. All specimens were sufficiently washed
with alcohol and naturally dried in a room with a temperature of 296 K £ 1 K and a

humidity of 50% + 1% RH for approximately 24 hours before the shear test.

Figure 5-3. Notch surface was observed in lazer-mocroscope

Figure 5-4 indicates a schematic of the experimental-press machine apparatus
in configuration with a ceramics specimen. The shearing die set contains four main
components: punch, dies, blank holders and counter punch. These parts were made of
SKD11 steel (cold-work steel) which had a hardness of 58 ~ 60 HRC. In this shearing
apparatus, the right blank holder and the right die, indicated by the dashed lines in
Figure 5-4, were not used (the specimen was not put in this area). The clearance ratio

between punch and die c/t was empirically chosen as 0.15, which was equal to a ratio
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of the width of the V-notch w, by the thickness t. A force of blank holder (counter
punch) and their displacement are controlled by the back-up springs with the stiffness
of 5.0 and 4.5 N.mm™, respectively.

Servo press machine moving
direction

= fi
blank punch }: blank
holder : holder

worksheet —{ c I

counter |i
die punch i

[ e e e e

Figure 5-4. Schematic of shearing experiment

These shearing tests were performed on a digital servo-press machine (CYA-3-
10, SINTOKOGIO) at the temperature of 296 K and humidity of 50%RH in a controlled
room. Here, the downward speed of crosshead(punch) was chosen as 5mm.min™,
During the shearing test, the punching force F N and the displacement of the punch d
mm were recorded. To observe the cracking propagation and the side-view of the
specimen, a high-speed camera was installed. To evaluate the shear strength of brittle
material, typically for ceramics, a significant number of specimens have to be prepared
in order to obtain a reliable value. In this experiment, the shearing test was conducted

with five specimens for each condition.
5.2.1.3 Experimental results and discussions

In this experiment, a high-speed camera was used to record the cracking
behaviour during the punch indentation. Figure 5-5(a) and (b) shows the result of

cracking behaviour for SNP02 and SNP03 respectively. These cracking propagations
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were so fast and catch up by high-speed camera of 1000 frames per second. In two cases,
crack initials start at the grooved notch and rapidly to separate into two parts. It was
found that the initial crack did not locate at the middle of the notch but occurred at the

side face of the notch.

Direction
of crack
propagation

Crack
initiation

(a). SNPO2, at a pre-cracked state d/ts= 0.021, and at a crack propagated state
d/ts= 0.023

Crack
initiation

Direction
of crack
propagation

(b). SNPO3, at a pre-cracked state d/ts=0.023, and at a crack propagated state
d/ts= 0.025

Figure 5-5. Here, the thickness of plate was ts= 1 mm, the feed velocity of punch was
V=5mm.min-1.
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The shear strength was defined and calculated by dividing the maximum load

by the cross-sectional area of the specimen as shown in Eq (5-4).

— Fmax (5-4)

w-b

Tmax

Here, Fmax is the maximum load, w = 1-0.15= 0.85mm is the distance from notch

to lower surface of the workpiece, and b = 10mm is the width of the workpiece.

Figure 5-6 shows the comparison of load-displacement responses with two
types SNO2, SNO3 of SisN4 ceramics. From the load response curves, it was found that
SNPO02 and SNPO3 were brittle elastic behaviour up to the fracture point. The average
ultimate failure load and shear strength outcome as Table 5-2. The shear strength of
SNPO02 was approximately 16% higher than that of SNPO3, although they had the same

chemical structure of SizNa.

3500
3000

2500

N
o
o
o

O SNPO2-Exp

SNPO3-Exp

Indentation force, F/N

)

0.01 0.02 0.03 0.04 0.05
Punch's displacement, d/ts

Figure 5-6. Load — displacement response. Here, the thickness was ts =1 mm, the feed
velocity was V = 5mm.min-1
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Table 5-2. Shear strength of Si3N4 workpieces (Average, max-min of 3 samples).

Material code Ultimate failure load, N Shear strength, MPa
SisNs-SNP02 2364 (2250-2760) 278
SisNa-SNP03 3021 (2750-3270) 355

The surface grinding of two types of SizsN4 ceramics was performed using a ML-
150P grinding machine in two processes. A coarse polishing was used a grinding wheel
with diamond grains of 30 um. After that, a fine polished surface was performed with
diamond particles slurry of 2 um. After grinding the surface of specimen of SNP02 and

SNPO03, a scanning electron microscopy SEM (Jeol JSM 6400) was used to observe the

surface of these specimens.

Figure 5-7. Scanning electron microscopy image two type of Si3N4 (a). SNP02 and (b).
SNPO3

In Figure 5-7, there were many imperfections including point defects and
impurities in the SNP02 in comparison with the SNPO3. Synthetically, it was found that
a good microstructure (less point defects) contributed to perform the higher shear

strength of SisN4 ceramics.
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5.2.2 Simulation of cracked behavior

5.2.2.1 Principle of vcet cracking model

Many researchers succeeded to predict an initiated fracture of ductile material
in a shearing process [5.1-5.3]. The initiation of fracture was predicted by an integral
formulation of Eq. 5-5 [5.2] which reached to a critical threshold value C during the

shearing process:

ff Pflom,0)de, =C (5-5)

Here, f(o,,,0) is a certain kind of functional form with arguments, and
0, oy, Epare the Mises equivalent stress, the pressure (average of three normal stresses)
and the equivalent plastic strain, respectively. This critical value C was empirically
determined from an experimental tensile test. However, the failure behavior of brittle
material is apparently different from that of ductile workpiece subjected to a shearing
load. In a case of notched brittle material subjected to a shearing load, the critical release
energy rate Gc is normally considered to discuss the crack propagation. In this work,
the virtual cracking closer technique (VCCT) model based on the Griffith’s theory was
used to predict the cracking resistance of brittle material [5.19-5.22]. In this theory,
there are three modes of cracking propagation: the tensile (mode 1), the shearing (mode
I1) and the tearing (mode I11). As for the crack opening and propagation, the total energy
release rate of these modes must be equal to the required energy for creating a new

surface.
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Figure 5-8. Meshed node patterns for explaining the VCCT model

A basic equilibrium of this process was expressed by Eg. (5-6). Here, Gt was
the total energy release rate and Gc was the critical release energy rate, which was
evaluated from a 3-points bending test of pre-cracked beam.

G =G, (5-6)

In a case of two-dimensional deformation as the plane strain, the mode Il is
negligible, and then the total strain energy release rate as a sum of the mode | and the
mode I, Gy, plus Gy, defined as Eq. (5-7) is expressed with a crack length 4a, a shear
displacement Aux and an opening displacement Awy, as shown in Eq. (5-8) [5.4-5.6].
Here, Aa is measured from a node point | to a node point i; Zi and X; are an opening
force and a shear force at the crack tip (node point i). Auxand Awy are calculated from
the shear and opening displacement at the node | as shown in Figure 5-8.

G, =G, +G, 67
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GT:TL-Zi-AWHZTia-Xi-Auk 5:8)

In this work, the virtual cracking closer technique (VCCT) was used for
investigating the initial cracking and its propagation in a round-notched ceramics
specimen using the finite element code MSC. Marc 2015.0.0 (updated Lagrange
procedure). Figure 5-9 shows a two-dimensional shearing FEM model and details of a
notched profile. It was constructed as the similar shape with the experimental shearing
specimen. The plane strain quadrilateral elements subdivided with 3500 meshes were
initially prepared. To focus on the cracking of the workpiece and reduce the calculation
time; the punch, dies, counterpunch and strippers were assumed to be rigid bodies,

while the workpiece was assumed to be an elastic deformable body.

35 25 35
L_Stripper Punch R_Stripper
with spring Feed direction with spring

V| AN ‘
I . N o I Y O
1 I N By B B N Ay
o R T

L_Die }\founter spring R_Die
35

L
L
L
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L
L

Figure 5-9. A simulation model and notched profile
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When discussing the simulation results, the mechanical properties of ceramics
were assumed to be same as experimental values described in the section 2.1. The
coulomb tan™! friction model with a relative velocity threshold of 0.01 was considered
in this simulation. The friction coefficients of the blank holder and the ceramics: ub, the
punch and the ceramics: up and the die and the ceramics: u¢ were measured by the

friction test based on JIS-K 7125. The results were approximated as u» = up = g = 0.21.

5.2.2.2 Preliminary simulation for determining the initiation of crack

Preliminary model for detecting the initiation

Model: V-notched beam body w/o initiation crack

Input: 3-points bending by a specified load.

Output: Surface distribution of first principal stress on the
notched zone for searching the peak maximum position.

cracked model

e Loading on a body considering an initiated small crack at the peak max.
position.
Additional: VCCT plus Gc, auto-remeshing for upated state.
Input: 3-points bending by a specified displacement. Comparision of Gc with
SNPO02, 03.

e  Output: Relationship between load and displacement of punch, history of
cracked profile.

Figure 5-10. Flow schemes of numerical procedure

Figure 5-10 shows the flow schemes of numerical process to simulate the
cracking behaviour during a shearing process. Firstly, an FEM model without cracking
model was used for determining the stress distribution on the notched surface to detect
the crack initiation. The mechanical condition of shearing process and the material
properties of ceramics were considered to be same as the experiment described in the
section 2.1. There were not any cracks on the surface in the first stage model. In Figure
5-11, the circled and triangle sequences show the peak value of maximum principal
stress as a tensile state (op1) in two cases of SNP02 and SNPO3 with respect to the
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punch’s displacement, respectively. Linear approximations of simulated maximum
principal stress op1 by the least-squares method were derived as Egs. (5-9, 5-10). The
difference of Eqgs.(5-9, 5-10) was caused from the difference of Young’s modulus of
SNPO02 and SNP03. The squared sequence shows the tracking position of the peak value
of op1. Here, the arc-length, L_srf, was a distance from the left side of the rounded notch
(O) to a peak position of ap1 (P) as shown in Figure 5-12(a). It was found that the peak
of op1 occurred near a 0.1mm off-set position (P) from the groove bottom during the
shearing process in two cases of SNP02 and SNP03. This peak position was also
corresponded to the position where the initial crack was observed in the shearing
experiment. Therefore, a cracked position of the initiation in VCCT model was
determined and a 0.012mm depth initiation was defined across to the surface in a

meshed model as shown in Figure 5-12 (b).
- for 0.015 < d/ts < 0.025 in case of SNP02):

op1 = 41124(d /ts) + 171.44 at the point P (5-9)
- for 0.015 < d/ts < 0.025 in case of SNP03:

op1 = 53282(d/ts) + 106.25 at the point P (5-10)

From the experiments, it was found that the cracking of groove zone of SNP02
and SNPO3 started at the displacement d/ts=0.021 and d/ts=0.023, respectively. Then,
the corresponded critical stress of SNP0O2 and SNP03 was estimated as 1035 and 1331
MPa respectively, using Egs. (5-9, 5-10). This result was quite similar to the fracture
strength which was estimated in [5.12]. Here, a maximum stress value is considered as
the fracture strength to predict the cracking behavior in SisNs subjected to Vickers

indentation.
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Figure 5-11. Stress distribution on the notch surface

Maximum Prindpgl Valuelof Stress

Figure 5-12. Detection of stress severe position and setting of a small crack on a groove
surface. (a) Contour band of stress opy at d/ts=0.021  (b) Introduction of a small crack
for VCCT

After detecting the initiation position from the preliminary model, a cracking

model based on the VCCT method, which was introduced in the section 3.1, was used
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to simulate the cracking propagation of ceramics workpiece during the shear process.
In this cracking model, the critical release energy rate was assumed to be 0.019 (N.mm"
1y and 0.021 (N.mm™) for SNP02 and SNPO3 respectively from the 3-points bending
test of pre-cracked beam that was mentioned in the section 2. The crack grew and
propagated whenever the calculated energy release rate was larger than the critical value
in the process of punch indentation against the notched workpiece. From the experiment
result, it was found that the cracking direction was approximately 58° with the
horizontal axis. Therefore, in this simulation, the crack propagation direction was
specified by vector p as shown in Figure 5-12 (b). Here, crack propagation direction
was approximately perpendicular to the tangent line of notch surface. The crack was

propagated by the punch indentation until the workpiece was separated completely.
5.2.2.3 Results of simulation and discussions

To discuss the VCCT based simulation, the initial crack position and the direction
of its propagation were numerically measured and compared with the experimental shear
results of notched workpiece. Figure 5-13 shows a simulated process of
cracked behavior of SNP02. At the starting position d/ts= 0, a 0.012 mm depth crack was
defined on the groove surface as shown in Figure 5-13 (a).
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Figure 5-13. Crack propagation in shearing simulation for SNP02

When the punch moved downward, the pushing load increased. Meanwhile, the
strain energy increased at the cracked position until the value of Gt (expressed by Eqg. (5-
8)) exceeded the critical release energy rate Gc, and then the crack started to be enlarged
at d/ts = 0.021 (Figure 5-13 (b)). In this Figure 5-13 (b), the crack tip was opened from
the point P to the point Q in a small incremental step of convergence. Here, when the
punch was indented with an incremental step dx = 8x10“#mm, a crack length da=0.01mm
was calculated. The maximum principal stress (op1) at the crack tip was estimated as 1047

MPa in this state Fig.12(b). After that, the crack was gradually propagated when the punch
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was continuously indented to the workpiece. In order to avoid unexpected stopping of
crack growth, a global auto-remeshing function (2D solid: Advancing Front Quad) was
used in the FEM simulation. The initial coarse mesh pattern around the focused crack
were automatically refined when the crack was propagated in every increment. The
automatic-remeshing was performed when the strain change of each element was higher
than 0.2 or the inner angle of element was greater than 175° or smaller than 5°. To ensure
the mesh resolution which was large enough to generate the new crack tip, the minimum
element size was defined as 0.012mm in this simulation. Figure 5-13(c) shows a refined
remeshing state which was allowed to make a small propagation of crack. Finally, the
ceramics workpiece was completely broken at d/ts ~ 0.03 (Figure 5-13(d)). The crack
was extended and progressed along the initial crack as shown in Figure 5-14. In case of
simulation, the crack route relatively propagated in a straight line. However, seeing the
direction of crack propagation in Figure 5-14, especially from the center part to the
lower-side of the workpiece, the cracked route of the experiment deviated from the initial

line. As the result, the experimental crack path had a slight curve. This mismatching

tendency seems to be caused from the high geometry constraints, that was also reported
in [5.23-5.24].

g rrrri

T
I
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Figure 5-14. Comparing cracking profile between (a). experiment and (b). simulation
for SNP02
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Comparing the cutting line force as shown in Figure 5-15, it was found that the
breaking strength was almost similar to that of the experiment. In the simulation, it was
easy to detect the initial crack position, although this transition point was not detected
clearly in the experiment. Through this development of simulation model, any other
loading models or different type of notched workpiece are possible to analyse. After
passing the punch stroke d/ts > 0.021 for SNP02 and d/ts > 0.023 for SNPO03, the
cracking behaviour was different from the experimental results due to some reasons.
One reason was a sort of unstable calculation of cracking, and another reason seemed
to be caused from the mismatching of dynamic cracking behaviour. The real,
experimental behaviour seemed to be affected by a dynamic resistance of cracking,
while the Gt based VCCT model was assumed to be a static resistance model.

3500

3000

&

2500 "/
_ 2000
g O SNP02-Exp
“E 1500 SNPO3-Exp
.S
2 ® SNP02-Sim
=
1000 ® SNP03-Sim

500

0 & o hanh
0 0.01 002 003 004  0.05

Punch's displacement, d/ts

Figure 5-15. Comparing load-displacement response between experiment and
simulation

Submitted in partial fulfilment of the Doctoral Engineering in Infor. Sci. 92
and Control. Eng. at Nagaoka University of Technology



Chapter 5: Predict cracking behavior of fragile sheet using iosipescu type specimen
subjected to a shearing-tool indentation

5.3 Apply vcct model in acrylic shearing

5.3.1 Experiment and simulation method

In the previous section, a one-side notch losipecu type was used to estimate the
shear strength of silicon nitride ceramics. Also, a VCCT method was applicable to
predict the cracking behaviour of worksheet during the shearing process. In this section,
a similar technique was applied to shearing of the acrylic worksheet. However, a V-
notch cutter was used to prepare the two-side notches for acrylic specimen, which has
a symmetric pair of round-edges on the top and bottom side. Another experiment
condition is similar to the ceramics shearing experiment that was explained in the
section 5.2.1. For the FEM simulation, the same VCCT method was applied for predict

the cracking behaviour of the acrylic worksheet.

The material properties of AC were obtained from the experiment that was
explained in the Chapter 4. In this VCCT model, critical release energy rate was
assumed to be 0.59 (N.mm™), which was calculated from the three-point bending test

evaluation as shown in Table 5-3.

Table 5-3. Acrylic material properties

Physical parameters AC

Density, p kg/m? 1180
Poisson ratio, v - 0.39
Young’s modulus, E MPa 2216
Stress intensive factor, K; MPa-m??2 0.85
Critical energy release rate, G¢ N/mm 0.59

5.3.2 Experiment and simulation results

Figure 5-16 shows the simulated result of cracking behaviour for 0 < d/ts <

0.145. At d/ts = 0.12, the upper crack started to be opened. After that, the lower crack
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started to be opened a bit later than the upper crack. Here, the propagation of these
cracks could be observed. As illustrated in this figure the cracks were continuously
propagated when the depth of the punch was increased. Seeing the direction of crack

propagation, it relatively corresponded to the experiment.

15.0 f_ps 330}'393 frames 640 x 480 B

Original point (d/ts=0)

15.0 fps  338/393 frames 640 x 480

Original point (d/ts=0)
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Figure 5-16. Comparing cracking profile between simulated crack propagation and
experiment results

Comparing the cutting line force as shown in Fig. 6, it is found that, breaking
strength was almost similar to that of the experiment. However, in the simulation, it was
easy to detect the initial crack position, while, the experiment could not obserse this
transition point clearly. After passing the punch stroke d/ts>0.12, the
cracking behaviour is a bit far from with the experiment due to many unstable

conditions.
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Figure 5-17. Simulated and experimental cutting line force

5.4 Conclusion

In this study, the shear strength of two kinds of ceramics and acrylic material
was experimentally and numerically estimated by using a round-notched shear test
method. The initial cracking and its propagation direction were analyzed using the

VCCT method. The followings were concluded:

The Eq. (5-8) based VCCT model plus the positioning of initiation by the
maximum principal stress had a good agreement with the experiment to predict a crack

initiation and the direction of crack propagation in a notched SisN4 and AC workpiece.

The developed simulation model using the Eqg. (5-8) based VCCT plus the
initiation by the maximum principal stress has a possibility to predict the similar crack

propagation in notched fragile materials subjected to a shearing tool indentation.
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Chapter 6 :

CONCLUSIONS AND PROSPECTS

6.1 Conclusions

In this research work, the main objective is to reveal the fundamental cutting
mechanism and the critical conditions for cutting off a thin worksheet. Deformation
behavior and cracking patterns of a thin worksheet during the wedge indentation process
were investigated under varying the mechanical conditions such as the punch/die cutting
velocity, cutting temperature. As a result, a suitable cutting tool conditions for making
a smart sheared edge of the worksheet was proposed. Furthermore, a general-purpose
finite element method (FEM) code was applied to develop the cracking model in
shearing process of the fragile materials such as ceramics and acrylic. Through

experimental and numerical results, the following features were disclosed:

By varying the cutting direction PA6-PE and PE-PAG6, the bent-up angle 6 of the
laminated worksheet and cutting load response were remarkably effect by the
laminated structure. A bad cutting profile occurred in this case of normal cutting
direction PA6-PE. While a good cutting profile was observed for revered cutting
direction PE-PA6. From this result, a good cutting condition can be chosen for a
similarity laminated worksheet cutting in the mass industrial. The simulated profile
of the nylon film shows good agreement with experimental result. The bent-up angle
and the deformation profile of the nylon film mainly depend on the stiffness of upper
layer and lower layer of laminated worksheet.

The bent-up angle and the deformation profile of worksheet remarkably depended
on the normalized tip thickness of the cutting blade w/t. When choosing w/t <0.13,
the bent-up angle was less than 50degrees (72% of saturated maximum angle) and

the cutting peak maximum was less than 7 N/mm at normal temperature. This
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seemed to be a preferable mechanical condition for smoothly cutting a PA6-PA film
off.

From the study effect of temperature on the cutting characteristics of PA6/PE film,
it was found that an appropriate range of the temperature of a blade body, a case of
T = 318K against a room temperature 296K was suitable for cutting the 0.16mm
PAG/PE film off during wedge indentation. An FEM model aslo was conducted to
reveal the effect of temperature in the deformation of the PAG/PE film. The effect
of temperature, velocity was defined by Johnson-Cook parameters that was obtained
from series of experiment as various temperature and strain rate. From the
simulation results, the simulated cutting load response of the nylon film shows good

agreement with experimental result.

From the study of thermal cutting and equivalency of velocity in cutting
characteristics of acrylic worksheet, some features on the cutting resistance and
profile deformation mode were revealed as follows. The cutting load response and
the deformation profile of the worksheet remarkably depended on the cutting
velocity and applied temperature of the cutting blade. An appropriate range of the
temperature of a blade body and cutting velocity can be optimized to enhance the

quality of the sheared surface of the cutting worksheet.

Moreover, A VCCT model was also applied to simulate a shearing process for
investigating the breaking behavior of ceramics and AC workpiece subjected to a
shearing-tool indentation. This proposed model can be developed and applied to

simulate the AC cutting in wedge indentation process.

6.2 Prospects

In the current study, the FEM simulations of the cracking behavior of losipescu
specimens subject to shearing process were conducted and discussed subjected to the
shearing process. In the near future, the author would like to apply this method to

analyse the cracking pattern of the fragile worksheet in wedge indentation process,
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which has a completed fracture than the current model. Therefore, the application of

this method can be applied to other composite materials.
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Table A.1 Lists of apparatuses and tools

rubber heater

Thermal
controller

Apparatus/ Photograph of apparatus/tool Spemﬁcgtlon/
tool capacity
- Maximum
operating
. temperature: 473K
Silicone

- Heat generation
density: 0.8W/cm?2
- Voltage: 100 V, -
Power: 10 W

Thermal
imaging
camera

(Flir C3)

ES5CC-RX3ASM-
000

Thermal sensitive
<0.10C
Temperature range
-263K~ +423K
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Table A.1 Lists of apparatuses and tools (Continued)

Compression
machine
(Aiko
engineering
machine,
model
1311DWS)

Digital Optical
microscope
(VHX-2000)

Apparatus/ Photograph of apparatus/tool Speuﬁcqtlon/
tool capacity
- Load cell =10
kN
(Instron 3366) - Max. testing
Universal speed = 500
testing mm-min-!
machine - Vertical test
space = 1193
mm

- Power supply:
100 VAC
50/60HZ

-Load cell: 50N,
50kgf, 500kgf.

- Power supply:
100 ~ 240VAC
50/60HZ,
340VA max.

- Shutter speed =
1/15 ~ 1/19000 s.
- Image sensor:
2.11 million-
pixels.
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