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Abstract

Delamination of white-coated paperboard is one of the most important roles
for making a crease line of paper box and tray in the package converting industry,
because the folding of crease is well used for making shapes of boxes and trays. The
delamination of interlayers occurs during a folding process of creased paperboard. In
order to inspect the strength or resistance of delamination, some measuring methods,
such as the Z-directional tensile test (ZDTT), the peeling cohesion test (PCT) were
examined in the first stage. The delamination and folding mechanism are important for
making a high precious size of box, smart folding shapes and a certain strength of
folded lines. To measure the resistance of forming and the stiffness of delaminated
paperboard are necessary for estimating the folding performance of locally
delaminated zone.

First, concerning an in-plane detaching resistance of a white-coated
paperboard subjected to a peeling deformation, the z-directional (out-of-plane) tensile
test (ZDTT) and the peel cohesion test (PCT) were investigated experimentally and
numerically. Since the paperboard is composed of fibrous plies, its detaching
mechanism seems to be different from a crack propagation of a fragile material. In this
work, an internal breaking criteria and transient de-lamination phenomena of a weak-
bonded layer of a white-coated paperboard were experimentally investigated through
the ZDTT and the PCT. The detaching resistance in the normal direction was
estimated with the proposed non-linear fluffing model using a finite element method
(FEM) code to characterize the peeling deformation of the weak-bonded layer.
A white-coated paperboard of 0.45 mm thickness (basis weight of 350 gm) was
chosen for conducting the PCT and the ZDTT. An anaphase yielding resistance of
detaching was revealed through the ZDTT of the paperboard. The relationship
between the pulling force and the curvature radius of delaminated upper layer of the
paperboard were discussed in the PCT. The FEM simulation of the PCT of the
paperboard was analyzed using an isotropic-elastic model, which was developed
through the ring crush test, and compared with the 3 point bending test. The results
were as follows: (1) The out-of-plane detaching resistance of in-plane layer of a white-
coated paperboard was experimentally characterized through the PCT by the



maximum peak line force at the early stage and the stationary line force. These line
forces were almost independent to the paper-making direction. (2) A fluffing profile of
the de-laminated layer and the thickness of the peeled upper layer experimentally
depended on the pulling velocity. (3) Regarding the detaching resistance of peeled
layer, a fluffing model was proposed in the developed simulation model. Equivalent
fibers based fluffing model that were derived from the ZDTT experiment
(approximated as discretely distributed nonlinear springs) well explained the existence
of the maximum peak point of peeling force and saturated peel resistance.

Second, to develop a numerical simulation model of the folding process of a
creased paperboard and to reveal the deformation characteristics of the creased
paperboard, a cantilever type bending moment measurement was experimentally
examined with a 0.43 mm thickness white-coated paperboard. To verify the folding
response of the creased part, the initial crease (the scored depth) was varied within a
certain range, and the lamination numbers were discussed with 2-8 layers. A fluffing
resistance model based on the z-directional (out-of-plane) tensile test was initially
developed and simulated using isotropic elasto-plastic solid properties. However,
since the fluffing resistance was restricted in the normal direction of the detached
interface, the in-plane shear resistance was not considered in the early stage. When
investigating the folding process of a creased part, it was found that the in-plane shear
resistance and its breaking limit was the primary characteristics. Therefore, in this
work, in order to characterize the delamination and bulging deformation, the internal
breaking criteria was numerically analyzed using a new combination model. A general
purpose finite element method (FEM) code MARC was applied to develop a
combination model comprising the out-of-plane fluffing subroutine and the in-plane
shear glue strength. Through the FEM simulation of the folding process of creased
paperboard, the following results were revealed: (1) The simulated bulging profile of
the creased part and its bending moment resistance well matched with the
corresponding experimental result at the stationary folding state for the folding angle
>20°, when using the combination model. The saturated bending moment resistance
was characterized by the yielding stress and the folded geometrical mode. (2) The in-
plane shear glue strength characterized the bulging patterns of the interlayer

delamination in the folding process of the scored zone. (3) The initial delaminated



span of the scored zone was estimated as >150% of the creasing width. (4) The initial
gradient of the bending moment resistance was characterized by the scored depth and
the elastic modulus. (5) The transient response of bending moment at the early stage
was characterized by the softening effect model (as partially deleted).

Third, to reveal deformation behavior under a compressive loading using
V-Block fixtures, the developed combination model of shear glue strength and fluffing
normal strength was conducted for analyzing the bending behavior of creased
paperboard, using the in-plane MD tensile properties. An FEM analysis was simulated
the compressive load using V-Block fixtures. The simulated folding deformation of
the creased part of paperboard was compared with the experiment. The results of this
study were as follows: (1) The compressive load tended to decrease with the scored
depth and the folded angle. This tendency was well simulated and explained using the
combination model. (2) The value of the yield strength characterized the bending
moment for a certain large folding angle > 60°. (3) The combination of the fluffing
normal and the shear glue strength under the in-plane compressive state was well
described the bulging mode of folded portion, when comparing the experimental result

for the scored depth of das = 0.2 mm.
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Nomenclature

Symbol Definition
ZDTT Z-directional (out-of-plane) tensile test
PCT Peel cohesion test
MD Machine direction for paper making
t Thickness of work sheet /mm
tp Thickness of weak-bonded peeled layer in PCT /mm
th Thickness of base paperboard /mm
Lzorr Length of the specimen for ZDTT test /mm
Bzorr Width of the specimen for ZDTT test /mm
tp zDTT Thickness of weak-bonded peeled layer in ZDTT /mm
€z =X Elongation in ZDTT /mm
o Tensile stress in ZDTT /MPa
ai—as, bi—bs, c1 Coefficients of Eq.(1), (2), and (3)

fzorTr = 0LzDTT

Tensile line force in ZDTT

Distance between the 1st end and 2nd end of nonlinear spring

U which is joined to nodes on the peeled layer /mm
K Stiffness of nonlinear spring in USPRNG subroutine
Lpct Length of the specimen for peeling test /mm
Brcr Width of the specimen for peeling test /mm
V Experimental feed velocity of vertical motion of gripper point of
peeled layer /mm-s
Ux Horizontal displacement of base paper by table motion /mm
Uy Vertical displacement of gripper point of peeled layer /mm
tep Virtual elapsed time /s
v Virtual feed velocity of the vertical motion of gripper point of
y peeled layer /mms*
Virtual feed velocity of the horizontal motion of base paper
W /mmst
Length of initial peak that was equivalent to be 2.67 mm in this
Lip work, was equivalent to be the length of initial peak of the
experimental result
h = hi-h Vertical displacement of edge of the peeled layer from the edge of
— 10 base paperboard
pap
h/tp Normalized peeling displacement per the thickness of peeled layer
fo (=Fp/b) Tensile line force of paperboard in PCT /kN-m*
Erc Equivalent elasticity modulus derived from a ring crush test /MPa




Nomenclature (Continued)

Symbol Definition
v Poisson’s ratio
fpmax Maximum peak tensile line force in PCT /kN-m
foc Average of saturated (stationary) resistance in PCT /kN-m!
Ip Curvature radius of peeled layer sheet /mm
oy The yield stress of specimen in the in-plane MD /MPa
\% Experimental indentation velocity of creasing rule /mm-s™,
i Distapce or length between the end of both notches in the in-plane
shearing test /mm
Ws The width of the specimen in an in-plane shearing test /mm
ts Thickness of paperboard of in-plane shearing test /mm
dn Depth of notches / mm
tds Thickness of double-sided tape of in-plane shearing test /mm
tm Thickness of metal plate of in-plane shearing test /mm
B(inMD) Breaking shear strength in the in-plane MD shearing test /MPa
St Shear strength parameter in the glue contact function /MPa
Lest Length of the specimen for CST test /mm
West Width of the specimen for CST test /mm
B Width of channel die /mm
d Indentation depth of creasing rule /mm
Clas Permanent depth after scoring by creasing rule /mm
h Height difference (step) of rubber from the creasing rule /mm
r Radius of a creasing rule /mm
b Thickness of a creasing rule /mm
y=2dB™*? Normalized indentation depth (nominal shear strain)
0 folding angle (°)
M Bending line moment resistance = bending moment resistance per
unit width against folding /Nm-m™
M Bending line moment resistance at the folding angle of = 90°
%0 /Nm'm*!
@ Rotation velocity of fixture for folding (rps) (= 2rwrad-s 1)
Ch Thickness of 1st layer of paperboard /mm
L Friction coefficient between creasing rule and paperboard
Ld Friction coefficient between grooved plate (die) and paperboard
L Friction coefficient between paperboard and rubber fixtures
Friction coefficient between each layer (interface layer) of scoring
Hel area
Lic Friction coefficient between paperboard and pin of load cell
Lvb Length of the specimen for VV-Block test /mm
Wb Width of the specimen for V-Block test /mm
L Arm length of worksheet /mm
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Nomenclature (Continued)

Friction coefficient between the deformable body and the upper-
#rd lower rigid body

Friction coefficient between the deformable body and the
#ad protector

Friction coefficient between the deformable body and V-Block
Fib fixtures




CHAPTER 1

INTRODUCTION

1.1 Introduction to creasing process

1.1.1 History of creasing process and its principle

Paper and paperboard are two common material used in almost all
industries. They are highly recyclable and environment friendly materials, which results
in a rapid utilization growth of these materials. However, the research works and
relative fields of the mechanical properties of this popular and essential material are
quite limited, especially the mechanism of paperboard converting. Paperboard die
cutting, includes creasing, is wide spread in many fields such as foods, stationery
packaging. lggesund paperboard. (2014) proposed the conceptions for analysis of a
paperboard have been published. In this article, the die-cutting and creasing operations
were discussed. Gasiorek. (2013) applied the Smoothed Particle Hydrodynamics (SPH)
for the modeling of cutting composite bundles applying a guillotine. For the
improvement of productivity or the development of quality on die cutting (Grebe, 1973;
Hofer, 1994; Fellers et al., 1992) reported the evaluation of durability on die tools and
the estimation of material properties on paperboard were clarified. Creasing is one of
most essential mechanical behavior or processing technique for paperboard die cutting
(Carey, 1992), due to the affected of the failure state in the folding process was based
on the creasing stage. The die cutting and creasing process are widely applied for
converting sheet materials in various industries, i.e. automobiles, electronic circuits,
insulation and protective films, packaging, etc.

Moreover, the requirement of dimensional precision for cut products and
creasing products and various shapes of cut parts and creasing parts, various types of
the die cutting are developed and used such as folding, bending, printing, etc. Fig. 1-1
shows some sheet material forming processes based on the principle of the creasing

process.
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Fig. 1-1 Examples of forming processes based on creasing principle.

The quality of the creasing product is affected not only by the material
mechanical properties and creasing condition but also by other problems, caused by
crushing or abrasion, folding failure in paperboard, delamination of paperboard.
Therefore, the mechanical response of crease lines is introduced and verified on the
basis of experimental tests (Giampieri et al., 2011). Creasing process is the process of
using the creasing rule that is indented onto the paperboard. Creasing process can be
done on either Flatbed or Rotary presses. One of the significant advantages of flatbed
die creasing is tooling costs are kept to a minimum and its suitable for the complicated
creasing pattern. The different combinations of materials are extremely suited to the
process of flatbed die creasing. The flatbed dies creasing process, which is also referred

to as shearing, indentation, creasing or pushing process, is illustrated in Figure.1-2.

Steel rule die embedded
in a die board

Rubber fixture /C\utting rule

ie board

@ Up-Down

Creasingrule  Works material
Counter plate

Fig.1-2 Flatbed die-cutting and creasing

A worksheet is pressed on a cutting plate by a rubber fixture and performed by
a die designed patterns embedded in a die board. Die pattern will cut the work material

sheet in a reciprocal up-down motion without any stopper. The final step in the creating



die involves the addition of ejection rubber. The rubber pads are adhered to the substrate
to support eject the material after cutting. Die-cutting and creasing are faster and more
stable than other methods. However, the tooling costs are cheap and the precision
method for creasing the complicated pattern.

Sudo had studied the effect of detachment behavior on creasing deformation of
the paperboard (Sudo et al., 2005). However, the detachment behavior on the creased
paperboard are not sufficiently discussed from the aspect of the internal bonding
strength model with the lamination structure. Thus, this thesis work intends to contribute
to the effort of perception of the paperboard peeling mechanism. The experimental and
finite element methods will be conducted. Li et al. (2018) reported the fracture behavior
inclusive the fiber bridging offering by applying a potential based cohesive law. Gong
et al. (2017) proposed the resistance (R)-curve and assumed fiber bridging tractions
decreasing non-linearly concerning the crack opening displacement. Hower et al. (2018)
offered traction-separation law comprised a standard initial cohesive component, which
estimated for the initial interfacial stiffness and energy release rate, along with a new
constitutive to consider for the fiber bridging and contribution to the delamination
process. For the explanation of large-scale failure process zones, Sgrensen et al. (2003)
applied the cohesive laws by the determination of the J integral and end-opening of the
cohesive zone of double cantilever beam specimens loaded with pure bending moments.
Borgqvist et al. (2016) showed the appearance of the limited bands for the in-plane
strength in compression of paperboard in folding. By modification, the in-plane yield
parameters to the short-span compression test (SCT).

Paperboard is a thick, single or multiple paper-based materials composed of
fluffing structure. Wathén (2006) reported the Z-directional fiber strength is less
sensitive to fiber degradation than axial fiber strength. The fiber properties have an
essential influence on the fracture properties of paper.

Besides, the fluffing structure can apply to deep drawing process. Awais et al.
(2017) reported on the effect of creases on the formability. Linvill et al. (2017) showed
the hinge model had included wrinkle initiation. To observe the forming ability, the
digital image correlation (DIC) can provide a vivid account of the buckling of box
panels (Viguie et al., 2013).



In this research work, the paperboard comprises a pulp fiber structure matrix
and a clay coated layer. The fiber layer consists of multiple plies (Reinhard et al., 2013).
There are several problems in the forming process such as folding failure and
delamination line in the converting processes. An example of a picture illustrating the
paperboard structure for the delaminated line is shown in Fig. 1-3 (it was copied from

the original resource: Bhattacharya et al. (2016)).

{/«—Blanket cylinder Print Delamination
in the paperboard
z-direction
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~ _ .
e o
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Fig. 1-3 Delamination of paperboard in offset printing process, (Bhattacharya et al.
2016).

1.2  Motivation and problem statement

Nowadays, the paperboard converting product become quite attractive materials
for various applications, especially packaging product and printing industry. Laminated
paperboard is a popularly used packaging material. Its use is expanding every year,
mostly because it is almost 100% recyclable and inexpensive. Paperboard can be
converted into packages by relatively forthright processes such as cutting, creasing,
folding and glueing (Beex et al., 2009). However, a problem in paperboard converting
is the folding failure during the forming process. Cracked folds provide product less
appealing to consumers and also compromise their durability. The quality of folds and
the possibility of cracking depend on the creasing stage. Namely, the creasing stage is
essential for preventing the folding failure of paperboard, and the creased lines must be

stably folded without any surface failures. In practice, both processes are improved



using experimental knowledge, but systematic studies of the mechanics supporting both
processes especially cracking are rare. Beex et al. (2009) reported the upper plies under
a high pressured state, are loaded in in-plane tension which may cause the top layer to
break. The delamination mechanism is quite important to estimate the creasing
deformation of white-coated paperboard or corrugated paperboard. Some researchers
reported the importance of anisotropic elasticity of raw paper sheet and delamination
behaviors were explained through FEM simulation models and experiments (Nagasawa
et al., 2006, 2013). Sudo et al. (2005) described a feasibility study about the effect of
inner detachment behavior on creasing deformation of a paperboard applying a
distributed resistance model of nonlinear springs, which was explained in the MARC
subroutine: USPRNG (MSC software, 2003, 2010a, 2010b); however, Sudo’s model
did not consider the shear resistance. In this work, therefore, a 0.45mm thickness white-
coated paperboard was examined by varying the feed velocity. The in-plane tensile line
force fp was observed during the peeling process with respect to the peeling elongation
h/t, of the coated paperboard in order to investigate the feed velocity effect on the
peeling load response. Numerical simulation and experimentation researches the
deformation and cracking characteristics of a white-coated paperboard during the
creasing process of a white-coated paperboard have been reported in recent years (Sudo
et al., 2005). It was found that the breaking of the top layer is a frequent problem,
especially for high grammage layers. Hence, the purpose of this study is to introduce
the material models for layers and an internal bonding strength of paperboard,
respectively. Additionally, the delamination and damage in the creasing and folding
processes are also considered. In point of view, the investigations were carried out from
both experimentation and numerical simulation. However, another research work did
not discuss the effect of the peeling load resistance of a white-coated paperboard.
Therefore, the detaching criteria of the in-plane layer are not yet revealed in general. In
this study, an internal breaking criteria and transient de-lamination were discussed with
a combination model comprising the fluffing normal resistance (derived from ZDTT)
and the glue breaking resistance as the shear yielding stress (based on the in-plane shear
test and the frictional shear sliding) for considering a couple of creasing and folding

conditions. The FEM model was simulated base on the experimental observation that



was obtained using a load cell and a CCD camera tool. It was included the continuum
model that was described as the physical behavior of white-coated paper. On the other
hand, the delamination model was described the fluffing normal resistance (derived
from ZDTT) and the breaking shear yielding stress (based on the in-plane shear test)
between the interlayers of the paperboard.

Moreover, to get smart/preferable crease profiles of paperboard sheets is very
difficult. Anyway, in order to promote the die cutting technology for the converting
industry of paperboard sheet materials, the understanding of their cutting and creasing

characteristics is crucial.

1.3  Objectives of research work

In this thesis work, the author aims to investigate the material properties and the
forming properties of paperboard. There are several research works have been studied
(Li et al., 2016; Ostlund, 2017; McDonald et al., 2017). In this study, the detaching
resistance of a white-coated paperboard was studied and investigated. The main
objectives of the research works are followings.

(i) To describe an in-plane detaching resistance of a white-coated paperboard
subjected to a peeling deformation.

(ii) To develop a numerical simulation model of the folding process of a creased
paperboard and to reveal the deformation characteristics of the creased paperboard.

(iii) To reveal the deformation behavior under the compressive load using V-
Block fixtures.

1.4 Scope of research work

In this research work, the material objects were considered: a 0.45 mm thickness,
basis weight 350 g-m of a white-coated paperboard. The white-coated paperboard was
investigated based on the uni-axial tensile test of specimens. The peeling test was
investigated in the machine direction (MD). The T -peel test was applied for mechanical
investigation of the peel behavior according to ASTM-D1876-01 (2001), (Pugno and
Abdalrahman, 2012). The word “T -peel” in this research, it means that indicates the



existence of one peel arm, which is bent by 90°. Deformation behaviors of the
worksheets and their peeling load resistance which were recorded by a CCD camera
and a load cell were main peeing results used for discussing about effects of peeling
conditions of the worksheet’s peeling characteristics.

In addition, the peeling problems of a white-coated paperboard were
numerically studied by finite element method (FEM) analysis. All simulations were
carried out under the assumptions of two-dimensional (plane-strain) condition. The
worksheets were assumed to be the isotropic elasticity properties. The large-strain
analysis method was considered with the updated Lagrange procedure for all of the
simulations. Both processes in FEM simulation and experiment have been taken in to
account in studying with the folding mechanics of paperboard. In order to characterize
the delamination and bulging deformation, an internal breaking criteria was numerically
analyzed using a new combination model. A general purpose finite element code was
applied to develop a combination model, which comprises the out-of-plane fluffing

subroutine and the in-plane shear glue strength.

1.5 Organization of treatise

This treatise consists of five chapters. In each chapter, main contents are
constructed as follows:

Chapter 1, General introduction, this chapter describes general of die cutting
such as its history, principle and advantages. The author also explains the motivation
and problem statement for this research work. The objectives and scope of the research
are clarified.

Chapter 2, Estimation of detaching resistance of a peeled in-plane layer of a
white-coated paperboard using fluffing resistance model. The author describes the
necessity of the detaching resistance of a white-coated paperboard that is subjected to a
peeling deformation. Experimental backgrounds of forming processes of packaging
containers subjected to the peeling strength of paperboard. The simulated peeling load
response and deformation of the worksheet when applying a fluffing model are

presented and discussed.



Chapter 3, Analysis of the folding process of creased paperboard using a
combined fluffing resistance and shear yield glue model. In this chapter, the
experimental results of bending moment resistance concerning the scoring depth are
clarified. The development and verification of a combined fluffing resistance and shear
yield glue model for the folding simulation are illustrated. By using the proposed
method, shear glue strength and fluffing normal strength with respect to the folding
deformation of the creased paperboard are discussed.

Chapter 4, Analysis of folding process of creased paperboard subjected to in-
plane compressive load using the combination model. In this chapter, the author aims
to reveal deformation behavior under the compressive load using V-Block fixtures. In
this investigation, the applicability of the in-plane tensile properties was applied to an
in-plane compressive load test of a creased white-coated paperboard through the FEM
simulation. The applicability of the shear glue strength and fluffing normal strength
were conducted. For these studies, an FEM analysis was performed to simulate the
compressive load using V-Block fixtures. For the comparison, the simulated and
experimented folding deformation of the creased part of paperboard was discussed and
their relationships were explained.

Chapter 5, Conclusions, the author wrote this chapter to summarize essential
supplements disclosed in this thesis work. Recommendations for future works were also

explained.
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CHAPTER 2

ESTIMATION OF DETACHING RESISTANCE OF A
PEELED IN-PLANE LAYER OF A WHITE-COATED
PAPERBOARD USING FLUFFING
RESISTANCE MODEL

2.1 Introduction

As mentioned in chapter 1, When making a packaging box of a paperboard, a
creasing process, which is composed of the first stage: scoring by a creasing knife and
the second stage: folding, is widely used (Kirwan, 2013). Since the delamination occurs
during the folding process of scored paperboard, a reasonable estimation of bending
mechanism of a folded part under delaminating is necessary for performing a stable and
smart folding and designing a suitable strength of inner delamination of paperboard.
The delamination behavior is not only an essential feature of crease folding but also a
primary factor of failure modes when tearing or shearing a laminated material.
Regarding the estimation of detaching resistance, the peel cohesion test (PCT) or T-peel
test (Koubaa, 1995; ASTM-D1876-01, 2001; Fellers et al., 2012; Pungo et al., 2012)
and the z-directional (out-of-plane) tensile test (ZDTT) (Scandinavian Pulp, Paper and
Board Testing Committee-SCAN-P 1998) are well used for measuring the bonding
strength of the delamination layer of paperboard and the bonding strength of peeled
metallic foil stacked on adhesive mat.

There are several reports for estimating the anisotropic properties of paperboard
and the delamination-based folding resistance in a crease making process. Material
properties of a thickness direction was analyzed by several researchers (e.g., Stenberg,
et al., 2001). Thakker et al. (2008) reported the nonlinear local buckling of folded raw
sheet of corrugated fiberboard, using the orthotropic elasto-plasticity. Nagasawa et al.
(2006) reported about the orthotropic elasticity of paperboard during a wedge cutting
process, and the surface breaking behaviors was explained through FEM simulation and
experiments. Sudo et al. (2005) showed a feasibility study about the effect of inner

detachment behavior on creasing deformation of the paperboard using a distributed
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resistance model of nonlinear springs, which was described in the MARC subroutine:
USPRNG (MSC software, 2003, 2010), although Sudo’s model was not considered with
the shear resistance. The ink-tack delamination of a paperboard that comprised softly
connected plies was investigated (Hallback et al., 2006) for assessing the effect of
elastic moduli of each layer on the ink-tack delamination event. In order to simulate the
delamination and folding resistance of creased paperboard, a cohesive damage model
was considered for explaining the bulging of a creased part (Beex and Peerlings, 2009).
Gong et al. (2017) proposed the resistance (R)-curve and assumes fiber bridging
tractions decreasing non-linearly concerning the crack opening displacement. Hower et
al. (2018) offered traction-separation law comprises a standard initial cohesive
component, which estimates for the initial interfacial stiffness and energy release rate,
along with a new constitutive to consider for the fiber bridging contribution to the
delamination process. Li et al. (2018) described the fracture behavior inclusive the fiber
bridging offering by applying a potential based cohesive law. Sgrensen et al. (2003)
used the cohesive laws for explaining large-scale failure process zones, by the
determination of the J integral and end-opening of the cohesive zone of double
cantilever beam specimens loaded with pure bending moments. The cohesive damage
model seems to be convenient for adjusting the shear slide and normal detaching in a
delaminated layer, but it is not based on the real fluffing behavior. Wathén (2006)
explained the Z-directional fiber strength is less sensitive to fiber degradation than axial
fiber strength. The fiber properties have an essential influence on the fracture properties
of paper. In this work, a white-coated paperboard was chosen for examining the PCT
and ZDTT. In the PCT, the in-plane pulling (tensile) line force and the corresponding
z-directional elongation of the upper layer peeled from the paperboard was observed
during the peeling process to investigate the fluffing detachment of the weak-bonded
layer as shown in Fig. 2-1. To develop a simplified mechanical model of detaching
resistance of weak-bonded in-plane layer of a paperboard, an FEM model has been
utilized with the MARC user’s subroutine USPRNG, which comprises anaphase
yielding resistance derived from the z-direction tensile test in the FEM simulation. In
this study, this model was known as the fluffing model, which was composed of
distributed nonlinear spring joints. The fluffing model based on experimental data of

ZDTT is our original method for solving an in-plane detaching behavior of multiple
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plies. The fluffing-based peeling model has been discussed for characterizing the

experimental features.

(a) Z-directional tensile test (ZDTT)

(b) Peel cohesion test (PCT)

Fig. 2-1 Example of z-directional (out-of-plane) tensile test and peel cohession

test of paperboard.

2.2 Analysis condition and preliminary investigation

2.2.1 Specimens

For a peeling experiment, a commercially recycled white-coated

paperboard that had a thickness t = 0.45 mm and nominal basis weight of 350 g-m2

was chosen. Its fiber and pulp analysis was summarized in Table 2-1, while the in-plane

tensile properties of the paperboard in the making machine direction (MD) were shown

in Table 2-2. Figure 2-2 shows an example of in-plane tensile stress—strain diagram of

the paperboard.

Table 2-1 Size of fiber and pulp combination ratio of white-coated paperboard 350
(measured by Kajaani-FS300) L-BKP. Broad-leaved lumber (hard wood), bleaching
kraft pulp; N-BKP: Needle-leaved lumber (soft wood), bleaching kraft pulp; NTMP:
Needle-leaved, thermal mechanical pulp; L(n): based on number of fibers in each

fibrillation index class; L(I): based on length weighted number of fibers in each

fibrillation index class; L(w): based on weight-weighted number of fibers in each
fibrillation index class; CWT: Wall thickness of cell; Width: average width of fiber.

. . . Projected length . Section
0
Unit | Pulp combination ratio/% of fiber/mm Size/um arca/um?
Item |L-BKP |[N-BKP |[N-TMP |[L(n) [L(I) |L(w) [Width |[CWT |CSA
Value [64.7 16.0 19.3 0.56 1099 [1.52 182 4.8 ]256.6
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Table 2-2 In-plane tensile properties of a white-coated paperboard in MD. The tensile

feed velocity was 0.33 mm-s~! (strain rate: 0.00183 s7!). The tensile procedure was

based on JIS-P8113. The average (maximum—minimum) of ten samples was shown.

Young’s modulus
E/MPa

Yield strength
oy/MPa

Tensile strength
os/MPa

Breaking strain &g

MD|5220 (4900-5490)| 28.5 (27.7-29.2) | 42.5 (40—43.73) |0.021 (0.018-0.023)
45 -
40 -
S 35 *
30 Tensil i
S 25 ensile strengt b
2 20 7 0.2% offset .
215 / yield strength .
w i
2 10 |
= 5 ¢'
0 ; Breaking strain—}
0.00 0.01 0.02 0.03

True strain &

Fig. 2-2 In-plane tensile stress—strain diagram (feed velocity V = 0.33 mm's™).

2.2.2 Estimation of elastic properties for compressive strength by ring
crush test

Although some articles for deformation analysis of a paperboard or
corrugated board using the orthotropic elastic model have been published (Nagasawa et
al., 2006, 2013a, 2013b; Komiyama et al., 2013), a large deformation of orthotropic
elastic model is generally unstable for numerical simulation. In this work, since the
peeling resistance in the weak-bonded layer was macroscopically discussed with the
pull-up force and the curvature of peeled layer, the peeled-off layer was assumed to be
equivalently isotropic elastic, and the corresponded Young’s modulus was investigated
for developing an FEM model. This equivalent Young’s modulus was examined using
several evaluation tests: the in-plane tensile test (as shown in Table 2-2), an in-plane
ring crush test (JIS-P8126, 2005), and an out-of-plane three points bending test (ASTM-
D790-2, 2002).

According to our preliminary investigation, the Young’s modulus value of 5220
MPa (MD) was fairly large (high stiffness) to estimate the bending deflection behavior

of a peeled thin layer. It was obvious because the real behavior was based on a sort of
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orthotropic elasticity, and the thickness direction must have a small value of that. The
authors examined a few cases of the out-of-plane three points bending test (based on
ASTM-D790-2, 2002), and they observed that the equivalent Young’ s modulus of the
out-of-plane three points bending test was smaller than that of the in-plane tensile test.
However, the result of the three points bending method seems to be difficult to detect a
value of equivalent Young’s modulus without discussing the mechanical condition of
bending tool. Among those two evaluation methods (in-plane tensile and out-of-plane
three points bending), the in-plane ring crush test seems to be stable and well-known in
the packaging industry for detecting the value of the equivalent Young’s modulus.
Therefore, the ring crush test (JIS-P8126, 2005) was conducted for detecting the

equivalent MD elastic modulus Erc.

Diameter of annular groove
D=47.8mm

| Upper crosshead | —l Thickness of specimen
Load cell V 3 =0.45mm
U Rz 775 . |
Punch Paperboard Wld,ﬂll 2of specimen
\ .<—Paperboard Holder VW™ £
[Holder ] a8
| Lower crosshead | :
(a) Schematic of experimental (b) Specimen size of ring crush test

apparatus of the ring crush test
Fig. 2-3 Schematic diagram and specimen size of the ring crush test.

Figure 2-3 (a) and (b) shows the schematic diagram and specimen size of the
ring crush test. The specimen holder was a circular annular groove with a fixed outside
diameter of 47.8 mm. The depth of this groove was 6.4 mm. The bottom of the groove
was flat, and its walls were perpendicular to the bottom. The width and length of the
specimen were 12 mm and 150 mm, respectively. The velocity of the ring crush test
was chosen as 0.1 mm's ™. The specimens were prepared 10 pieces. Figure 2-4 shows
the experimental result of the ring crush test. The equivalent Young’s modulus was

estimated as Erc = 533 MPa from the in-plane MD ring crush test.
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S

| | |
*JlYoung’s modulus £y = 533MPa—

Experiment

—_— =
S N

Compressive stress o/MPa

Thickness of paperboard /=0.45mm

0 0.05 0.1 0.15 0.2
Nominal strain &

(=T S T AN )

Fig. 2-4 Relationship between compressive stress and nominal strain of

the ring crush test.

2.2.3 Anaphase yield resistance model based on ZDTT

The ZDTT model is used for explaining the detaching behavior of a
fibrous-wire-(fluffing)-based resistance of a white-coated paperboard to determine the
z-direction (thickness direction) tensile strength of a paperboard (Koubaa, Scandinavian
Pulp, Paper and Board Testing Committee-SCAN-P, Stenberg, Fellers, et al., 1995,
1998, 2001, 2012). Figure 2-5 shows the relationship between tensile stress and
elongation in the thickness direction. Figure 2-5 (a) shows the schematic of the
experimental apparatus of ZDTT. An acrylic-based double-sided adhesive tape NWK-
15S was inserted beneath the lower worksheet and upper the worksheet for stacking on
the lower crosshead. The velocity in the experiment of ZDTT was chosen as 0.1 mm-s™.
Figure 2-5 (b) shows the specimen size of the ZDTT test. The specimens were prepared
10 pieces as a square sheet with a length of Lzprt = 10 mm, a width of Bzptr = 10 mm,
and the thickness of 0.45 mm. Figure 2-5 (c) show the lower surface of peeled layer
and the upper surface of base paper. Here, the interface was joined by the proposed

fluffing non-linear springs.
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| Upper crosshead |
Load cell 0.14 4
Double- - &5 j|\vr=0.45mm
sided tape |__ Double- L PR— "f%\;;‘?é
Paperboard  gjgeq tape{ pj:; = o
[ Flat Plate | S Sl
| Lower crosshead | Q,\(’
ar Lyprr=10mm” Y
(@) Schematic of experimental (b) Specimen size
apparatus of ZDTT
zonel zone2 zone3
04 [
F£=6.02MPa
&
= 0.3
o
7
Peeled layer £ 02
End node 3
¥ W, =)
£ 0.1
<K £ &
A% ) Do
Begin node 0 : C
Base paper o T - — =
pap Elongation, e, (=x) /mm

(c) Fiber bridging between the lower  (d) Tensile stress response diagram of
surface of the peeled layer and ZDTT (t=0.45)
the upper surface of base paper

Fig. 2-5 Relationship between tensile stress and elongation in the thickness direction.

Figure 2-5 (d) shows the tensile stress response diagram of the ZDTT and shows
the fitting state between the experimental data and approximation curves. Here the
elongation e, was subdivided into three zones: zonel, zone2 and zone3 as shown in Fig.
2-5 (d). The tensile stress owas approximated with e; by using Eq. (2-1), (2-2), and (2-
3), respectively. Equation (2-1) and (2-2) were approximated by the third order
polynomial expressions, and Eq. (2-3) was approximated by the power law. Comparing
the Young’s modulus based on the in-plane tensile test properties E(in-planey and the
Young’s modulus that was derived by Fig. 2-5 (d) in the thickness direction EzprT),
they were fairly different with each other. Ein-plane) Was about 100% larger than that of
Ezotn. However, in the ZDTT mode, since the detached layer was kept in a plane (flat),

the isotropic material model is assumed in the ZDTT model.
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o= aje;t me;taze,tay (0<e,<e,) (2-1)
o=bie;thyeitbye,+ by (e,<e,<ey) (2-2)
o= clegz (eZZ < ez< ez3) (2'3)

Table 2-3 shows the coefficient values of Eq. (2-1), (2-2), and (2-3). The
generated thickness of a weak-bonded layer was estimated as t, ZDTT = 0.11 (0.10-
0.11) mm.

Table 2-3 Stiffness coefficient values of Eq. (2-1), (2-2), and (2-3).

ez [0.0835| ex |[0.178 | ex [2.192
ai 14.1 a | —535| a3 | 0.71 | as [0.0006
b |—-0.56| b2 0.27 bs |—0.04| bs | 0.003
c1 (0.0015| c2 |-1.04

The first zone of 0 < e; < e,1 shows the elastic or elasto-plastic behavior before
breaking at the weak-bonded layer. The zone of the second and third periods of e < e,
< egx is a sort of anaphase yielding behavior that is caused by the fluffing resistance of
delamination.

The tensile stress o is described with the detaching distance of e; as in
Eq.(2-1)—(2-3), and this seems to be caused by fluffing or drawing phenomena of fibers.
Therefore, the anaphase yielding resistance of ZDTT is applied to the resistance of the
detaching layer during PCT, when the detached distance of corresponded two nodes is
considered in two-dimensional freedom. This fluffing model can be described using a
user defined subroutine of USPRNG (MSC software, 2010). In this user defined
subroutine, the bonding line force f = oLzprr is defined by the stiffness K and the
distance U between the first end and second end of the nonlinear spring, as shown in
Eq.(2-4).

o= (K-Lzorr!)-U (2-4)
In the implementation of user defined subroutine, Eq. (2-4) was replaced to

Eq.(2-1)—(2-3) using e;= U. When U > ez3, the nonlinear spring force is defined as zero.

Namely, this is the breaking criteria which is based on ZDTT model.
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2.2.4 Method of Peel Cohesion Test (T-peel test)

T-peel test was applied for the mechanical investigation of the peel
behavior according to ASTM-D1876-01 (2001), (Pugno and Abdalrahman, 2012). The
word “T-peel” means that the one peel arm is bent by 90°. Figure 2-6 shows a schematic
of the experimental apparatus and specimen configuration. The coated layer of the
worksheet was set as the upper side. The starting position of the peeling process was
shown in Fig 2-6. To keep the attitude of the pull-up tape in the vertical, the linear
positioning stage was moved in the horizontal with the same feed velocity as the vertical
pull-up velocity. Figure 2-7 shows the profile parameters of the peeling process.
Specimens were prepared as a rectangle sheet with a length Lect =50 mm and a width
Brct =15 mm in the MD.

An acrylic based double-sided adhesive tape NWK-15S with a length of 50 mm
and a width of 15 mm were inserted beneath the worksheet for stacking on the lower
crosshead, while another double-sided adhesive tape with a length of 45 mm and a width
of 15 mm was set up as shown in Fig. 2-7. Here the adhesive tape was bent by 90° with
an attached length of 15 mm. The initial distance between the clamp and the specimen
was 20 mm. The adhesive tape NWK-15S had a thickness of 0.14 mm. A load cell with
the maximum load 10 KN was used in Fig. 2-6. Each specimen placed on the double-
sided tape stacked on the counter plate which was fixed on the lower crosshead. The
double-sided tape was fixed on the upper crosshead, which moved upward with a
velocity of V = 0.1, 0.25, 0.5, and 1.0 mm-s~!. The pull-up vertical displacement h was
equal to the horizontal displacement of linear positioning stage.

| Upper crosshead |
Load cell ﬁV

lD j Peel velocity

Feed velocity | “>Double-sided tape

Paperboard

V E ——
— | Linear positioning stage |
Lower crosshead |

Fig. 2-6 Schematic of experimental apparatus.
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Double-sided tape

Fig. 2-7 Profile parameters on peeling process.

The line force f (=F/b), the height of end part of peeled layer h, the inclined
angle or, the cracked length L, and the coordinates of three points (a)(b)(c) were
recorded with respect to the elapsed time for each feed velocity V, as shown in Fig.2-8
and Fig.2-9.

Figure 2-8 shows an early stage when << 90° and h/t, < 10, while Fig. 2-9
shows a peeling deformation profile under the stationary stage when a~ 90°. The
curvature radius r, were approximately calculated from the three points (a), (b), and (c),
as defined in Fig. 2-8 and Fig. 2-9. As mentioned below in the experimental result of
PCT, the thickness of weak-bonded peeled layer t, was about 0.11 mm when it was
measured by a mechanical micrometer. This thickness was almost equal to that of
ZDTT. Before the peeling test, the paperboard specimens were kept at a temperature of
296 +1 K and a relative humidity of 50 +1% in a controlled room for 24 h. The peeling
test was conducted in the same room. Measurements were performed ten times for each

case.

Thickness of
peeled 1aye§fp _AInclined angle o
s )

Peeling height /4
hey=4t, l

Curvature radius Tp

k—— Cracked length L —1

Fig. 2-8 Schematic diagram of early stage of peeling profile when ax<< 90° and
h < 10tp.
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—s| Thickness of
peeled layer ¢,

Curvature : :
radius 7, (g Peeling height /

b
—WB‘E hay=21, |y,

k—Cracked length . —

Fig. 2-9 Schematic diagram of peeling profile for stationary stage when o~ 90°.

2.2.5 FEM model for PCT

The purpose of the numerical model is to explain the experimental
observations described in the previous section and to predict the behavior of peeling
mechanism at the early stage and/or stationary stage of a white-coated paperboard. An
isotropic elastic behavior of deflection of a peeled layer and base paper were assumed.
A general purpose finite element code, MSC.MARC 2012.1.0, was employed for
simulating the peeling process. The updated Lagrange procedure and a large strain
analysis were used. The thickness of the worksheet was t = 0.45 mm. Seeing the
experiment of PCT, since the position (thickness) of weak-bonded layer was stably a
certain constant, the peeled worksheet was modeled as a combination of a peeled layer
with a thickness of t,=0.11 mm and a base paperboard with a thickness of t, = 0.34 mm
(=t=tp).

The contact boundary of those two deformable objects (peeled layer and base
paperboard) is assumed to be the same as the fluffing model, which was derived from
ZDTT, for accounting the opening behavior of the peeled layer. Therefore, the user
defined subroutine USPRNG that describes the detaching resistance of ZDTT with
Eqg.(2-1), (2-2), and (2-3) was adopted. A two-dimensional model was constructed in a
full-length worksheet of Lect = 50 mm, as shown in Fig. 2-10. The number of divided
elements of the worksheet was 8000, while that of total nodes was 10010. The four-
node plane strain quadrilateral element type was adopted. The peeled layer and base
paper were assumed to be elastically deformable, the lower side of base paperboard was
fixed on a rigid counter plate, and the middle point of the right side of the peeled layer

(a gripped node on the right side) was pulled up in the vertical direction.
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As for the material properties of peeled surface layer, three kinds of testing data
was measured and tried to apply to the peeling deformation of the thin surface layer as
the isotropic elastic body. Here, the tree was 1) In-plane tensile test, 2) 3 point bending
test, and 3) Ring crush test (in-plane compressive test) were compared.
As the result, we concluded that the equivalent Young's modulus of 3 point test was
naturally usable for simulating the bending and pulling in the peeling test. However, to
measure the equivalent Young's modulus was unstable when changing the beam span
and folded angle, whereas to measure the ring crush elastic modulus was stable and also
its Young's modulus was fairly close to that of 3 point bending test. Therefore, as one
of development technique, to use the ring crush test based Young's modulus for peeling
test was proposed through the research. The in-plane tensile test based simulation of
peeling was far different from other cases (3 point bending and ring crush test based
simulation of peeling). The Young’s modulus of the peeled layer and base paper were
mainly assumed to be 533 MPa (derived from the ring crushed test) and the poison’s
ratio was v = 0.2 (referred from Baum et al., 1981), except for the gripper jointed area
which had the length Li, = 2.67 mm (equal to the initial in-plane crack based on the
experimental observation), as shown in Fig. 2-10.

According to a preliminary experiment of the adhesive tape NWK-15S, the in-
plane tensile test (based on JIS-P8113) had the Young’s modulus of E = 350 (337— 362)
MPa, while the out-of-plane tensile test (based on ZDTT) had the Young’s modulus of
E = 1.13 (0.93-1.31) MPa. Although the material property of adhesive tape is really
anisotropic, an equivalent Young’s modulus must be identified as an isotropic model.
Thus, the behavior of the peeling mode was investigated by varying the value of the
Young’s modulus in the range of 1.13—350 MPa. In this work, a value of E = 200 MPa

was assumed for matching to the experiment.
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Fixed by: USPRNG uwff _
L;;=2.67mm Gripper point

Perfectly fixed nodes 6\—1( (node)
Pecled layer :SrPZO. 1lmm
I
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y I v
AN M u,
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Contact function Rigid body
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Fig. 2-10 Size definition and boundary condition of FEM model with the initial profile
of worksheet for PCT. The bonding restriction on the specified peeled layer was
modeled by the user defined subroutine USPRNG using the anaphase yielding
criteria of Eq. (2-1), (2-2), and (2-3).

In the developed simulation model, the glue constraint was initially detached on
the weak bonded layer, while the upper surface of base material and the lower surface
of peeled layer (0.11mm) was joined by the proposed fluffing non-linear springs. Here,
the rest of non-peeled zone was defined as an uniform solid body without any cracking.
Namely, as for the in-plane shearing, the shearing stability was considered by the
uniform non-cracked body, and the cracking (peeling) resistance was completely
determined by the normal resistance of fluffing non-linear springs. To protect any
tangential slip between the peeled layer and base paperboard during a simulation
process, the left side of the peeled layer was fixed for a certain range (10% of LpcT) in
both the horizontal and vertical directions. The peeling direction was chosen as parallel
to the MD of worksheet. In addition, by seeing the fibrous-wire-based resistance, the
nonlinear spring model was proposed by using the user defined subroutine USPRNG.
The breaking criterion was considered with an anaphase yield resistance based on
ZDTT. Here Eq. (2-1) was used in an elastic region, Eq. (2-2) was used for a detaching
behavior between the peeled layer and base paper, and Eq. (2-3) was considered for a

fibrous drawing (fluffing).
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Fig. 2-11 Relationship between the vertical displacement of gripper point and

the horizontal of base paper stacked on moving table.

Figure 2-11 shows the relationship between the vertical motion of the gripper
point of the peeled layer (uy) and the horizontal motion of the base paper stacked on
moving table (ux) in this FEM simulation. Here the moving velocity and time increment
of gripper in simulation were virtually introduced for defining the incremental variation
of forced displacement of the gripper in the MARC model. The virtual feed velocity of
the gripper was empirically chosen as follows: the first stage vertical velocity of gripper
Vy1 Was 4.62 mms—tfor tep = 0 — t1 (t = 0.05 ms), while the first stage horizontal velocity
via Wwas 0 mmst for the same duration (tqo = 0 — t1). The corresponded vertical
displacement of the gripper uy: was 0.231 um, and the horizontal displacement ux: was
0 mm. The constant time step of increment was set as 0.05 ms in the first stage. In the
second stage, the vertical velocity vy, was set to 31 mms=for tey = t1 — t2 (t2 = 2.0 ),
while the horizontal velocity of base paper vxz was 39 mm-s~ for the same duration (tep
=ty — t2). The constant time step of increment was set as 5 ms in the second stage. As
the result, the vertical displacement of gripper uy> was 62 mm, while the horizontal
displacement of base paper ux. was 78 mm at tep = t2 = 2 s. Moving of base paper was
empirically delayed for a bit to avoid any unstable detaching on the peeled layer.
Namely, after vertically elevating the gripper up to 0.23 um (h/tp = 0.002, a quite small
offset) without moving the table in the horizontal, the velocity ratio of vertical by
horizontal was empirically fixed to 31/39 (=0.795) for the sake of keeping the attitude
of upper layer sheet in 90° when h/t, = 50. Since the experimental condition of feed
velocity ratio was vy/vx = 1.0, that of simulation also seems to be 1.0. However, when
considering vx2 = vy» = 31 mm-s~!, the attitude angle of the gripper point was about 80°—

86° when 100 < h/tp, < 300, although the peeling force was almost similar to that of the
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case of vy2/vx2 = 31/35. When considering vx2 = 59 mm's~! and vy2 = 31 mm's!(vy2/vx2 =
0.53 < 1), the upper layer is remarkably deflected in the out-of-plane. Moreover, the
peeling force became negative in the early duration of h/t, < 70, while the peeling force
changed to the positive and became almost same as that of the experiment for 100 < h/tp
< 300. To date, in this work, the virtual feed velocities vxo = 39 mms~'and vy, = 31

mm-s~!' were used for discussing the simulation.

2.3 Results and discussions

2.3.1 Experimental peeling load response and deformation of peeled layer

Figure 2-12 shows the relationship between the normalized peeling
displacement h/t, and the tensile line force fy kN-m~!. Here the real feed velocity and
pull-up (peel) velocity were equal with each other and chosen as 0.1, 0.25, 0.5, and 1.0
mm-s. The maximum peak tensile line force fomax Was detected in the early stage of h/t,
= 0-20. Since the stationary state of f, occurred for h/t, >20 but its response was varied
randomly in a small extent, the average of f, (=f,c) was calculated for 20 < h/t, < 100
using the trapezoidal rule of numerical integration. The maximum peak fpmax and the
stationary average foc were plotted in Fig. 2-13. It was found that fomax tended to decrease
with the feed velocity, whereas fyc tended to increase with the feed velocity when V <

0.3 mm-s™. The ratio of fomax by foc was about 3-4.
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Fig. 2-12 Relationship between tensile line force and peeling displacement.
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Fig. 2-13 Maximum peak and stationary average of tensile line force with

respect to feed velocity.

Figure 2-14 and 2-15 show the representative side-view photographs of peeled
specimens during PCT under the stationary state (for 20 < h/t, < 400). In those
photographs, the curvature radius rp of the peeled layer, the image scanning thickness,
and the thickness by mechanical micrometer were also shown. The thickness profile
was measured by the mechanical micrometer and image scanned average. The thickness
of the image average tended to decrease with the feed velocity, whereas the thickness
measured by the mechanical micrometer was almost invariant with the feed velocity.
This difference seems to be caused by a variation in the scuffing height with the feed
velocity. The curvature radius was estimated as shown in Fig. 2-9.

Micro, ;= 0.11mm

—

Image, 7,= 0.19mm Micro, 7,= 0.12mm W'r» Image, 7,= 0.38mm

§
3

Curvature radius |

Curvature radius
J .

rp=2. 73mm\; rp=3 .92mm - 1.0mm.
(@) Case of minimum thickness (b) Case of maximum thickness

Fig. 2-14 Photographs of the side view of specimen during PCT at V = 0.1 mm-s ™!

Thickness of peeled layer: tp, curvature radius: rp.
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Fig. 2-15 Photographs of the side view of specimen during PCT at V = 0.25 mm's™.

Thickness of peeled layer: tp, curvature radius: rp.

Figure 2-16 shows the normalized thickness of the peeled layer tp with respect
to the thickness of 0.45 mm of the worksheet. In this figure, the thickness measured by
image processing tended to decrease with the feed velocity. This was caused by the
variation of scuffing height, while the thickness measured by a mechanical micrometer
was almost invariant with the velocity. Figure 2-17 shows the relationship between the
curvature radius rp and the feed velocity. It was confirmed that the curvature radius

tended to increase with the feed velocity.
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Fig.2-16 Thickness of peeled layer tp.
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Fig. 2-17 Relationship between curvature radius rp and the feed velocity.

2.3.2 Peeling load response and deformation of the worksheet on

simulation

The proposed fluffing based FEM model was employed to simulate the
peeling deformation of a white-coated paperboard. The maximum peak tensile line force
fomax Was detected by the early stage of h/t, = 0-50, while the stationary stage of fyc
occurred for 50 < h/tp < 300. In Fig. 2-18, “Exp.” shows the experimental relationship
between the tensile line force and normalized peeling height for h/t, <300, while “FEM”
shows the simulation result. In the experimental case, the feed velocity was 0.1 mm-s™.
The pull-up vertical displacement h was experimentally equal to the horizontal
displacement L of linear positioning stage, while the ratio of h by L was empirically set
to 0.795 for 0.04 < h/tp < 300. Seeing the simulation of Fig. 2-18, the peak maximum
line force fpmax Was 0.30 MPa, while the saturated line force fyc was 0.05-0.08 MPa.

This result was similar to the experimental result.
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Fig. 2-18 Relationship between tensile line force and normalized peeling height

(comparison of simulated with experimental result).

Figure 2-19 (a) shows a photograph of the experimental peeling deformation in
the early stage of h = 7.09¢t,, while Fig. 2-19(b) shows an FEM simulation at the peeling
height of h = 7.09t, (=0.78 mm). The cracked length L and inclined angle of end point
or were respectively L = 24.3 t, (20tp—27.5tp) and or = 25° (23°-28°) in the experiment.
However, the FEM simulation had L =~ 24t, and or = 29° in the early stage. The curvature
radius rp was experimentally 2.7 (2.29-3.05) mm, and that of FEM simulation was
approximately 2.6 mm. Hence, it was revealed that the proposed FEM simulation was
fairly matched to the experimental response. Seeing Fig. 2-19 (a), the detached profile
of the double-sided adhesive tape was confirmed. Since the real details of detached
profile were complicated deformation, the equivalent isotropic Young’s modulus of E
= 200 MPa was empirically introduced for the end zone of Lip = 2.67 mm as mentioned
in the section 2.2.5. When this end zone had the same Young’s modulus as that of the
upper layer E = 533 MPa, the peak maximum of f, was not so much changed but the
reducing tendency was fairly different (small) in the range of 10 < h/t, < 60. This means
that the early stage peeling is sensitively affected by the equivalent stiffness of the end

zone of the peeled upper layer.
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(b) FEM simulation at h =7.09tp.
Fig. 2-19 Representative side views of peeling deformation profile in the early stage
h < 20tp.

Figure 2-20 showed the peeling deformation profile in the stationary stage (o =
90°). Here, Fig. 2-20 (a) shows the experimental result, and Fig. 2-20 (b) shows the
FEM simulation result. The curvature radius of the experiment was approximately 3.26
(2.73-3.92) mm, while that of the FEM simulation was about 2.63 mm. The ratio of the
experimental average by FEM simulation was about 1.2. The ratios are fairly similar
with each other. So far, the fluffing-based FEM model well explains the peak
occurrence of the line force at the early stage and the saturated line force as compared

to the experimental result.
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Fig. 2-21 Cracked length and inclined angle of peeling deformation profile

Figure 2-21 shows the FEM inclined angle o, the FEM cracked length L/tp and
the experimental cracked length L/t, with respect to the peeling height h/tp. Seeing the
relationship between L/t, and h/t,, the experimental gradient of dL/dh was 0.989, while
the FEM-simulation-based gradient of that was 0.998. Namely, since the derivative
dL/dh is approximately 1, the increment of peeling height dh is balanced to the variation
of cracked length dL. In this case, the fracture release rate of mode 1 is equal to the
peeling line force itself. The experimental inclined angle o stably reached 90° for h/t,
~ 55-375, while the FEM based inclined angle o was 90° when h/ty,=50-300 (L/t, =
66-318).
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2.4  Conclusions

The peeling test of a 0.45-mm-thick coated paperboard of was performed
experimentally by varying the feed velocity V = 0.1-1.0 mm-s~'. The detaching behavior
of the weak-bonded layer was discussed with respect to the early stage and stationary
stage by using the proposed fluffing model, which was based on the experimental result
of ZDTT. The experimental features are as follows:

(@) The weak-bonded layer thickness (peeled layer thickness) t, was about 0.11 mm
(24.4% of the thickness of 0.45 mm) in the examined paperboard. The peak
maximum of line force fomax OCcurred at the early stage (the ratio of peeling pull-up
height by the peeled layer thickness h/t, was less than 20), while the saturated line
force foc was observed for h/t, > 20.

(b) The value of fomax slightly decreased with the feed velocity V when V < 0.25 mm-s
and it remained almost unchanged for V >0.25 mm-s™. Conversely, the value of fyc
slightly increased when V < 0.25 mm-s, while it remained almost unchanged for
V >0.25 mm-s™. The ratio of fomax by foc was about 3-4.

(c) The thickness of the image average t, tended to decrease for V < 0.25 mm-s™, while
the thickness measured by the mechanical micrometer t, was almost invariant for
all the measured V. This difference was explained by the variation of the scuffing
height with V. Measured thickness of micrometer was different from that of image
profile by the digital microscope when varying the feed velocity. This means that
the fluffing height is varied with the peeling velocity. Average thickness is stably
determined by the weak bonded layer position, but the fluffing height is varied with
the peeling velocity.

(d) The curvature radius rp tended to increase with the feed velocity. Regarding the
numerical simulation, the following was revealed.

(e) The USPRNG user subroutine, fluffing model based on ZDTT response, can
appropriately estimate the peeling deformation of the coated paperboard from the
early stage up to the stationary stage. The existence of the early stage peak maximum
of line force was characterized by the fluffing model.

(F) The crack length and inclined angle of the peeled layer also matched well to the

experimental results.
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(9) Even if the value of shearing glue parameter stwas set up, the peeling response was
not affected by the value of st. So far, it was revealed that the normal fluffing
resistance was the main factor to determine the peeling resistance, but the shearing
resistance was not any primary factor.

(h) There are two features in the peeling response. One is the overshoot of load response
as the crack initiation. Another is the stationary peeling resistance as the crack
propagation. These two features were described by using the distributed fluffing non-
linear springs. Namely, the fiber bridge mechanism is fundamentally described by
the virtual fluffing non-linear springs. Here, the distributed pitch of virtual fluffing
springs was designed as the order of the used minimum side length of the FE mesh
size of the peeled layer. This is also one of the mechanism of peeling. The fiber bridge
mechanism can be described by the virtual fluffing non-linear springs, by using

appropriate pitch of distributed springs.
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CHAPTER 3

ANALYSIS OF THE FOLDING PROCESS OF CREASED
PAPERBOARD USING A COMBINED FLUFFING
RESISTANCE AND SHEAR YIELD GLUE MODEL

3.1 Introduction

In the production of packaging containers, wedge-pushed cutting, creasing by
the flatbed die cutter and the folding of creased lines are inevitable and determine the
quality of containers (Kirwan, 2013). In the formation of blank patterns made of
paperboard, a suitable residual stiffness of the creased parts is necessary for processing
the fold of the paperboard in an automatic folder—gluer machine, and the creased lines
must be stably folded without any surface failures as shown in Fig. 3-1. Namely, the
creaser indentation depth against the paperboard must be controlled to retain the folding
strength of the creased lines and the appropriate bulge that forms in the fold’s interior.
These procedures were empirically managed by experts in the past. However, to process
this formation automatically in the folder—gluer machine, an appropriate prediction of
the folding stiffness and the bulge profile with the specified creaser indentation depth
is required.

Regarding the estimation of the crease deviation in the folds of eccentrically
creased paperboards and the quasistatic folding stiffness concerning the creaser
indentation depth were reported by (Nagasawa et al., 2001, 2008). Some bending
strength testers were developed to investigate the bending moment and to record the
deformation profile of the creased part during a folding process (Nagasawa et al., 2001,
2003, 2011, 2016). One of the bending moment measurement apparatuses (CST-J-1,
Katayama Steel Rule Die Inc.,Tokyo, Japan) is effective for controlling the bending
rotation velocity and its sleeping time at a specified angle position of the creased part
of a worksheet (CST-J-1, 2013; Nagasawa et al., 2015). Beex et al. (2009) proposed an
FEM cohesive damage model for describing the bulging of the creased part to explain
the delamination and folding resistance of a creased paperboard. Sudo et al. (2005)
reported a feasibility study about the effect of inner detachment behavior on creasing
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deformation of a paperboard using a distributed resistance model of nonlinear springs,
which was described in the MARC subroutine: USPRNG (MSC software, 2003, 2010a,
2010b); however, Sudo’s model did not discuss the shear resistance. Giampieri et al.
(2011) reported an FEM model of a delaminated interface for simulating the folding
behavior of a creased paperboard, which was considered the evolution of the damage
variable with the imposed rotation angle. Hicks et al. (2003) proposed an FEM model
to measure the internal energy during the delamination and buckling of laminated
materials.

Regarding the delamination behavior of weak-bonded layers of white-coated
paperboard, Jina et al. (2017) reported the fluffing model comprising anaphase yielding
resistance derived from the z-directional tensile test (ZDTT) (Scandinavian Pulp, Paper
and Board Testing Committee-SCAN-P, 1998), and the applicability of fluffing
resistance to describe the peeling behavior of the weak-bonded layer was discussed
using the FEM simulation. Here, although several reports used the orthotropic elastic or
the orthotropic elastic-plastic model for simulating the limited cases (Murayama et al.,
2005, Nagasawa et al., 2006, 2013a, 2013b; Komiyama et al., 2013), they were
sometimes unstable for converging the numerical calculation, especially for a large
deformation such as a folding. Therefore, in the previous work (Jina et al., 2017), the
material properties of a paperboard were based on the isotropic elastic model with the
in-plane compressive properties (the ring crush test), but the delamination of interlayers
was considered by using the fluffing resistance of ZDTT. Because the fluffing model
was relatively stable for peeling interlayers, it seems to be applicable to other
deformations such as a large folding of paperboard after scoring by the creasing rule.

According to the development of the peeling model (Jina et al., 2017), because
the glue model comprised a normal yield and the shear yield stress was unstable and far
different from the real resistance, glue based detaching was not suitable for simulating
the peeling process of a paperboard. However, a certain shear resistance near the peeled
edge was necessary for successfully executing the fluffing-model-based simulation,
although the peeling force was almost unaffected by the in-plane shear resistance. So
far, to apply the fluffing model to the folding deformation of the creased part, a new
consideration of the shear resistance in the delaminated layers must be investigated.

In this work, the bending characteristics of a white-coated paperboard, which

was previously subjected to the creasing rule indentation, was numerically investigated
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under the cantilever type folding, to develop a deformation model of the creased part of
the paperboard. An FEM model was developed to simulate the bulging deformation and
bending moment response of CST-J-1. To develop a mechanical model of detaching
resistance of the delaminated layers of paperboard, a combination of the normal-
directional fluffing resistance, which was implemented by the use of a MARC user’s
subroutine USPRNG based on ZDTT, and the in-plane shear yielding stress was
introduced. The peeling model (Jina et al., 2017) was not affected by the in-plane
shearing resistance, because the peeling force was mainly determined by the out-of-
plane (normal directional) detaching stress and the bending stiffness of the peeled thin
layer. However, in the case of the folding of a creased part, the bulged crease zone tends
to be detached (same as the peeled state), whereas the folded inside left-right zones are
a little out of the creased position. They are compressed in the thickness direction and
are sheared/slide in the in-plane direction for each laminated layer. Hence, the authors
investigated a combination model comprising the fluffing normal resistance (derived
from ZDTT) and the glue breaking resistance as the shear yielding stress (based on the
in-plane shear test and the frictional shear sliding) for discussing a couple of creasing
conditions. Here, to verify the bending behavior of multiple plies, the effects of layer
numbers were discussed. The initial creasing process with the creasing rule indentation
depth and the folding process as a cantilever type (CST-J-1 model) were also

investigated in the FEM simulation and were compared with the experimental results.

(a) Creasing failure state (b) Folding failure state

Fig. 3-1 Example of creasing and folding failures state of paperboard.
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3.2 Analysis conditions, estimated methods and the mechanical

model of worksheet

3.2.1 Specimens

A white-coated paperboard comprises a pulp fiber structure matrix and
a clay coated layer. The fiber layer comprises multiple plies and the coated layer is a
mixture of ground calcium carbonate, kaolin and a binder (Reinhard et al., 2013). In this
work, acommercially recycled white-coated paperboard with a thickness t = 0.43 (0.42—
0.44) mm and a nominal basis weight of 350 g-m~2 was chosen. Its fiber and pulp
analyses were summarized in Table 3-1, whereas the in-plane tensile properties of the
paperboard in the machine direction of paper making (MD) were shown in Table 3-2.
The specimens were prepared as a rectangle sheet, the width of which was 15mm, the
length was 220mm, and the gauge length (distance of fixtures) was 180mm. These
mechanical properties were almost the same as that reported in the previous work (Jina
etal., 2017).

Table 3-1 Size of fiber and the pulp combination ratio of white-coated paperboard 350
(measured by Kajaani-FS300) L-BKP: Broad-leaved lumber (hard wood), bleaching
kraft pulp; N-BKP: Needle-leaved lumber (soft wood), bleaching kraft pulp; NTMP:
Needle-leaved, thermal mechanical pulp; L(n): based on number of fibers in each
fibrillation index class; L(I): based on length weighted number of fibers in each
fibrillation index class; L(w): based on weight-weighted number of fibers in each
fibrillation index class; CWT: Wall thickness of cell; Width: average width of fiber
(Jina et al., 2017).

Projected length . Section
of fiber/mm Size/um area/um?

Item |L-BKP |[N-BKP |[N-TMP |[L(n) [L() |L(w) [Width |[CWT |CSA

Value |64.7 16.0 19.3 0.56 10.99 [1.52 |18.2 4.8 [256.6

Unit | Pulp combination ratio/%
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Table 3-2 In-plane tensile properties of a white-coated paperboard in machine
direction (MD). Tensile feed velocity was 0.33 mm-s~! (strain rate: 0.00183 s7!). The
tensile procedure was based on JIS-P8113. The average (minimum — maximum) of

five samples was shown.

Young’s modulus|Yield strength Tensile strength |Breaking strain
E/MPa oy/MPa os/MPa &
MD|5400 (5350-5460)| 27.2 (26.6-27.6) |43.2 (42-43.86) | 0.021 (0.02-0.022)

3.2.2 Out-of-plane detaching resistance model of specimens based on
ZDTT

Regarding the out-of-plane (the thickness direction) detaching
resistance, the ZDTT model was used for fixing the detaching layers (the interfaces of
plies) of the paperboard. Jina et al. (2017) reported the ZDTT relation between the
tensile stress and elongation in the thickness direction, as shown in Fig. 3-2. Figure 3-
2 (a) indicates the schematic of the experimental apparatus of ZDTT. An acrylic-based
double-sided adhesive tape NWK-15S was inserted beneath the lower and upper
worksheet for stacking the lower crosshead. The feed velocity in the experiment of
ZDTT was chosen as 0.1 mm's'. In this report, the specimens were prepared in 10
pieces as a square sheet with a length of Lzprt = 10 mm, a width of Bzprr = 10 mm and
a thickness of 0.45 mm. In this work, the average thickness of the paperboard was
updated as 0.43 mm, due to a new population. Figure 3-2 (b) shows the tensile stress
response diagram of the ZDTT and shows the fitting state between the experimental
data and approximation curves. Here, the elongation e, was subdivided into three zones:
zonel, zone2 and zone3 as shown in Fig. 3-2 (b). Here, e, (= x) is equal to a
displacement of the lower crosshead. The tensile stress o was approximated with e by
using Egs. (3-1)—(3-3) (Jina et al., 2017). Table 3-3 shows the coefficient values of Egs.
(3-1)—(3-3). The generated thickness of weak-bonded layer was estimated as #, zprT =
0.11 (0.10-0.11) mm. The first zone of 0 < e, < es1 shows the elastic or elasto-plastic
behavior before breaking at the weak-bonded layer. The zone of second and third
periods of e;z1 <e; < ez is a sort of an anaphase yielding behavior that is caused by the

fluffing resistance of delamination.
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w

Upper crosshead |
Load cell

Double-

Tensile stress o /MPa
o
)

sided tape 0.1
Paperboard
[ lat Plate | n
| Lower crosshead | 0 e eizz \m%
@ v Elongation, e, (=x) /mm
(@) Schematic of experimental (b) Tensile stress response diagram of ZDTT
apparatus of ZDTT

Fig. 3-2 Relations between the tensile stress and elongation in the thickness direction
(Jinaetal., 2017) (t = 0.45 mm).

The nominal tensile stress o is described with the detaching distance of e, as
Eqgs.(3-1)—(3-3), and this seems to be caused by fluffing or the drawing phenomena of
fibers. Therefore, the anaphase yielding resistance of ZDTT is applied to the resistance
of detaching layers during a folding process of the creased part. This fluffing model can
be described using a user-defined subroutine of USPRNG (MSC software, 2010a,
2010b). Here, all the side edges of specimen were simply cut off by using a shaving

knife, and any additional notches were not processed on the side edges.

o= aje;+ me;taze,tay (0<e,<e,) (3-1)
o=bie;thyeitbye,+ by (e,<e,<ey) (3-2)
o= Clegz (ez2 < ez< ez3) (3'3)

Table 3-3 Stiffness coefficient values of Eq. (3-1), (3-2), and (3-3).

es1 [0.0835| ex | 0.178 | exs [2.192
ai 14.1 a | —535| a3 | 0.71 | as [0.0006
b |—-0.56| b2 0.27 | bs |[—0.04| bs | 0.003
c1 |0.0015| c2 |-1.04
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In this user-defined subroutine, the bonding line force f = o*Lzprr is specified by the
stiffness K and the distance U between the first and second ends of the nonlinear spring,

as shown in Eq. (3-4).

o= (K-Lzpotr")-U (3-4)

In the implementation of a user-defined subroutine, Eq. (3-4) was replaced with
Egs. (3-1)—(3-3) using e,= U. When U > ez, the nonlinear spring force is defined as
zero. Namely, this is the breaking criteria based on the ZDTT model.

3.2.3 Experimental initial creasing of specimens

The specimens were prepared as 5 pieces of a rectangle formed white-
coated paperboard, which had a width West = 20 mm and length Lest = 40 mm. All the
paperboard specimens were kept in a temperature of 296 + 1 K and a relative humidity
of 50% =+ 1% in a controlled room for 24 h. The creasing stage was performed in the
same room. Measurements were performed five times for each case. Figure 3-3 shows
the scoring state of a paperboard specimen using a round-edge knife (a creasing rule
with a radius of r=0.355 mm and thickness of b=0.71 mm) with the rubber fixtures, of
which the shore hardness was 40 A. The height difference (step) of rubber from the
creasing rule was 1.4 mm, and the height of rubber was 7 mm. Using the paperboard
thickness t and the thickness of the creasing rule b, the groove width B was empirically
chosen as 2t + b = 1.6 mm. The paperboard was scored by the creasing rule with a
changing indentation depth d. The quantity y = 2d/B is defined here as the normalized
indentation depth (Kirwan, 2013; Nagasawa et al., 2015). The creaser direction angle
¢ was chosen as 90° with respect to the MD, as shown in Fig. 3-4. The values of ywere
chosen as 0.4, 0.7 and 1.0. The feed velocity was chosen as V = 0.0167 mm-s~. Figure
3-5 shows the depth and width profile of scoring process. Figure 3-5 (a) shows the
indentation depth of creasing rule d, whereas Figure 3-5 (b) shows the profile after
scoring, namely, the depth after scoring das and the width after scoring wp. Table 3-4
shows the indentation depth of creasing rule d and the profile parameters dasand w; after

scoring.
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Fig. 3-3 Schematic of the scoring apparatus  Fig. 3-4 Creaser direction of paperboard
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(a). Indentation depth before release the (b). Scoring profile after scoring stage d,, and
creasing rule d width profile w;, after scoring process

Fig. 3-5 Depth and width profile of the scoring stage.

Table 3-4 Scoring profile of experiment.

Normalized Indentation depth Profile after scoring
indentation depth y|before release d /mm| Depth das /mm Width wp, /mm
0.4 0.32 0.1 (0.09-0.11) | 1.88(1.79-1.94)
0.7 0.56 0.2(0.18-0.2) | 1.97(1.79-2.08)
1.0 0.8 0.32(0.3-0.34) | 2.13(2.02-2.19)

3.2.4 Experimental bending moment

To estimate the bending resistance of a white-coated paperboard, the
folding experiment of the cantilever type (CST-J-1) was carried out. The specimen was
taken over from the scoring stage described in section 3.2.3. The experiment was
performed five times for each case. Figure 3-6 shows a schematic of the CST-J-1
apparatus (Nagasawa et al., 2011, 2015; Katayama Steel Rule Die., 2013), and the
loading process and deformed state of the specimen are shown. Figure 3-7 is an
example of the relation between the folding angle € and the bending line moment
(resistance for the unit width) M. Here, the rotation velocity @ of the fixture was set to
0.05 rps and the folding angle was increased up to 90°. In order to compare later the

simulation with the experiment, the moment My (at &= 90°) was recorded.
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(a) Loading state of the specimen (b) Deformed state of the specimen

Fig. 3-6 Bending test apparatus using CST-J-1 (loading process).

Bending moment resistance
M /Nmm™

Folding angle @ /°

Fig. 3-7 Analysis parameters at tracking point of 90° in the bending moment response.

3.3 Estimation of in-plane shear strength properties

The in-plane shear yielding stress test seems to be related to the creasing
deformation. Therefore, the in-plane shear yielding test (based on ASTM-D3846-79,
1990) was conducted for estimating the breaking shear yielding stress under a free
compressive state in the thickness direction. It seems to be a sort of a lower bound shear
strength. On the other hand, the upper bound of shear strength is expected as the in-
plane yielding shear stress of the worksheet. To investigate the lower bound shear
strength, the MD direction was considered. Figure 3-8 shows the schematic of the
shearing test apparatus and the specimen size. The specimen was fixed by an acrylic-
based double-sided adhesive tape NWK-15S that was inserted between the metal plate
and the worksheet. The velocity in the experiment of the shearing test was chosen as
0.1 mm's '. The specimens were prepared as 10 pieces of a rectangle sheet, the notches

of which was made by a hand knife. The specimen had an effective length of /4o =3 mm
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and a width of ws= 10 mm. Namely, the nominal area of in-plane sheared zone was 30
mm?. The thickness of double-sided tape f4s = 0.14 mm and the thickness of metal plate
tm = 0.22 mm were used. The lower side of the metal plate was fixed, whereas the upper
side of metal plate was pull up. Figure 3-9 shows the relation between the nominal
shear stress 7= P/(ws'lan) and the displacement of the metal plate. In the figure, the shear
strength 78(inmp) (lower bound) was a breaking value recorded as the maximum 7g(inmD)
=1.63(1.23-2.03) MPa, whereas the in-plane MD shearing yield strength (upper bound)
was estimated as oy/1.732 = 15.7 MPa from Table 3-2. The strain energy with areal

density until the breakage was roughly estimated as 2.2 J-mm? from Fig. 3-9.

V=0.1lmms-!
1 =0.43mm

s

N etal plate
d,=10mm
, L
V
- ly3mm
z t4=0.14mm
Coated layer £.=0.22mm

4 m

Double-sided tape_)ég} Fixed disp. (x-y=0)

Fig. 3-8 Schematic of the shearing test apparatus

Breaking shear strength
Z'—B(in MD)= 1 .63(1 .23'2.03)Mpa

—
o}

—

Experiment

e
n

Thickness of paperboard =0.43mm

0 1 2 3
Displacement of metal plate y /mm

Nominal shear stress 7 /MPa
o

Fig. 3-9 Relation between the nominal shear stress and displacement of the metal plate
in the in-plane shearing test.
In this work, due to the use of a general purpose FEM code (MSC.MARC 2015),

the shear-stress-yield-based glue model was employed. Since the normal breaking



49

resistance of delaminated layers is considered as the fluffing resistance (ZDTT based
nonlinear spring model), only the shear resistance of delaminated layers is considered
as the glue breaking model, which is controlled by the GLUED CONTACT option
(MSC software, 2010a). The glued contact is generally released when Eq. (3-5) is
satisfied. Here, 7zt and oif are the contact shear and normal stress, respectively. st, sn, and
m are the user-defined parameters of breakage. In this model, the normal resistance sn
was not considered due to the use of fluffing model, and then the index of m becomes
arbitrarily determined.

When any node is released on the delaminated layer due to the breaking criteria
of Eq. (3-6), the node on the delaminated layer obeys the rule of frictional CONTACT
(MSC software, 2010a) between the two bodies (upper/lower layers). The contact stress
is calculated using the contact force divided by equivalent areas for shell elements. The
glue breaking criteria was fundamentally defined by the in-plane shear stress of the
shearing test. Therefore, si=1.63 MPa was assumed to be the first trial value. However,
due to the stress concentration at the cracked edge and the frictional restriction under a
compressive-strained state, the macroscopic deformation of the creased zone must be
verified using an appropriate amplified factor of the shear strength parameter s:. In the
following simulation, the early stage slipping pattern of the delamination of interlayers
and the saturated bending moment resistance at a large folded state (e.g., at = 90°) are

verified by varying the shear strength parameter s; = 1.63—16 MPa.

(oit/sn)" + (@i/s))" = 1 (3-5)
(zie/st) = 1 (3-6)

3.4 FEM simulation model

3.4.1 FEM simulation model for non-scoring

A general purpose finite element code, MSC.MARC 2015, was used to
simulate the non-scoring process. The updated Lagrange procedure and a large strain
analysis used for a two-dimensional model (plane strain). The thickness of the
worksheet was t = 0.43 mm. Figure 3-10 shows the FEM non-scoring model based on
the bending stage. The bending model was two dimensional (plane strain), an isotropic
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elasto-plastic model was assumed by using the in-plane tensile testing properties in the
MD. The mesh model was made of a full model, because the folding deformation was
not symmetric with the center position. Here, the deformable body assumed to be the
thick layer which was the thickness that of t=0.43mm, and the folding resistance of
worksheet is characterized by the in-plane yielding stress.

The size of the specimen and boundary condition were shown in Fig. 3-10. The
longitudinal length was assumed to be Lcst = 25 mm. The number of divided elements
of the worksheet was 16949, whereas that of the total nodes was 66843. The eight-node
plane strain quadrilateral element type 27 was adopted. The Young’s modulus of the
deformable body was assumed to be 5400 MPa from Table 3-2, and the Poisson’s ratio
was v = 0.2 (Baum et al., 1981). The yield stress was assumed to be 27.2 MPa (Table
3-2) and perfect-plastic. According to the friction coefficient of the load cell end of
bending tester CST-J-1 against the paperboard 4c was 0 (no friction), the arm length
between the center of a rotator and the load cell end was 10 mm, the rotator fastened
the deformable body and they were fixed by using the GLUE CONTACT function.
Here, the load cell and rotator were assumed to be rigid bodies. The angular
displacement of the rotator was up to 90° on the clockwise (—1.57 radians), the
incremental angle was chosen as 0.0157 radians for each step in the simulation. The

total increment was 100 steps for simulating the folding stage.

Fixed by Glue
Coated of ) -
(4. =0) paperboard ¢, Contact function w=0"
: '
1—0.43mmI Def. beam body Rigid body:
o e e e Rotator

®
¥ Center of
rotation
X 10 mm

Legr=25mm for CST

Fig. 3-10 Schematic of the non-scoring apparatus for FEM model. The interlayers were

not delaminated.
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3.4.2 FEM simulation model for scoring

A general purpose finite element code, MSC.MARC 2015, was
employed for simulating the scoring process. The updated Lagrange procedure and a
large strain analysis were used for a two dimensional model (plane strain). The thickness
of the worksheet was t = 0.43 mm. Figure 3-11 shows the FEM scoring model based
on the experimental scoring process. Since the bending was two dimensional (plane
strain), an isotropic elasto-plastic model was assumed by using the in-plane tensile
testing properties in the MD. The mesh model was made of a full model, because the
folding deformation was not symmetric with the scored-center position. Although the
mechanical properties of thickness direction are different from this isotropic model,
since the scored zone is initially de-laminated and the geometrical profile is fitted to the
real experimental scored depth, the bending resistance seem to be characterized by the
in-plane stiffness and resistance. Here, the layer detaching resistance is considered as
the bonding resistance, and the bending resistance of each layer is characterized by the
in-plane yielding stress. Although the number of plies were 8 for the considered
specimens, the model of delamination layers assumed 3, 5, 7 and 8 layers for verifying
the effects of layer numbers as shown in Table 3-5. The upper layer defined as the 1st
layer had the thickness of ¢, =0.11 mm (Jinaet al., 2017), whereas the other layers were
defined as the following four cases: (1) Interlayers comprised 2nd and 3rd layers of 0.16
mm. (2) Interlayers comprised 2nd-5th layers of 0.08 mm. (3) Interlayers comprised
2nd-7th layers of 0.053 mm. (4) Interlayers comprised 2nd-8th layers of 0.046 mm.
Here, since the representative coated paperboard of 360 g-m empirically has 8 layers
in the paper making process, the fourth case was mainly used in the following
simulation.

The breaking criteria of the bonded interfaces in the creasing zone were based
on the fluffing model and the shear breaking glue model. Namely, a new combination
model was introduced. The subroutine USPRNG that described the detaching resistance
of ZDTT with Egs. (3-1)-(3-3) was adopted. The shear breaking glue model was
assumed to have the glue tangential strength parameter st chosen as five cases: 1.63 MPa
(as the lower bound strength based on the in-plane shearing test); 6 MPa (3.7 times of
1.63 MPa); 11 MPa (6.8 times of 1.63 MPa); 14 MPa (8.6 times of 1.63 MPa); and 16
MPa (10 times of 1.63 MPa, also estimated as the Mises shear yield of ov/1.732=15.7
MPa).
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The size of the specimen and boundary condition were shown in Fig. 3-11. The
longitudinal length was assumed to be Lcst = 25 mm. The number of divided elements
of the worksheet was 16949, whereas that of the total nodes was 66843. The eight-node
plane strain quadrilateral element type 27 was adopted. The Young’s modulus of the
deformable body was assumed to be 5400 MPa from Table 3-2, and the Poisson’s ratio
was v = 0.2 (Baum et al., 1981). The yield stress was assumed to be 27.2 MPa (Table
3-2) and perfect-plastic. The deformable body comprised two parts: (1) Each layer was
permanently fixed at the left and right outside and (2) Each layer was bonded by the
USPRING joints of Eq. (3-4) and the shear glue of Eq. (3-6) at the central creased zone.
The tools were assumed to be rigid bodies as following: creasing rule (round-edge
knife), die (grooved counter plate) and rubber fixtures.

Regarding the friction coefficient of tools and worksheet, the kinetic friction
coefficient between the noncoated paperboard and the counter plate was 0.4 (Murayama
etal., 2005). The friction coefficient of the postal cardboard against the postal cardboard
was also measured as 0.5-0.7 (Nagasawa et al., 2009). In this simulation work, to avoid
any unstable state of FEM execution, all the friction coefficients were assumed to be
appropriate values for each area as shown in Table 3-5. The friction coefficient ze with
the interlayers of the paperboard was 0.7. The sliding condition of contact area against
the tools was assumed to be slippery. Namely, the friction coefficients un, wa of the
creasing rule and the grooved plate (channel die) against the paperboard were 0.1. The
friction coefficient 4 of the rubber fixture against the paperboard was assumed to be
zero (no friction). The edge radius of groove was 0.1 mm, whereas the width of groove
(channel die) was 1.6 mm. The lower grooved counter plate (die) was fixed, as shown
in the vertical and horizontal axes (x, y-axis) in Fig. 3-11.

The indentation depth of the creasing rule was chosen as shown in Table 3-6.
Seeing Table 3-4, the indentation depth of creasing rule d, and the permanent depth
after scoring das were fairly different with each other due to the spring back effect. It
seems to be caused by the in-plane isotropic assumption of elasto-plastic behavior
against the real orthotropic behavior. In order to compare the experimental result and
the simulation, the permanent scoring depth based on the experimental result was
approximately prepared in the simulation: das = 0.1, 0.2 and 0.32 mm. These parameters
das were used in the simulation for discussing the cantilever type (CST-J-1) folding as

shown in Table 3-6. Since the length of the detached zone was not known previously,
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it was chosen as L = 1.6 (based on the width of channel die), 2.4 and 6.2 mm for

investigating the effects of detached zone on the creasing deformation. Here, the das=

0.2 mm was chosen as the representative case for the simulation of folding process.

USPRNG + Shear yield glue model

Rigid body; Creasing rule

Rigid body:

t=0.43mm (ﬂr :O) (:ub:()]-) Rubber fixture
8 layers oated of
Ist1;=0.11 Def. beam body 1 H Def. beam body fPaperboard ¢,
2nd — 8th, :
=0.046mm
Fixed by Glu¢’ | Fixed disp.
Contact function| (¥-y=0)

z

Y Length of detached area d:=0.1 mm
X (tuel :07)

Legr=25mm for CST

Fig. 3-11 Schematic of the scoring apparatus for FEM model. The bonding restriction

on the specified of the detaching layer (creasing area) was modeled by the user’s
subroutine USPRNG using the criteria of Egs. (3-1)—(3-3) and the shear yield

glue model.

Definition of the
thickness of
interlayers when
assuming (n+1)
plies

Table 3-5 Model conditions for FEM simulation.

Obiject type Worksheet |Friction coefficients:
Young’s modulus £/MPa| 5400 et =0.7,
Poisson’s ratio 0.2 o, pd=0.1,
Yield strength oy /MPa 27.2 U, tac = 0 (no friction)
Thickness of worksheet t 0.43
/mm ' Shear strength
Thickness of 1st layer ¢y 0.11 parameter of glue joint:
/mm ' st=1.63, 6.0, 11.0, 14.0
tpr/mm for 2nd-3rd 0.16 and 16.0 /MPa
layers, in case of n =2 .
tpi/mm for 2nd-5th 0.08
tla/yers,fln C;Sg 071;2 =4 Length of the detached
1/mm Tor Znd— .
FI]ayers, incase of n=6 0.053 zoEe.
L=1.6,24,6.2/mm
tor/mm for 2nd-8th 0.046

layers, in case of n =7

tpi: the thickness of each interlayer, n: the number of interlayers
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Table 3-6 Scoring profile of FEM.

Indentation depth Profile after scoring
before release d /mm| Depth das /mm Width wp /mm
0.13 0.1 1.64
0.23 0.2 1.65
0.35 0.32 1.61

3.4.3 FEM simulation model for folding

In order to compare with the experimental observations described in
section 3.2.4 and to predict the behavior of bending and bulging of creased part, a
cantilever type (CST-J-1) folding was carried out as shown in Fig. 3-12. This simulation
was taken over from the scoring stage described in section 3.4.2. Additional conditions
were as follows: the friction coefficient of the load cell end of bending tester CST-J-1
against the paperboard zac was 0 (no friction), the arm length between the center of
rotator and the load cell end was 10 mm, the rotator fastened the deformable body and
they were fixed by using the GLUE CONTACT function. Here, the load cell and rotator
were assumed to be rigid bodies. The angular displacement of the rotator was up to 90°
on the clockwise (—1.57 radians), the incremental angle was chosen as 0.0157 radians
for each step in the simulation. The total increment was 100 steps for simulating the

folding stage.

Rigid body:
Loga 3 call Y- Length of detached area

Coated of Fixed by Glue
aperboard ¢, | Contact function -0°

(nulc :0) ww
= Def. beam Y Rigid body:
:_Def. beam b(ﬁlﬁ, body Ro%ator Y
t=0.43mm

A Center o
(41 *0-7.)| rotation
3

. 10 mm
Fixed by Glue _>|
Contactyfunction <1 mm

Legr=25mm

Fig. 3-12 Size definition and boundary condition of FEM CST model. The detaching
layer (creasing-area) based on the user’s subroutine USPRNG using the criteria of
Egs. (3-1)—(3-3) and the shear yield glue model.
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The simulation was discussed with respect to the next two categories: (C1) First,
in order to verify the necessity of combination of the fluffing normal and the shear glue
strength with the detaching resistance in the interlayers, the scored depth das was chosen
as 0.1, 0.2 and 0.32 mm, and the length of the delaminated zone was chosen as L = 2.4
mm (1.5 times of channel die width). Comparison of das was done for verifying the
applicability of this combination model. The number of delamination layers was chosen
as 3, 5, 7 and 8 layers, and the effect of layer numbers was discussed. Here, the 8 layers
model was mainly used as the representative case. Regarding the magnitude of in-plane
shear glue strength, the shear strength parameter stwas chosen as 1.63, 6.0, 11.0, 14.0
and 16.0 MPa, respectively. (C2) In the second, to customize the size of delaminated
zone, the length of the delaminated zone was chosen as L = 1.6 (based on the width of
channel die), 2.4 and 6.2 mm. Here, the scored depth das was chosen as 0.2 mm, while

the number of delamination layers was chosen as 8.

3.5 Results and discussion

3.5.1 Experimental bending moment resistance with the scoring depth

Figure 3-13 shows the experimental relationship between the bending
moment resistance M and folding angle &when choosing the scored depth das =0.1, 0.2
and 0.32 mm. The bending moment resistance tended to decrease with the scored depth
das. Figure 3-14 shows the sectional views of creased part of experimental specimens
folded at #=20° and 90°. Here, the case of das = 0.1 mm was shown in the subfigures
(a) and (b), the case of das = 0.2 mm was shown in the subfigures (c) and (d), the case

of das = 0.32 mm was shown in the subfigures (e) and (f), respectively.
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Fig. 3-13 Relationship between bending moment resistance and folding angle

in the experiment when choosing das =0.1, 0.2, and 0.32mm.

Scored depth
das

das:0.1 mm |

das=0.2 mm

das=0.32 MM | =

Fig. 3-14 Sectional views of creased part of paperboard in the experiment when
folding at = 20° and 90°. Photographs were arranged in: (a) and (b) as das = 0.1
mm, (c) and (d) as das= 0.2 mm, and (e) and (f) as das= 0.32 mm.

3.5.2 Bending moment resistance for non-creasing state

Figure 3-15 shows the relationship between bending moment resistance
M and folding angle & of the paperboard. Here, the non-creasing state was
representatively chosen as das=0 mm in the experiment and FEM simulation. The result
was found that the FEM simulation based bending moment response almost matched

that of the experimental result.
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Fig. 3-15 Relationship between bending moment resistance and folding angle in the
experiment and FEM simulation model when choosing das = 0 mm (non-creasing

state). In the FEM simulation model, the interlayers were not delaminated.

Figure 3-16 shows the vector diagrams of maximum op: (tensile state) and
minimum op2 (compressive state) principal stresses at the folding angle 90° for das = 0
mm (non-scored). Seeing the Fig. 3-16 (a) the upper side was shown the tensile state

op1, Whereas the Fig. 3-16 (b) the lower side was shown the compressive state op>.

(a) Maximum op: (tensile state) (b) Minimum op2 (compressive state)
Fig. 3-16 Vector diagrams of op1 and op2 principal stresses at the folding angle 90° for

das = 0 mm (non-scored).

Figure 3-17 shows contour band diagrams with the magnitude of the maximum
op1 and minimum op2 principal stresses when choosing the folding angle 90° for das =0
mm (non-scored). Here, the case of tensile state op1 was shown in the subfigure (a), the
case of compressive state op2 was shown in the subfigure (b), respectively. From the

figure mentioned below, the subsequent features were shown: (i) A high tensile state,
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shown by the yellow band (op1 > 53.06 MPa), was detected in the upper zone. (ii) A

high compressive stress was dominant in the center of the lower zone.

MPa ‘ MPa
53.06 “21.80

g 42.73 12221
32.40 2.63

22.07 -6.96

11.73 -16.55
1.40 -26.14
-8.93 -35.72
-19.26 4531

(@) Maximum op: (tensile state) (b) Minimum op2 (compressive state)
Fig. 3-17 Contour band diagrams of op1 and op2 principal stresses at the folding angle

90° for das = 0 mm (non-scored).

Figure 3-18 shows the norm of op1and op2 were detected along the center of the
thickness direction. The op1 was estimated in length between of 0—0.30mm, whereas the
op2 Was estimated in length between of 0.34—0.43mm. The average value ofop1 was

36.57 MPa, whereas the op2 was -36.55 MPa

Max. and Min. principal
stresses oy, and g, /MPa

Arc length /mm

Fig. 3-18 Magnitude of op1 and op2 principal stress of worksheet at the folding angle

90° for das = 0 mm (non-scored).
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3.5.3 Combination effect of shear glue strength and fluffing normal

strength

The case C1 described in section 3.4.3 was investigated. Figure 3-19
shows the relationship between bending moment resistance M and folding angle & of
the paperboard. Here, the permanent scored depth was representatively chosen as
das=0.1 mm in the experiment and FEM simulation. Here, the experimental result was
referred from Fig. 3-13. Figure 3-20 shows the relationship between bending moment
resistance Mgo at = 90° and shear strength parameter st. When choosing st =11 MPa
for 90° > ¢ > 20°, the FEM simulation based bending moment almost matched that of
experimental result. However, when choosing st > 14 MPa, the FEM simulation based
bending moment tended to be remarkably larger than that of experiment, owing that any
detaching deformation disappeared at the scored zone and then there was not

appropriate bulging.

2
T

_USPRNG+5,=16MPa

=14MPa

USPRNG+s=11MPa

- % .

P NUSPRNG-+s—6MPa -
rom—
0 10 20 30 40 50 60 70 80 90
Folding angle & /°

b o\ e e

Bending moment resistance

Fig. 3-19 Relationship between bending moment resistance and folding angle.
Simulated conditions were as follow: the scored depth das = 0.1 mm, the number of
layers 8, the length of delaminated zone L = 2.4 mm, and the detaching criteria was
the fluffing plus the shear strength parameter si= 1.63, 6.0, 11.0, 14.0 and 16.0 MPa.
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Fig. 3-20 Relationship between bending moment resistance and shear strength
parameter s; at the folding angle 90°. The simulated conditions were the same as
that of Fig.3-109.

Figures 3-21 and 3-22 show contour band diagrams with the magnitude of the
maximum (principal) shear stress wmax When choosing the shear strength parameter st
as 1.63 and 11 MPa, respectively. In case of st = 1.63 MPa, as shown in Fig. 3-21, the
bulge of scored part was obviously insufficient compared with that of the experimental
result shown in Fig. 3-14 (b). In case of s&=11 MPa, as shown in Fig. 3-22, the bulge of
scored part was relatively similar to that of experimental result. Seeing these contour
band diagrams, the Mises shear stress (yielding level) of 15.7 MPa =ay/v/3 occurred at
the contact zone of interlayers in both cases. This seems to be caused by the frictional
shear sliding under a high pressured contact with the interlayers. Namely, it is found
that the shear strength parameter s; does not determine the maximum shear stress, but
affects the early stage slipped pattern of interlayers. In this work, st/ z(inmp) = 6.7 was
relatively suitable for making the bulging profile and the saturated bending moment

resistance Mgo.
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Fig. 3-21 Contour bands diagram of the maximum shear stress zmax When choosing si=
1.63 MPa for the folding angle of 90°. Other simulated conditions were as follows:
the scored depth das= 0.1 mm, the length of delamination zone L = 2.4 mm, and the

detaching criteria was the fluffing plus the shear strength.

MPa /77
15.70

13.46
11.21
8.97//lil)

Imm.

Fig. 3-22 Contour bands diagram of the maximum shear stress zpmax when choosing st
=11.0 MPa for the folding angle of 90°. Other simulated conditions were as
follows: the scored depth das = 0.1 mm, the length of delamination zone L = 2.4

mm, and detaching criteria was the fluffing plus the shear strength.

Seeing the cases of st>11 MPa in Fig. 3-19, the simulated response had a large
overshoot at the early stage (6=10~20°), whereas the experimental result had not such
an overshoot response. This numerical overshoot appeared to be caused by bulging of
scored zone due to the use of the isotropic elasto-plastic model based on the tensile test

in the MD. Although the scored zone of specimen seemed to be soften by the indentation
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of creasing rule, the FEM model used the in-plane tensile test properties for all the range
of specimen.

Seeing the bending moment response at the early stage (¢ < 10°) in Fig. 3-19,
the initial gradient Gi=dM/ a0 (for 0 < 9 < 2°) of simulation appeared to be a little
larger than that of experiment, although G; is almost independent to st. In order to reveal
the effect of permanent scored depth dss on the folding deformation of creased
paperboard, the initial gradient G; and the saturated bending moment Mgy was
investigated. According to the experimental reports, Gjand Mgo tended to be decreased
with »=0.2-1.0 (Nagasawa et al., 2001, 2003).

Figure 3-23 shows the normalized initial gradient Gi/Gio for das= 0.1, 0.2 and
0.32 mm. Here, in the FEM simulation, the shear parameter was st =11 MPa and the
delaminated zone was L = 2.4 mm, and Gio was the initial gradient when das = 0. The
experimental Gip was 0.14 Nm-mldeg™? and that of simulation model was 0.23
Nm-mideg™?, respectively. Therefore, the initial stiffness of FEM model was about
60% larger than that of experiment, owing that the isotropic elasto-plastic model in in-
plane MD was considered in the FEM model. Nevertheless, the FEM simulation and
the experimental results had a similar dependency on G; with that of the scored depth.
Namely, the geometrical feature of scored depth is the primary factor for determining
the initial gradient Gi. Regarding the mismatching for das > 0.2 mm, the material
properties (such as the Young’s modulus and yielding stress) seem to be changed by
deep indentation of creasing rule at the scored zone, and then a sort of the work softening
seems to reduce the initial gradient actually.

Figure 3-24 shows the relationship between the bending moment resistance Mg
at the folding angle 90° when choosing das = 0.1, 0.2 and 0.32 mm under st = 11 MPa.
Comparing the FEM simulation with the experimental result for each scored depth, they
were fairly matched with each other. So far, it is found that the determination procedure
of the shear strength parameter s; in the FEM simulation is applicable to the folding of
creased paperboard when watching the saturated folding angle. In this work, the right

angle folding was verified for das = 0.1-0.32 mm.
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Fig. 3-23 Effect of permanent scored depth das on the initial gradient of bending
moment. In the FEM simulation, the length of de-lamination area was L = 2.4 mm,

and detaching criteria was based on the fluffing plus shear glue of si=11.0 MPa.
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Fig. 3-24 Relationship between bending moment resistance at the folding angle of 90°
for experiment and FEM simulation. The scored depth was das= 0.1, 0.2 and 0.32
mm. In the FEM simulation, the length of de-lamination area was L = 2.4 mm, and

detaching criteria was based on the fluffing plus shear glue of s:=11.0 MPa.

3.5.4 Effects of lamination numbers

Because the prepared paperboard had the thickness of 0.43 mm and its
lamination numbers were empirically estimated as 8 layers, the FEM simulation was
mainly discussed by using the 8 layers model. As the sensitivity of layer numbers on
the bending stiffness seems to be important for designing or estimating the folding
stiffness, the effects of layer numbers on the bending moment at the saturated state of
6= 90° were investigated here while virtually varying the layer numbers. Table 3-7

shows the experimental and FEM-simulated bending moment Mgo at &= 90° when
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varying das under st =11 MPa when concerning the lamination numbers of 3, 5, 7 and 8
layers. From this table, the following features were disclosed: (1) When the lamination
layers were 8 layers, Mgo of the FEM model almost agreed with that of experiment for
das = 0.1, 0.2 and 0.32 mm. The 8 layer model seems to be suitable for the describing
the bulging of paperboard. (2) When the lamination numbers was less than 8 layers, as
the bending stiffness of each layer is remarkably increased (related to the cube of its
thickness) and the freedoms of buckling of delaminated layer are changed, the saturated
bending moment resistance Moo Seems to increase with decreasing layer numbers.

As the result, using the proposed model (isotropic, in-plane tensile properties
based material properties, 8 layers with the combination detaching criteria by the
fluffing resistance of Eqg. (3-4) and shear glue resistance of st = 11 MPa), the FEM
simulation of bending moment response was similar to the experimental response for
three kinds of scored depth: das = 0.1, 0.2 and 0.32 mm.

Table 3-7 Experimental and FEM based bending moment resistances Moo with

respect to das.

FEM results /Nm'm ™!

Depth das /mm | Experimental results /Nm'm™!

3 layers |5 layers|7 layers|8 layers
0.1 0.58 (0.54-0.62) 1.09 097 | 091 | 0.57
0.2 0.46 (0.45-0.47) 1.0 0.88 0.8 0.45
0.32 0.42 (0.41-0.43) 1.06 0.82 | 0.63 | 042

3.5.5 Bulged profile of the creased part

Figure 3-25 shows the sectional views of the FEM folded parts for the
folding angle of & = 20°, 90°. Fig. 3-25 (a) defines the height hy and the width wy of
bulged inside part. Figure 3-25 (b)—(e) illustrated the FEM simulation result at the
folding angle of =20, 90° when choosing the scored depth of das =0.1, 0.2 mm. Here,
the FEM model conditions were as follow: the length of delaminated area was L= 2.4
mm, the de-lamination resistance was considered as the fluffing model of USPRNG
plus the shear glue parameter of si= 11 MPa.

The FEM deformation profile well described the inside bulging and
delamination state at the center zone for both the cases of das=0.1 and 0.2 mm. Figure

3-26 shows the height hy and the width wy of the bulged inside part of the experiment
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and the FEM simulation for the folding angle @ = 20°, 30°, 50°, 70° and 90°, when
choosing das = 0.1 and 0.2 mm. Seeing this figure, the width w, of FEM simulation was
similar but a little smaller (15%—-24%) than that of the experiment for the folding angle
of 20°-90°, while the height hp of FEM simulation was well matched to the
experimental result for the folding angle. The case of das = 0.32 mm were similar to the
case of das = 0.2 mm, except for the gap extent of the width between the FEM simulation
and experiment. Namely, the width of FEM simulation was a little smaller (20%—26%)

than that of the experiment.

= height of bulged

a).
@) inside part
wy= width of bulged
inside part
Scored depth das 6=20° 6=90°
das=0.1 mm
das=0.2 mm

Fig. 3-25 Sectional views of folded part of paperboard in the FEM simulation with
respect to 20° and 90°. (a) Definition of the height and the width for bulged profile.
(b) and (c): at das = 0.1 mm. (c¢) and (d): at das = 0.2 mm. In the FEM simulation,
L = 2.4 mm, the lamination was 8 layers, and the detaching criteria was based on

the fluffing resistance plus shear glue of s¢= 11 MPa.
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Fig. 3-26 Height and width of bulged inside profile with respect to folding angle. In the
FEM simulation, the length of de-laminated area was L = 2.4 mm, the lamination
was 8 layers, the scored depth was das = 0.1 and 0.2 mm, the detaching criteria was

based on the fluffing plus shear glue of si= 11 MPa.

3.5.6 Effects of length of delaminated zone

In order to verify the effects of the delaminated zone on the folding
deformation, the length of delamination zone was varied. Figure 3-27 shows the FEM
bending moment resistance with the folding angle. Here, the length of the delaminated
zone was chosen as L = 1.6 mm (based on the width of channel die), 2.4 mm and 6.2
mm. The scored depth was chosen as das= 0.2 mm, and the breaking criteria was based
on the fluffing model of USPRNG plus the shear glue parameter of sy = 11 MPa. Seeing
this figure, the saturated bending moments appeared to be similar to each other. Figure
3-28 shows the sectional views of folded part at the folding angle &= 20° and 70°, while
Fig. 3-29 shows the height and the width of bulged inside profile for the folding angle
6= 20°, 30°, 50° and 70°.

Through the comparison of these three conditions (L = 1.6, 2.4 and 6.2 mm), it
was found that the effect of the length of delaminated area was a little different between
the case of L=1.6 and L = 6.2 mm, as shown in Fig. 3-28, while the deformation profile
of L = 6.2 mm was similar to that of L = 2.4 mm. The height of bulged inside part well
matched for L = 1.6, 2.4 and 6.2 mm. Synthetically, the length of delaminated zone
ought to be chosen as L/B > 1.5 (L > 2.4 mm).
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Fig. 3-27 Relation between bending moment resistance and folding angle in the FEM

simulation. The lamination was 8 layers, the length of de-laminated area was chosen
as L = 1.6 (based on the width of channel die), 2.4 and 6.2 mm. The scored depth

was das = 0.2 mm, and the detaching criteria was based on the fluffing plus shear glue

of st =11 MPa.

Length of de-

laminated area =20

6=70°

L=1.6 mm

L=2.4 mm

L=6.2 mm

Fig. 3-28 Sectional views of the folded part of FEM model. (a)—(b): L= 1.6 mm,
(¢)—(d): L=2.4 mm, and (e¢)—(f): L = 6.2 mm, the scored depth was dss = 0.2 mm,

the lamination was 8 layers, and the detaching criteria was based on the fluffing

plus the shear glue of 5= 11 MPa.
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Fig. 3-29 Height and width of the bulged inside profile with respect to the folding angle.
The scored depth was das= 0.2 mm, the length of delaminated area was chosen as L
= 1.6, 2.4, and 6.2 mm, the lamination was 8 layers, the detaching criteria was based

on the fluffing plus the shear glue of st = 11 MPa.

3.5.7 Effects of fluffing model on the creasing and folding process

In order to discuss with the effect of fluffing model, the full distributed
version of USPRNG plus the shear strength parameter si= 11.0 MPa was compared with
(@) the unused version without USPRNG in the cored zone plus the shear strength
parameter s&= 1.63 MPa, and (b) the unused version without USPRNG plus the shear
strength parameter si= 11.0 MPa. The permanent scored depth was representatively
chosen as das=0.1 mm in the experiment and FEM simulation. Also, the experimental
result was referred by Fig. 3-19. Figure 3-30 shows the bending moment response that
was mentioned above. It was found that the fluffing springs should not be removed
when das=0.1mm due to insufficient scoring, and the st should be 11Mpa because the
folding pressure is partially high and then the friction of relatively large. Therefore, the

condition of s=11 MPa and full springs is necessary.
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Fig. 3-30 Relationship between bending moment resistance and folding angle.
Simulated conditions were as follow: the scored depth das = 0.1 mm, the number of
delamination was numerically performed of 8 layers, the length of delaminated zone
L = 2.4 mm. The bonding restriction on the specified of the detaching layer (creasing
area) was as follow: the detaching layer was modeled as the full length of USPRNG
plus the shear strength parameter si= 11.0 MPa (based on Fig. 3-11 and Fig. 3-12)
(the simulated conditions were the same as that of Fig. 3-19), without using
USPRNG plus the shear strength parameter si= 1.63 MPa and without using
USPRNG plus the shear strength parameter si= 11.0 MPa.

3.5.8 Softening effect model on the creasing and folding process under the

shallow indentation and the indentation depth

According to the softening area, (Li et al., 2018) described the softening
area after damage beginning. They have studied the occurrence of damage of fiber-
fiber bonds due to shear stress and normal stress. In this section, the authors have
investigated the softening area by using the simulation model which compared to the
experimental result. Figure 3-31 and Fig. 3-32 shows the simulation model of scoring
and folding stage. All the conditions were same as that of the section 3.4.2 (FEM
simulation model for scoring) and 3.4.3 (FEM simulation model for folding). In order
to discuss with the softening effect model on the creasing and folding stage, the spring
area of each layer was perfectly deleted at the left and right outside of the bonding area
(USPRNG+sy) as shown in Fig. 3-31 and Fig. 3-32. Here, at the left and right outside
of the bonding area, it was assumed as the softening area. Moreover, the scored depth
das =0.06mm (it was called as under the shallow indentation) and the scored depth das

=0.2mm (it was called as under the indentation depth) were discussed.
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Fig. 3-31 Schematic of the scoring apparatus for FEM model. The bonding restriction
on the specified of the detaching layer (bonding area under the creasing rule was
0.8mm) was modeled by the user’s subroutine USPRNG using the criteria of Egs.
(3-1)—(3-3) and the shear yield glue model.
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Fig. 3-32 Size definition and boundary condition of FEM CST model. The bonding
restriction on the specified of the detaching layer (bonding area under the creasing
rule was 0.8mm) was modeled by the user’s subroutine USPRNG using the criteria of
Egs. (3-1)—-(3-3) and the shear yield glue model.

Figure 3-33 shows the experimental relationship between the bending moment
resistance M and folding angle &when choosing the scored depth da.s =0.06mm. Here,
the FEM model conditions were as follow: the length of the delaminated area was L=
2.4 mm, the de-lamination resistance was considered as the fluffing model of USPRNG

plus the shear glue parameter of s;= 11 MPa. It was found that the FEM of the full
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length of USPRNG area was reasonably similar to the experimental result, whereas the
bending moment resistance of the case of FEM of the specialized area (unused spring)
was reasonably different for the folding angle at # =10-35°. Regarding the mismatching
for the folding angle at #=10-35° in the case of the specialized area (unused spring)
due to the indentation is shallow, the sheared strain was too small. Then, the softening
effect or shearing deformation does not contribute to make delamination in the
interlayers. The threshold of delamination breakage is not performed by the small
shearing strain. Another mechanism is derived from the geometrical depth of center
score. Since the bending moment distribution along the beam body is not even and the
right side is subjected to a large bending moment, compared to the left side due to the
canti-lever bending, the right side is easily bulged as shown in Fig 3-33 (experimental
case). If the scoring depth is sufficiently deep, the unbalance of moment distribution

along the beam body is relatively relaxed by the initial scoring depth.
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Fig. 3-33 Relationship between bending moment resistance and folding angle.
Simulated conditions were as follow: the scored depth das = 0.06 mm the number of
delamination was numerically performed of 8 layers, the length of delaminated zone
L = 2.4 mm. The bonding restriction on the specified of the detaching layer (creasing
area) was modeled as the full length of USPRNG (based on Fig. 3-11 and Fig. 3-12)
and special area (unused spring) (based on Fig. 3-31 and Fig. 3-32: under the
creasing rule, the bonding area was 0.8mm). The detaching criteria was the fluffing
plus the shear strength parameter si= 11.0 MPa.

Figure 3-34 shows the sectional views of the FEM result and the experimental
result of folded parts for the folding angle of & = 20°, 90°. Figure 3-34 (a)-(b)
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represented the experimental result of the folding angle at =20, 90°. Figure 3-34 (c)—
(d) illustrated the FEM simulation result of the full length of USPRNG area at the
folding angle of =20, 90°, whereas the Fig. 3-34 (e)-(f) illustrated the FEM simulation
result of the specialized area (unused spring) at the folding angle of =20, 90°, when
choosing the scored depth of das =0.06 mm. The FEM deformation profile seems to be

slightly different with the experimental result in the cases of das=0.06 mm.

Object type 0=20° 6=90°

Experiment

Full length of USPRNG

Special area of USPRNG

Fig. 3-34 Sectional views of the folded part of FEM model and experimental result.
(a)—(b): Experiment, (¢)—(d): FEM simulation model for full length of USPRNG,
and (e)—(f): FEM simulation model for the specialized area (unused spring), the
scored depth was das = 0.06 mm, the lamination was 8 layers, and the detaching

criteria was based on the fluffing plus the shear glue of si= 11 MPa.

Figure 3-35 shows the relationship between the bending moment resistance M
and folding angle &when choosing the scored depth das =0.1mm. Here, the FEM model
conditions were as follow: the length of the delaminated area was L= 2.4 mm, the de-
lamination resistance was considered into two sections. Firstly, the full length of
USPRNG area as shown in Fig. 3-11 and Fig. 3-12 plus the shear glue parameter of si=
11 MPa. Secondary, the specialized area (unused spring) as shown in Fig. 3-31 and
Fig. 3-32 plus the shear glue parameter of s= 11 MPa. From the Fig. 3-35, it was
indicated in the case of the specialized area (unused spring) tended to decrease the

overshoot response at the early stage (#=0~10°). Relatively, this partial deletion of
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fluffing springs made better the bending moment response for closing to the

experiment.
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Fig. 3-35 Relationship between bending moment resistance and folding angle.
Simulated conditions were as follow: the scored depth das = 0.1 mm, the number of
delamination was numerically performed of 8 layers, the length of delaminated zone
L = 2.4 mm. The bonding restriction on the specified of the detaching layer (creasing
area) was modeled as full length of USPRNG (the simulated conditions were the
same as that of Fig. 3-11 and Fig. 3-12) and special area (unused spring) (based on
Fig. 3-31 and Fig. 3-32: under the creasing rule, the bonding area was 0.8mm). The

detaching criteria was the fluffing plus the shear strength parameter s= 11.0 MPa.

Figure 3-36 shows the experimental relationship between the bending moment
resistance M and folding angle @when choosing the scored depth das =0.2mm. Here,
the FEM model conditions were as follow: the length of the delaminated area was L=
2.4 mm, the de-lamination resistance was considered into two sections. Firstly, the full
length of USPRNG area as shown in Fig. 3-11 and Fig. 3-12 plus the shear glue
parameter of s;= 11 MPa. Secondary, the specialized area (unused spring) as shown in
Fig. 3-31 and Fig. 3-32 plus the shear glue parameter of s;= 11 MPa. From the Fig. 3-
36, it was found that the applicability of the specialized area (unused spring) has

decreased a large overshoot at the early stage (6=0~15°).
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Fig. 3-36 Relationship between bending moment resistance and folding angle.
Simulated conditions were as follow: the scored depth das = 0.2 mm, the number of
delamination was numerically performed of 8 layers, the length of delaminated zone
L = 2.4 mm. The bonding restriction on the specified of the detaching layer (creasing
area) was modeled as full length of USPRNG (the simulated conditions were the
same as that of Fig. 3-11 and Fig. 3-12) and special area (unused spring) (based on
Fig. 3-31 and Fig. 3-32: under the creasing rule, the bonding area was 0.8mm). The

detaching criteria was the fluffing plus the shear strength parameter s= 11.0 MPa.

Object type

Experiment

Full length of USPRNG

Special area of USPRNG

Fig. 3-37 Sectional views of the folded part of FEM model. (a)—(b): Experiment,
(c)—(d): FEM simulation model for full length of USPRNG, and (e)—(f): FEM
simulation model for the specialized area (unused spring), the scored depth was das
= (0.2 mm, the lamination was 8 layers, and the detaching criteria was based on the

fluffing plus the shear glue of se= 11 MPa.
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Figure 3-37 shows the sectional views of the FEM and experiment folded parts
for the folding angle of 8 = 20°, 90° when choosing the scored depth of das =0.2 mm.
Here, the case of the experimental result was shown in the subfigures (a) and (b), the
case of the full length of USPRNG area was shown in the subfigures (c) and (d), the
case of the specialized area (unused spring) was shown in the subfigures (e) and (f),
respectively.

Comparing the full length of USPRNG area and the specialized area (unused
spring). It was found that the FEM deformation profile in the case of the specialized
area (unused spring) well described the inside bulging and delamination state at the
center zone.

N
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o]
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o
=
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-
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Folding angle @ /°

FEM. S[‘)ccia{l‘area
of USPRNG, A,

inside part Ay, w, /mm

Height and width of bulged

=]

Fig. 3-38 Height and width of bulged inside profile with respect to folding angle. In the
FEM simulation, the length of de-laminated area was L = 2.4 mm, the lamination
was 8 layers, the scored depth was das = 0.2 mm, the detaching criteria was based on
the fluffing plus shear glue of s;= 11 MPa. The bonding restriction on the specified
of the detaching layer (creasing area) was modeled as full length of USPRNG (based
on Fig. 3-11 and Fig. 3-12) and the special area (unused spring) (based on Fig. 3-31

and Fig. 3-32: under the creasing rule, the bonding area was 0.8mm).

Figure 3-38 shows the height hy, and the width wy of the bulged inside part of
the experiment and the FEM simulation for the folding angle &= 20°, 30°, 50°, 70° and
90°, when choosing das = 0.2 mm. Seeing this figure, the height hy and the width wy, of
the bulged inside part between the full length of USPRNG area and the specialized area

(unused spring) were fairly similar with each other. On the other hand, the width wy of
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FEM simulation (full length of USPRNG area and the specialized area) was similar but
a little smaller (15%—-24%) than that of the experiment for the folding angle of 20°-90°,
while the height h, of FEM simulation was well matched to the experimental result for

the folding angle.

3.6 Conclusions

The cantilever type folding test of a creased paperboard of 0.43-mm thickness
was experimentally and numerically performed by varying the indentation depth. The
folding behavior of the 8 layers of the paperboard was discussed with respect to the
detaching resistance based on the fluffing of ZDTT and the shear glue strength
parameter s. In the FEM model, the bending stiffness was modeled by the in-plane
tensile characteristics, and the scored depth was varied to verify the bulging behavior
of creased part. The features of the developed FEM model were revealed as follows:
(i) A combined model of the out-of-plane fluffing resistance and the in-plane shear

glue resistance is necessary for determining the initial bulging mode as well as
the scored geometrical profile is the primary factor at the creased part. Its
bending moment resistance well matched with the corresponding experimental
results for the folding angle 20° < 8< 90°.

(i)  An appropriate shear glue strength parameter s; was detected as s/ m(inmp) = 6.7
for the scored permanent depth of das = 0.1-0.32 mm against the thickness of
=0.43mm when using the groove width of B = 1.6 mm. The shear resistance was
predicted in a range of the lower bound shear test value and the Mises shear yield
stress as the in-plane material property. In case of deep scoring, the value of
shear glue parameter s seems to be lower bound value, while the value of s;
seems to be the upper bound value in case of shallow scoring, due to existence of
a high pressure state in the de-laminated zone.

(iii) The initial gradient of the bending moment resistance was characterized by the
scored depth (geometrical condition) and the Young's modulus. Namely, the
initial gradient "Gi" is determined by the combination of elastic modulus and
geometrical stiffness.

(iv) In the FEM model, the span length L of the initial delaminated area was not
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(vi)

(vii)
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sensitive enough to determine the bulging and bending moment resistance under
a folding process, if L/B > 1.5. Here, B is the groove width. This is caused by the
existence of dead point of Z character folding.

Under satisfying the experiment based bulging mode (Z character folding) at the
folded portion, the bending moment resistance was characterized by the Mises
yield stress for the saturated stage, & >40°. When the bulging mode was a sort of
triangle form, it was a little different from the experimental result, the bending
moment was also fairly different from that of Z-character mode. Hence, the
bulging mode is a primary factor to determine the bending resistance.
According to the softening effect in the case of shallow indentation (das
=0.06mm), the scoring did not contribute to make the delamination in the
interlayers. The delamination breakage was not performed by the small shearing
strain. Thus, the full assigned model of fluffing non-linear springs was suitable
for simulating the bulging and bending moment resistance. In the case of middle
scored depth das=0.1-0.2mm, the softening effect model (partially deleted at the
high strain zone) was possibly adjustable for fitting the overshoot and/or
undershoot response of bending moment.

In the case of deep indentation (scored depth das >0.2mm), the scoring is
sufficiently contribute to make de-lamination in the scored zone. In this state, the
high strained zone can be assume to be completely detached state (fluffing non-

linear spring was deleted).

(viii) From the items (vi), (vii), the distribution of fluffing springs must be calibrated

(ix)

from the shearing strain distribution. In the current work, due to the restriction of
MARC system (USPRING function), since a simple pattern as the partial
deleting of spring assignment was possible, the partial deletion model was
verified and its effect was revealed. This means that a sort of scoring history
function for calibrating the fluffing non-linear springs is necessary for making
remedy of unexpected overshoot at the early stage of bending moment
simulation.

As for restriction of this modeling, since the parameters in fluffing non-linear
springs were considered in a certain feed velocity, when expanding this model to

the higher deformation rate, the parameters must be measured furthermore.



78

References

American Society for Testing and Materials (ASTM), Standards and Literature
References for Composite Materials, 2nd Ed. (1990), D3846-79.

Baum, G. A., Brennan, D. C. and Habeger, C. C., Orthotropic elastic constants of paper,
Tappi Journal, Vol.64, No.8 (1981), pp.97-101.

Beex, L. A. A. and Peerlings, R. H. J., An experimental and computational study of
laminated paperboard creasing and folding, International Journal of Solids and
Structures, Vol.46, No.24 (2009), pp.4192-4207, DOI:
10.1016/}.ijsolstr.2009.08.012.

CST-J-1, Katayama Steel Rule Die Inc., Tokyo, Japan (online), available from
<diemex.com/sale/cst_e.html>, (accessed on May, 2013).

Giampieri, A., Perego, U. and Borsari, R., A constitutive model for the mechanical
response of the folding of creased paperboard, International Journal of Solids and
Structures, Vol.48, (2011), pp.2275-2287, DOI: 10.1016/j.ijsolstr. 2011.04.002.

Hicks, B. J., Mullineux, G., Berry, C., McPherson, C. J. and Medland, A. J., Energy
method for modelling delamination buckling in geometrically constrained
systems, Proceedings of the Institution of Mechanical Engineers, Part C: Journal
of Mechanical Engineering Science, Vol.217, (2003), pp.1015-1026, DOI:
10.1243/095440603322407254.

Jina, W., Nagasawa, S. and Chaijit, S., Estimation of detaching resistance of a peeled
in-plane layer of a white-coated paperboard using fluffing resistance and an
isotropic elasticity model, Journal of Advanced Mechanical Design, Systems, and
Manufacturing, Vol.11, No.2 (2017), pp.1-12, DOIl:
10.1299/jamdsm.2017jamdsm0018.

Kirwan, J. M., Handbook of Paper and Paperboard Packaging Technology, 2nd ed.
(2013), pp.280-292, Wiley-Blackwell.

Komiyama, Y., Kon, W., Nagasawa, S. and Fukuzawa, Y., Effect of Structural Shape
of Corrugated Medium on Flat Crush Characteristics of Corrugated Fiberboard,
Journal of the Chinese Society of Mechanical Engineers, Transactions of the
Chinese Institute of Engineers, Series C, VVol.34, No.4 (2013), pp.361-369.

Li, Y.,Reese, S.,and Simon, J., Evaluation of the out-of-plane response of fiber networks

with a representative volume element model, Tappi Journal, (2013), pp.1-20.



79

MSC Software, Marc document: Theory and User Information), Vol. A, (2010a),
pp.567-568, 655.

MSC Software, Marc document: User Subroutines and Special Routines), Vol.D,
(2010b), pp.265-267.

Murayama, M., Nagasawa, S., Fukuzawa, Y., Yamaguchi, T. and Katayama, .,
Orthotropic effect and strain dependency of paperboard on load characteristic of
center bevel cutter indented on paperboard, Journal of Materials Processing
Technology, Vol.159, (2005), pp.199-205,
DOI:10.1016/j.jmatprotec.2004.03.033.

Nagasawa, S., Fukuzawa, Y., Yamaguchi, D., Nagae, S., Katayama, I. and Yoshizawa,
A., Deformation characteristics of on creasing of paperboard under shallow
indentation, Proceedings of 10th International Conference on Fracture (Advances
in Fracture Research, Elsevier Sci.) (2001), Article ID: ICF10-0202-1-6, Hawaii,
USA.

Nagasawa, S., Karasawa, M. and Fukuzawa, Y., Cutting characteristics of piled-up
cardboards subjected to a wedge indentation, Journal of Japan Society for
Technology of Plasticity, Vol.50, N0.585 (2009), pp.946-950,

DOI: 10.9773/s0sei.50.946.

Nagasawa, S., Komiyama, Y. and Mitsomwang, P., Finite Element Analysis of
Corrugated Board on Rotary Creasing Process, Journal of Advanced Mechanical
Design, Systems, and Manufacturing, Vol.7, (2013a), pp.103-114, DOI:
10.1299/jamdsm.7.103.

Nagasawa, S., Mitsomwang, P., Chaijit, S. and Wongpatsa, W., Finite Element Analysis
of Two Dimensional Deformation of Double-wall Corrugated Board on Creasing
Process, Proceedings of the 3rd International Symposium on Engineering, Energy
and Environments, Bangkok, (2013b), pp.338-343.

Nagasawa, S., Yamagata, D., Fukuzawa, Y. and Murayama, M., Stress analysis of
wedged rupture in surface layer of coated paperboard, Journal of Materials
Processing Technology Elsevier Science, Vol.178, (2006), pp.358-363, DOI:
10.1016/j.jmatprotec.2006.04.116.

Nagasawa, S., Nasruddin M. and Shiga, Y., Bending Moment Characteristics on

Repeated Folding Motion of Coated Paperboard Scored by Round-Edge Knife,


https://doi.org/10.9773/sosei.50.946

80

Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.5,
No.1 (2011), pp.385-394, DOI: 10.1299/jamdsm.5.385.

Nagasawa, S., Fukuzawa, Y., Yamaguchi, T., Tsukatani, S. and Katayama, I., Effect of
crease depth and crease deviation on folding deformation characteristics of
coated paperboard, Journal of Materials Processing Technology, Vol.140,
(2003), pp.157-162, DOI: 10.1016/S0924-0136(03)00825-2.

Nagasawa, S., Endo, R., Fukuzawa ,Y., Uchino, S. and Katayama, I., Creasing
characteristic of aluminum foil coated paperboard, Journal of Materials
Processing Technology, Vol.201, (2008), pp.401-407.
DOI:10.1016/j.jmatprotec.2007.11.253.

Nagasawa, S., Ozawa, S. and Fukuzawa, Y., Effects of folding numbers, scoring depth
and bending velocity on bending-moment relaxation of creased paperboard,
Mechanical Engineering Journal, Vol.2, No.1 (2015), pp.1-9, DOI:
10.1299/mej.14-00346.

Nagasawa, S., Tran Xuan, Q. and Jina, W., Estimation of Bending Characteristics of

Creased White-Coated Paperboard Subjected to In-Plane Compressive Load
Using V-Block Fixtures, Modern Environmental Science and Engineering,
Vol.2, No.4 (2016), pp.211-216, DOI:  10.15341/mese(2333-
2581)/04.02.2016/001.

Reinhard, S., Werner, A., Werner, K. and Martin, T., Chapter 17 Surface Sizing and

Coating, Handbook of paper and board (ed., Holik, H.), Vol.2, (2013), pp.747-
772, WILEY-VCH Verlag and KGaA, Weinheim.

Sudo, A., Nagasawa, S., Fukuzawa, Y. and Katayama, I., Analysis of exfoliation of
laminated layers and creasing deformation of paperboard, Proceedings of The
Hokuriku-Shinetsu District Annual Conference of Japan Society of Mechanical
Engineers, No0.047-1, (2005), pp.35-36 (in  Japanese), DOI:
10.1299/jsmehs.2005.42.35.



81

CHAPTER 4

ANALYSIS OF FOLDING PROCESS OF CREASED
PAPERBOARD SUBJECTED TO IN-PLANE
COMPRESSIVE LOAD USING THE
COMBINATION MODEL

4.1 Introduction

In this chapter, the author intends to apply the in-plane tensile properties to
simulate the in-plane compressive mode of a creased white-coated paperboard.
Nagasawa et al. (2016) have demonstrated a simple evaluation method for knowing the
creasing characteristics on a folded line of paperboard under an in-plane compressive
load by using a set of V-Block fixtures as shown in Fig. 4-1. Hicks et al. (2003) reported
the delamination bucking and this mechanism that was same as the V-Block bending
model. Therefore, the coated paperboard is popularly used in the packaging production
owing to its advantages such as a high strength-to-weight ratio, high surface smoothness,
printability, sustainability including recyclability. In the production of packaging boxes,
wedge-pushed cutting, creasing by the flatbed die cutter and the folding of creased lines
are necessary and determine the quality of packages (Kirwan, 2013). In the development
of blank patterns made of paperboard, an appropriate residual stiffness of the creased
parts is necessary for preparing the fold of the paperboard in an automatic folder—gluer
machine, and the creased lines must be stably folded without any surface ruptures.

Concerning the estimation of the crease deviation in the folds of eccentrically
creased paperboards and the quasistatic folding stiffness concerning the creaser
indentation depth were reported by (Nagasawa et al., 2001, 2008). Some bending
strength testers were developed to investigate the bending moment and to record the
deformation profile of the creased part during a folding process (Nagasawa et al., 2001,
2003, 2011, 2016). The bending strength testers were developed to examine the bending
moment and to record the deformation characterization of the creased part during a
folding process. One of the bending moment measurement apparatuses (CST-J-1,

Katayama Steel Rule Die Inc.,Tokyo, Japan) is effective for controlling the bending
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rotation velocity and its sleeping time at a specified angle position of the creased part
of a worksheet (CST-J-1, 2013; Nagasawa et al., 2015). Therefore, in this chapter, to
reveal a deformation characteristic of a creased white-coated paperboard under an in-
plane compressive load by using a set of V-Block fixtures. In this work, the FEM
simulation was applied the in-plane tensile properties to simulate the in-plane
compressive mode of a creased white-coated paperboard, an internal breaking criteria
was numerically analyzed using the combination of the fluffing normal and the shear
glue strength. The bending moment response and bulging mode of folded portion in the

experimental have been discussed with the FEM simulation.

(@) Under compressive test (b) Under compressive test
(non-creasing stage) (creasing stage)

Fig. 4-1 Deformation profile based compressive test using V-Block fixtures

4.2  Preliminary investigation and experimental methods
4.2.1 Specimens

The test specimens for this study were designed using the laminated
paperboard which is composed of eight layers of bonded fibers structure. The structure
of a white-coated paperboard is composed of a pulp fiber structure matrix and a clay
coated layer. Some researchers have reported the coated layer is a mixture of ground
calcium carbonate, kaolin, and binder, while the fiber layer consists of multiple plies
(Reinhard et al., 2013). In this work, to characterize the mechanical properties of a

commercially recycled white-coated paperboard which had a thickness of t =0.43 (0.42-
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0.44) mm and a nominal basis weight of 350 g-m™ was chosen. Its fiber and pulp

analysis were summarized in Table 4-1, while the in-plane tensile properties of the

paperboard in the making machine direction (MD) were shown in Table 4-2. These

mechanical properties were almost the same as that reported in the previous work (Jina
etal., 2017).

Table 4-1 Size of fiber and the pulp combination ratio of white-coated paperboard 350

(measured by Kajaani-FS300) L-BKP: Broad-leaved lumber (hard wood), bleaching
kraft pulp; N-BKP: Needle-leaved lumber (soft wood), bleaching kraft pulp; NTMP:

Needle-leaved, thermal mechanical pulp; L(n): based on number of fibers in each

fibrillation index class; L(I): based on length weighted number of fibers in each

fibrillation index class; L(w): based on weight-weighted number of fibers in each
fibrillation index class; CWT: Wall thickness of cell; Width: average width of fiber
(Jina et al., 2017).

. L . Projected length . Section
0
Unit | Pulp combination ratio/% of fiber/mm Size/pum area/um?
Item |L-BKP |N-BKP |[N-TMP |[L(n) |[L(I) |L(w) |Width |[CWT |CSA
Value |64.7 16.0 19.3 0.56 10.99 [1.52 |18.2 4.8 [256.6

Table 4-2 In-plane tensile properties of a white-coated paperboard in the machine

direction (MD). Tensile feed velocity was 0.33 mm-s~! (strain rate: 0.00183 s7!). The

tensile procedure was based on JIS-P8113. The average (minimum — maximum) of

five samples was shown.

Young’s modulus
E/MPa

Yield strength
oy/MPa

Tensile strength
os/MPa

Breaking strain
éB

MD

5400 (5350-5460)

27.2 (26.6-27.6)

43.2 (42-43.86)

0.021 (0.02-0.022)

4.2.2 Out-of-plane detaching resistance model of specimens based on

ZDTT

Out-of-plane tensile test in the thickness direction was conducted to

investigate the detaching resistance of the fiber layer. Especially, the ZDTT model was

applied for fixing the detaching layers (the interfaces of plies) of paperboard. Jina et

al. (2017) proposed the ZDTT model to examine the peeling resistance of a weak-

bonded layer of paperboard. Therefore, the relations between the tensile stress and

elongation in the thickness direction was investigated by ZDTT as shown in Fig.4-2.
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Figure 4-2 (a) indicates the schematic of the experimental apparatus of ZDTT. An
acrylic-based double-sided adhesive tape NWK-15S was inserted beneath the lower
worksheet and upper the worksheet for stacking the lower crosshead. The feed velocity
in the experiment of ZDTT was chosen as 0.1 mm's . In this report, the specimens
were prepared 10 pieces as a square sheet with a length of Lzptr = 10 mm, a width of
Bzprr = 10 mm, and a thickness of 0.45 mm. In this work, the average thickness of the
paperboard was updated as 0.43 mm, due to a new population. Figure 4-2 (b) shows
the tensile stress response diagram of the ZDTT and shows the fitting state between
the experimental data and approximation curves. Here, the elongation e. was
subdivided into three zones: zonel, zone2, and zone3 as shown in Fig. 4-2 (b). Here,
e; (= x) is equal to a displacement of the lower crosshead. The tensile stress owas

approximated with e: by using Egs. (4-1) — (4-3), respectively (Jina et al., 2017).

zonel zone2 zone3
0.4 —

0.3 »

Upper crosshead |

Double-
sided tape

Tensile stress o /MPa
o
(W]

<
=

Paperboard
| l Lowii'az:féastsehead l | 0 ¢4 '\M
@ 4 3 Z]-ilongation, e, (=x) /mm ”
(a) Schematic of experimental (b) Tensile stress response diagram of ZDTT
apparatus of ZDTT

Fig. 4-2 Relationship between tensile stress and elongation in the thickness direction
(Jinaetal., 2017) (t = 0.45 mm).

Table 4-3 shows the coefficient values of Eqgs. (4-1) — (4-3). The generated
thickness of the weak-bonded layer was estimated as #, zprr=0.11 (0.10~0.11) mm.
The first zone of 0<e,<e,1 shows the elastic or elasto-plastic behavior before breaking
at the weak-bonded layer. The zone of second and third periods of e;1<e,<e is a sort
of anaphase yielding behavior which is caused by the fluffing resistance of

delamination.
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The nominal tensile stress o is described with the detaching distance of e, as
Eqgs.(4-1)—(4-3), and this seems to be caused by fluffing or the drawing phenomena of
fibers. Therefore, the anaphase yielding resistance of ZDTT is applied to the resistance
of detaching layers during a folding process of the creased part. This fluffing model can
be described using a user-defined subroutine of USPRNG (MSC software, 2010a,
2010b). Here, all the side edges of the specimen were simply cut off by using a shaving

knife, and any additional notches were not processed on the side edges.

o= ae;+ ayeit aze, tay (0<e,<e,) (4-1)

o= biejtbyesthye,+ by (e,<e,<ep) (4-2)
@

o= 6‘16; (eZ2 < ez< ez3) (4'3)

Table 4-3 Stiffness coefficient values of Egs. (4-1)—(4-3) (Jina et al., 2017).

ez1 |0.0835| ex |[0.178 | exz |2.192
a 14.1 a | —535| a3 | 071 | as |0.0006
by |—-0.56| by 0.27 | bs |[—0.04| bs | 0.003
c1 [0.0015| c2 |-1.04

In this user-defined subroutine, the bonding line force f = o*Lzprr is specified by the
stiffness K and the distance U between the first and second ends of the nonlinear spring,

as shown in Eq. (4-4).
o= (K-Lzorr™)-U (4-4)
In the implementation of a user-defined subroutine, Eq. (4-4) was replaced with Egs.

(4-1)—(4-3) using e,= U. When U > ez, the nonlinear spring force is defined as zero.

Namely, this is the breaking criteria based on the ZDTT model.
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4.2.3 Estimation of the in-plane shear strength properties

The in-plane shear yielding stress test is employed to estimate the
bonding ability of the fiber structure of paperboard in the uniaxial tension test. Several
reports applied the shear loading for determining the shear strength of single fiber
crossings (Mohlin, 1974; Schniewind et al. 1964; Mclntosh, 1963; Mayhood et al.
1962). The in-plane shear yielding stress test seems to be related to the creasing
deformation. Therefore, the in-plane shear yielding test (based on ASTM-D3846-79,
1990) was conducted for estimating the breaking shear yielding stress under a free
compressive state in the thickness direction. It seems to be a sort of a lower bound shear
strength. On the other hand, the upper bound of shear strength is expected as the in-
plane yielding shear stress of the worksheet. To investigate the lower bound shear
strength, the MD direction was considered. Figure 4-3 shows the schematic of the
shearing test apparatus and the specimen size. The specimen was fixed by an acrylic-
based double-sided adhesive tape NWK-15S that was inserted between the metal plate
and the worksheet. The velocity in the experiment of the shearing test was chosen as
0.1 mm's'. The specimens were prepared as 10 pieces of a rectangle sheet, the notches
of which was made by a hand knife. The specimen had an effective length of /4o =3 mm
and a width of we= 10 mm. Namely, the nominal area of the in-plane sheared zone was
30 mm?. The thickness of double-sided tape tas = 0.14 mm and the thickness of metal
plate fm = 0.22 mm were used. The lower side of the metal plate was fixed, whereas the
upper side of the metal plate was pulled up. Figure 4-4 shows the relationship between
the nominal shear stress 7= P/(ws'/an) and the displacement of the metal plate. In the
figure, the shear strength zinmp) (lower bound) was a breaking value recorded as the
maximum 7 g(inmp) =1.63(1.23-2.03) MPa, whereas the in-plane MD shearing yield
strength (upper bound) was estimated as oy/1.732 = 15.7 MPa from Table 4-2. The
strain energy with areal density until the breakage was roughly estimated as 2.2 J-mm?
from Fig. 4-4.

In this work, due to the use of a general purpose FEM code (MSC.MARC 2015),
the shear-stress-yield-based glue model was employed. Since the normal breaking
resistance of delaminated layers is considered as the fluffing resistance (ZDTT based
nonlinear spring model), only the shear resistance of delaminated layers is considered
as the glue breaking model, which is controlled by the GLUED CONTACT option
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(MSC software, 2010a). The glued contact is generally released when Eq. (4-5) is
satisfied. Here, zir and oif are the contact shear and normal stress, respectively. s, sn, and
m are the user-defined parameters of breakage. In this model, the normal resistance sn
was assumed to be 0 MPa, and then the index of m was assumed to be 2. Therefore,
s=11 MPa was assumed to be as an appropriate amplified factor of the shear strength

parameter s; as mentioned in chapter 3.

1=0.43mm
>
Metal plate

/4, =3mm

. 9 e - .
Double-sided tape ggég} Fixed disp. (x-)=0)

Fig. 4-3 Schematic of the shearing test apparatus

N
o

Breaking shear strength 735, vp,
=1.63(1.23-2.03)MPa

—_
wn

Nominal shear stress t /MPa
[o—
o

Thickness of paperboard =0.43mm ¢

0 1 2 3
Displacement of metal plate y /mm

Fig. 4-4 Relation between the nominal shear stress and displacement of the metal plate

in the in-plane shearing test.

When any node is released on the delaminated layer due to the breaking criteria
of Eq. (4-6), the node on the delaminated layer obeys the rule of frictional CONTACT
(MSC software, 2010a) between the two bodies (upper/lower layers). The contact stress
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is calculated using the contact force divided by equivalent areas for shell elements. The
glue breaking criteria was fundamentally defined by the in-plane shear stress of the

shearing test.

(oit/sn)™ + (mie/sy)" = 1 (4-5)
(at/s)) =1 (4-6)

4.2.4 Experimental initial creasing and working conditions

The specimens were prepared as 5 pieces of a rectangle formed white-
coated paperboard, which had a width of W, = 20 mm and length Ly, = 20 mm. All the
paperboard specimens were kept at a temperature of 296 + 1 K and a relative humidity
of 50% =+ 1% in a controlled room for 24 h. The creasing stage was performed in the
same room. Measurements were performed five times for each case. Figure 4-5 shows
the scoring state of a paperboard specimen using a round-edged knife (a creasing rule
with a radius of 7= 0.355 mm and thickness of /= 0.71 mm) with the rubber fixtures, of
which the shore hardness was 40 A. The height difference (step) of rubber from the
creasing rule was 1.4 mm, and the height of rubber was 7 mm. Using the paperboard
thickness ¢ and the thickness of the creasing rule b, the groove width B was empirically
chosen as 2t + b = 1.6 mm. The paperboard was scored by the creasing rule with a
changing indentation depth d. The quantity y = 2d/B is defined here as the normalized
indentation depth (Kirwan, 2013; Nagasawa et al., 2015). The creaser direction angle
¢ was chosen as 90° with respect to the MD, as shown in Fig. 4-6. The value of y was
chosen as 0 (none scored) and 0.7. The feed velocity was chosen as V' =0.0167 mm-s.
Figure 4-7 shows the depth and width profile of the scoring process. Figure 4-7 (a)
shows the indentation depth of creasing rule d, whereas Figure 4-7 (b) shows the profile
after scoring, namely, the depth after scoring das and the width after scoring wp. Table
4-4 shows the indentation depth of creasing rule d and the profile parameters das and wp

after scoring.
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Fig. 4-5 Schematic of the scoring apparatus Fig. 4-6 Creaser direction of paperboard

d s

Em\z/am ]

(a). Indentation depth before release the (b). Scoring profile after scoring stage d,, and
creasing rule d width profile w;, after scoring process

Fig. 4-7 Depth and width profile of the scoring stage.

Table 4-4 Scoring profile of experiment.

Normalized Indentation depth Profile after scoring
indentation depth y [before release d /mm| Depth das /mm Width wp /mm
0.7 0.56 0.2(0.18-0.2) | 1.97(1.79-2.08)

4.2.5 Experimental compressive load using V-Block fixtures

To estimate the folding characteristic which was analyzed by using the
V-Block fixtures. An in-plane compressive load by using a set of V-Block fixtures were
conducted. Figure 4-8 shows an example of the deflected state of a specimen mounted
on the V-Block stand apparatus and a general view of the compressive loading test
(Nagasawa et al., 2016). The vertical distance of upper and lower V-Blocks was initially
set up as Lvo =Lwb. The specimen mounted between the upper and lower of V-Block
fixtures as shown in Fig. 4-8 (a). Figure 4-8 (b) shows the loaded and deflected state
of a specimen. The lower V-Block fixture was moved upward with the feed velocity
1 mms"! until the deflected specimen contacted to the inside surface of V-Blocks. In
this duration of compressing test, the relationship between the compressive load per unit
width Fv/ Wy = fv N/mm and the displacement ov =Lvo—Lv was measured. Its

maximum displacement was 4.2 mm, while the equivalent of Lvo=20 mm. The average
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rotation velocity of folding was estimated as ov = 90/360/4.2s = 0.06 rps. Figure 4-9
shows an example of the loading response when choosing y= 0.7. The maximum line
load fvpeak = Fvpeak/ Wyb Was detected as the bucking strength for the nominal shear strain
7, and also the saturated state load fst = fs Wwp was evaluated. Here, the maximum
compressive load fvpeak Was calculated as 6~ 0 — 1 mm, while the saturated state fst was
computed as 1 <6< 4.2 mm. All the specimens were folded on the right side as shown
in Fig. 4-8 (b), due to the protector mounted on the left side of the lower V-Block fixture.
In this investigation, a digital video camera recorded the deformation profile, and each
deflected specimen was recorded when discretely choosing the folded angle av such as
10, 20, 30, 40 ..., 70°. The compressive line force fv and the lateral deflection o were
recorded as seen in Fig. 4-8 (b) and Fig. 4-9. The equivalent bending moment of V-
Block My was calculated using Eq. (4-7).

My = fv -ov Wy (4-7)

Upper V-Block

£7

Load Cell

Paperboard V-Block

Coated layer

Protector for’ |||

Avoiding left || |} Disol t
side deflection | |- isplacemen
Lower V-Block
(a) Initial set up b)Loaded and deflected  (c) V-Block stand and loading test
(b) g
of specimen state of specimen apparatus

Fig. 4-8 Detail of set up of specimen and layout of VV-Block stand apparatus
(Nagasawa et al,. 2016)
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Fig. 4-9 Relationship between folding load response and displacement of V-Block

4.3 FEM simulation model

4.3.1 FEM simulation model for non-scoring

A general purpose finite element code, MSC.MARC 2015, was
employed for simulating the non-scoring process. The updated Lagrange procedure and
a large strain analysis were used for a two dimensional model (plane strain). The
thickness of the worksheet was t = 0.43 mm. Figure 4-10 shows the FEM non-scoring
model based on the compressive stage. The compressive model was two dimensional
(plane strain), an isotropic elasto-plastic model was assumed by using the in-plane
tensile testing properties in the MD. The mesh model was made of a full model because
the folding deformation was not symmetric with the center position. Here, the
deformable body assumed to be the thick layer which was the thickness that of
t=0.43mm, and the folding resistance of worksheet is characterized by the in-plane
yielding stress.

The size of the specimen and boundary condition were shown in Fig. 4-10. The
longitudinal length was assumed to be Lvy = 20 mm. The number of divided elements
of the worksheet was 13600, whereas that of the total nodes was 53644. The eight-node
plane strain quadrilateral element type 27 was adopted. The Young’s modulus of the
deformable body was assumed to be 5400 MPa from Table 4-2, and the Poisson’s ratio
was v = 0.2 (Baum et al., 1981). The yield stress was assumed to be 27.2 MPa (Table
4-2) and perfect-plastic. According to the friction coefficient between the deformable

body and the upper-lower rigid body «rq were assumed to be 0.1 as shown in Table 4-
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5. The upper rigid body was fixed, as shown in the vertical and horizontal axes (X, y-
axis) in Fig. 4-10, whereas the lower rigid body was moved upward in the vertical axes.

Upper rigid body: Fix\ed disp. (x,y=0)

(/urd =0. 1)
L.
z *
<«Deformable body
L4=20mm

(#424 =0.1) >
Rigid body: Protector for
Avoiding left side
deflection

; HEH Y

Lower rigid body /9| |« =0.43mm

Fig. 4-10 Schematic of the non-scoring apparatus for FEM model. The interlayers were

not delaminated.

4.3.2 FEM simulation model for scoring

The FEM model was employed for simulating the scoring process. The
updated Lagrange procedure and a large strain analysis were used for a two dimensional
model (plane strain). The thickness of the worksheet was t = 0.43 mm. Figure 4-11
shows the FEM scoring model based on the experimental scoring process. Since the
bending was two dimensional (plane strain), an isotropic elasto-plastic model was
assumed by using the in-plane tensile testing properties in the MD. The mesh model
was made of a full model because the folding deformation was not symmetric with the
scored-center position. Although the mechanical properties of thickness direction are
different from this isotropic model, since the scored zone is initially de-laminated and
the geometrical profile is fitted to the real experimental scored depth, the bending
resistance seems to be characterized by the in-plane stiffness and resistance. Here, the
layer detaching resistance is considered as the bonding resistance, and the bending
resistance of each layer is characterized by the in-plane yielding stress. Therefore, an
appropriate of the number of plies were 8 as reported in chapter 3. The upper layer
defined as the 1st layer had the thickness of ¢, = 0.11 mm (Jina et al., 2017), whereas
the other layers were defined as 0.046 mm for the 2nd-8th layers.
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The breaking criteria of the bonded interfaces in the creasing zone were based
on the fluffing model and the shear breaking glue model. Namely, a new combination
model was introduced. The subroutine USPRNG that described the detaching resistance
of ZDTT with Egs. (4-1)-(4-3) was adopted. The shear breaking glue model was
assumed to have the glue tangential strength parameter s; chosen as 11 MPa (6.8 times
of 1.63 MPa), also estimated as the Mises shear yield of ov/1.732= 15.7 MPa).

The size of the specimen and boundary condition were shown in Fig. 4-11. The
longitudinal length was assumed to be Lvw, = 20 mm. The number of divided elements
of the worksheet was 13600, whereas that of the total nodes was 53644. The eight-node
plane strain quadrilateral element type 27 was adopted. The Young’s modulus of the
deformable body was assumed to be 5400 MPa from Table 4-2, and the Poisson’s ratio
was v = 0.2 (Baum et al., 1981). The yield stress was assumed to be 27.2 MPa (Table
4-2) and perfect-plastic. According to the scored depth das was chosen as 0.2mm (it
was called as under the indentation depth) as reported in chapter 3. Hence, the spring
area of each layer was perfectly deleted from the left and right outside of the bonding
area (USPRNG+sy) as shown in Fig. 4-11. It was called the softening area under the
high-pressure state of the creasing rule and die. Therefore, the softening area, (Li et al.,
2018) described the softening area after damage beginning. They have studied the
occurrence of damage of fiber-fiber bonds due to shear stress and normal stress. Here,
at the left and right outside of the bonding area, it was assumed as the softening area.
Since in the case of the indentation depth under a high pressured state, the interlayers
were delaminated. The deformable body comprised three parts: (1) Each layer was
permanently fixed at the left and right outside, (2) The spring area of each layer was
perfectly deleted at the left and right outside of the bonding area (USPRNG+st) as
shown in Fig. 4-11 and (3) Each layer was bonded by the USPRING joints of Eq. (4-4)
and the shear glue of Eq. (4-6) at the central creased zone. The tools were assumed to
be rigid bodies as following: creasing rule (round-edge knife), die (grooved counter
plate) and rubber fixtures.

Regarding the friction coefficient of tools and worksheet, the kinetic friction
coefficient between the noncoated paperboard and the counter plate was 0.4 (Murayama
etal., 2005). The friction coefficient of the postal cardboard against the postal cardboard
was also measured as 0.5-0.7 (Nagasawa et al., 2009). In this simulation work, to avoid

any unstable state of FEM execution, all the friction coefficients were assumed to be
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appropriate values for each area as shown in Table 4-5. The friction coefficient & with
the interlayers of the paperboard was 0.7. The sliding condition of contact area against
the tools was assumed to be slippery. Namely, the friction coefficients g, uq Of the
creasing rule and the grooved plate (channel die) against the paperboard were 0.1. The
friction coefficient s of the rubber fixture against the paperboard was assumed to be
zero (no friction). The edge radius of the groove was 0.1 mm, whereas the width of the
groove (channel die) was 1.6 mm. The lower grooved counter plate (die) was fixed, as
shown in the vertical and horizontal axes (x, y-axis) in Fig. 4-11.

The indentation depth of the creasing rule was chosen as shown in Table 4-6.
Seeing Table 4-4, the indentation depth of creasing rule d, and the permanent depth
after scoring das were fairly different with each other due to the spring back effect. It
seems to be caused by the in-plane isotropic assumption of elasto-plastic behavior
against the real orthotropic behavior. In order to compare the experimental result and
the simulation, the permanent scoring depth based on the experimental result was
approximately prepared in the simulation. Here, the das= 0.2 mm was chosen for
simulating the folding process. This parameter das was used in the simulation for
discussing the folding of the worksheet as shown in Table 4-6. Therefore, the length of

the detached zone was chosen as 2.4 mm (1.5 times of channel die width).

USPRNG + Shear yield glue model s, Flgld body: Creasing rule

_ Special area: ..
(#4=0.1) . Rigid body:
¢=0.43mm (44 =0) Dpused spring Rubber fixture
8 layers oated of
1st,7,=0.11 EDef. beam body FADef. beam bodyfPaperboard ¢,
2nd—8th, |||||||||| l-n:L:O_Smm it L )
(=0.046mm / mur‘ — E{gld body:
Fixed by Glu¢ | Fixed disp. Fixed!disp. 1e:
Contact function| (*:v=0) B=1.6 mm \X»=0) (44 =0.1)
Y Length of detached area d=0.1 mm
y L=2.4mm (2, =0.7)
z L, =20mm for V-Block

Fig. 4-11 Schematic of the scoring apparatus for FEM model. The bonding restriction
on the specified of the detaching layer (bonding area under the creasing rule was
0.8mm) was modeled by the user’s subroutine USPRNG using the criteria of Eqgs.
(4-1)—(4-3) and the shear yield glue model.
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Table 4-5 Model conditions for FEM simulation.

Object type Worksheet| Friction coefficients:

e Young’s modulus £/MPa| 5400 | =0.7,

L _t=a |f Poisson’s ratio 0.2 |Hd, o, fd, fab, tad =0.1

AT Yield strength oy /MPa 27.2 | =0 (no friction)

Definition of the 'I;hlckness of worksheet t 0.43
thickness of mm Shear strength
interlayers when -I;mﬁi:ness of stlayerco | 444 | parameter of glue joint:
assuming (n+1) st= 11.0 /MPa

. tpi /mm for 2nd-8th
plies layers, in case of n=7 | 0-046

tpi: the thickness of each interlayer, n: the number of interlayers

Table 4-6 Scoring profile of FEM.

Indentation depth Profile after scoring
before release d /mm| Depth das /mm Width wp/mm
0.23 0.2 1.65

4.3.3 FEM simulation model for compressive load using V-Block fixtures

In order to compare with the experimental observations described in
section 4.2.5 and to predict the behavior of folding and bulging of the creased part, an
in-plane compressive load by using a set of VV-Block fixtures was carried out as shown
in Fig. 4-12. This simulation was taken over from the scoring stage described in section
4.3.2. Additional conditions were as follows: the friction coefficient of the upper-lower
V-Block fixtures against the paperboard s was 0.1, the protector for avoiding left side
deflection against the paperboard 44 was 0.1. Here, the upper-lower V-Block fixtures
and the protector for avoiding left side deflection were assumed to be rigid bodies. The
upper V-Block fixture was fixed, as shown in the vertical and horizontal axes (x, y-axis)
in Fig. 4-12, whereas the lower V-Block fixture was moved upward in the vertical axes.
The maximum displacement was 4.2 mm. The loadcase properties were as follows: the
total loadcase time was 4.2 seconds, the constant time step was chosen as 0.021 seconds
for each step in the simulation and the total increment was 200 steps for simulating the
folding stage.

The simulation was discussed as follows: (i) in order to verify the applicability
of the in-plane tensile properties that was applied to the bending mode as discussed in
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chapter 3. In this chapter, the in-plane tensile properties and the combination of the
fluffing normal and the shear glue strength s=11 MPa were applied to the compressive
mode by using a set of V-Block fixtures as shown in Fig. 4-12. (ii) The bending moment

response and the bulged profile were discussed with the experimental results.

Rigid body: Upper V-Block fixture
Fixed disp. (x , vy= 0)— ‘ (e, =0.1)

L

z

UB—=Coated of paperboard ¢,

Fixed by Glue
Contact function

Length of detached area USPRNG +
B 2.4mn|1 7 / Shear yield glue model s;
- Special area: i
Lp=20mm "y Unused spring - (:fmm »
33 (441 =0.7)
[
(/uad :01) : .
Rigid body: Protector for ::g Fixed by Gluf_:
Avoiding left side deflection < & j Contact function
L
\’ e
Rigid body: <t =0.43mm,

1st, 7,,=0.11mm
Lower V-Block fixt 0
ower ock Tixture 8 layers 2pd — 8th, /=0.046mm

Fig. 4-12 Size definition and boundary condition of FEM V-Block model. The bonding
restriction on the specified of the detaching layer (the bonding area under the creasing
rule was 0.8mm) was modeled by the user’s subroutine USPRNG using the criteria

of Egs. (4-1)—(4-3) and the shear yield glue model.

4.4 Estimation method of bending moment response under

compressive load using V-Block fixtures

The bending moment response under compressive load using V-Block fixtures
was derived by Fig. 4-13. The component of force was composed of the force in the
vertical (Fv) and horizontal (Fn) directions. In the Fig. 4-13 shows the estimation
method of the force in the vertical (Fv) and horizontal (Fn) directions. The bending
moment response was estimated by using the Eq. (4-8). Therefore, the present
calculation (FEM) is an ideal condition. Due to in the experiment is difficult to estimate
the force in the horizontal direction (Fn). Hence, the relationship between the force in

the vertical and deflection of the worksheet (Fv x &) is a part of the component force,
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not full component. The occurrence of the bending moment response must be based on
Fv, and Fn component is a new discussion. The mismatching of Fy x & between the

experiment and FEM result is another problem.

o=L-L sinijL(l—sinH)

Fig. 4-13 Estimation method of force in the vertical (Fv) and horizontal (Fn) directions

M=Fyx&+FnX
=Fy,xLcos@ +FnxLsing
=L x (Fvcosé + Fn sin@)/Wyp (4-8)

45 Results and discussion

45.1 Experimental compressive load using V-Block fixtures

Figure 4-14 shows the relationship between compressive load and
displacement of the lower V-Block fixture when choosing the scored depth das =0 mm
(non-scored) and das=0.2mm. The compressive load tended to decrease with the scored
depth das. It was found that in the case of the Fypeak Of das = 0 mm was higher than that
of the das = 0.2 mm. The ratio of das = 0 mm by das = 0.2 mm was about 2.4 times, and
the fst of das = 0 mm was higher than that of the das = 0.2 mm. The ratio of das = 0 mm

by das = 0.2 mm was about 3.6 times.
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Z Exp, d,=0 mm, Fyp., = 20.64 (19.1-21.8)N
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Displacement of V-Block ¢/mm

Fig. 4-14 Relationship between compressive load and displacement of lower

V-Block fixture in the experiment when choosing das =0 and 0.2 mm.

45.2 Compressive load response of the worksheet on the simulation

model using V-Block fixtures

Figure 4-15 shows the relationship between compressive load and
displacement of the lower V-Block fixture. In the case of FEM simulation was shown
the force in the vertical direction (Fv). Here, the permanent scored depth was
representatively chosen as das=0 mm (non-scored). When choosing the das=0 mm, in the
case of the Fypeak Of FEM simulation was higher than that of the experimental result.
The ratio of FEM by experiment was about 12.9 times, and the fs: of FEM was higher
than that of the experimental result. The ratio of FEM by experiment was about 2.2
times. Figure 4-16 shows the relationship between compressive load and displacement
of the lower V-Block fixture of FEM simulation. Therefore, the force in the horizontal
direction (Fn) of das=0 mm was about 0.64N. Its value quite small compared to the force
in the vertical direction (Fv). Since the shape of lower rigid body assumed to be the flat
shape. The authors avoided the unstable state in the FEM simulation. Hence, the flat
shape of the lower rigid body was applied.

Figure 4-17 shows the relationship between compressive load and
displacement of the lower V-Block fixture. In the case of FEM simulation was shown
the force in the vertical direction (Fv). When choosing the das=0.2 mm, in the case of
the Fypeak Of FEM simulation was higher than that of the experimental result. The ratio
of FEM by experiment was about 4.8 times, and the fs of FEM was higher than that of
the experimental result. The ratio of FEM by experiment was about 3.7 times. Figure
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4-18 shows the relationship between compressive load and displacement of the lower
V-Block fixture. In the case of FEM simulation was shown the force in the horizontal
direction (Fn). When choosing the das=0.2 mm, in the case of the Fnpeax Of FEM
simulation was higher than that of the Fupeak Of the experimental result. The ratio of
FEM by experiment was about 3.8 times, and the fs: of FEM was higher than that of the
experimental result. The ratio of FEM by experiment was about 3.7 times.

25 . . . ,
z FEM, Fypeyi ~ 265.9N
e 20 EXp, vaeak ~20.64 (19 1-21. 8)N —
"g 15 The ratio of FEM (Fypeak) by Exp (Fypear) about 12.9 times)|
=2 The ratio of FEM ( f5,) by Exp (f;,) about 2.2 times
210 FEM, f, ~ 8.3N —
7]
g5
g EXp, fi ~ 3.8 (3.23-4.79)N
O 0

0 1 2 3 4 5
Displacement of V-Block 6/mm

Fig. 4-15 Relationship between compressive load and displacement of lower V-Block
fixture. In the case of FEM simulation was shown the force in the vertical direction
(Fv). Simulated conditions were as follow: the scored depth das = 0 mm (non-
scored), the number of layers 8, and the detaching criteria of interlayer was not

delaminated.

0.7 | | |
0.6 [™SFEM, Fipy ~ 0.64N

0.5 H
04 H
0.3 H
0.2 H
0.1 |&

0

0.1 d]_ i ib * Jl 5

Displacement of V-Block ¢/mm

Compressive load £, /N

Fig. 4-16 Relationship between compressive load and displacement of lower V-Block
fixture. In the case of FEM simulation was shown the force in the horizontal
direction (Fn). Simulated conditions were as follow: the scored depth das = 0 mm
(non-scored), the number of layers 8, and the detaching criteria of interlayer was

not delaminated.
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Displacement of V-Block ¢/mm
Fig. 4-17 Relationship between compressive load and displacement of the lower V-
Block fixture. In the case of FEM simulation was shown the force in the vertical
direction (Fv). Simulated conditions were as follow: the scored depth das = 0.2 mm,
the number of layers 8, the length of delaminated zone L = 2.4 mm, and the
detaching criteria (bonding area under the creasing rule was 0.8mm) was the fluffing
plus the shear strength parameter s;= 11.0 MPa.

35 T T T
< FEM, Fipea = 32.14N
hﬁ 25 The ratio of FEM (Fypea) by EXp (Fypeqr) about 3.8times
f The ratlio of FEM ( ]Irst) by Exp (fi“) about 3.7 times
g 20 XDy Fypeak ~ 8.39 (6.5-10)N
5 15 : '
_g 10 /FEM, f; = 3.88N
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o
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0 1 2 3 4 5
Displacement of V-Block §/mm

Fig. 4-18 Relationship between compressive load and displacement of the lower V-
Block fixture. In the case of FEM simulation was shown the force in the horizontal
direction (Fn). Simulated conditions were as follow: the scored depth das = 0.2 mm,
the number of layers 8, the length of delaminated zone L = 2.4 mm, and the
detaching criteria (bonding area under the creasing rule was 0.8mm) was the fluffing

plus the shear strength parameter s;= 11.0 MPa.
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4.5.3 Equivalent bending moment response under compressive load using

V-Block fixtures for non-scoring

Figure 4-19 shows the relationship between bending moment resistance
My under the compressive load and folding angle o of the paperboard. Here, the non-
scored depth was representatively chosen as das=0 mm in the experiment and FEM
simulation. In order to verify the plastically collapse moment Mpc. The Mpc was
estimated using Eq. (4-9). Therefore, the Mpc of the in-plane tensile properties in MD
was calculated as 1.26 Nmmmm-. Comparing the Mec in the in-plane tensile properties
and the simulation result as shown in Fig. 4-19 they are also reasonably similar between
each other. Regarding the experimental result as shown in Fig. 4-19 the bending
moment response at the folding angle o >30° tended to be remarkably smaller than

that of the simulation result.

Mpc = ov t?/4 (4-9)
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Fig. 4-19 Relationship between bending moment resistance under the compressive load
and folding angle. Simulated conditions were as follow: the scored depth das = 0 mm
(non-scored), the number of layers 8, the length of delaminated zone L = 2.4 mm,
and the detaching criteria (bonding area under the creasing rule was 0.8mm) was the

fluffing plus the shear strength parameter si= 11.0 MPa.

Figure 4-20 shows the vector diagrams of maximum op1 (tensile state) and
minimum op2 (compressive state) principal stresses at the folding angle of 70° for das =
0 mm (non-scored). Seeing the Fig. 4-20 (a) the upper side was shown the tensile state

op1, Whereas the Fig. 4-20 (b) the lower side was shown the compressive state op>.
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Figure 4-21 show contour band diagrams with the magnitude of the maximum op1 and
minimum op2 principal stresses when choosing the folding angle of 70° for das = 0 mm
(non-scored). Here, the case of tensile state op1 was shown in the subfigure (a), the case
of compressive state op2 was shown in the subfigure (b), respectively. From this figure,
the subsequent features were shown: (i) A high tensile state, shown by the yellow band
(op1 > 38.54 MPa), was detected in the upper zone. (ii) A high compressive stress was

distinguished in the center of the lower zone.

(a) Maximum op: (tensile state) (b) Minimum op2 (compressive state)
Fig. 4-20 Vector diagrams of op1 and op2 principal stresses at the folding angle of 70°

for das = 0 mm (non-scored).

(a) Maximum op1 (tensile state) (b) Minimum op2 (compressive state)

Fig. 4-21 Contour band diagrams of op1 and op2 principal stresses at the folding angle

of 70° for das = 0 mm (non-scored).

Figure 4-22 shows the norm of op1and op2 were detected along the center of the

thickness direction. The op1 was estimated in length between of 0—0.27mm, whereas the
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op2 Was estimated in length between of 0.29-0.43mm. The average value ofop1 was

33.13 MPa, whereas the op2 was -35.87 MPa
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Fig. 4-22 Magnitude of op1 and op2 principal stress of worksheet at the folding angle

of 70° for das = 0 mm (non-scored).

(a). hy= he-:igl_lt of bulged
inside part

wy,= width of bulged
inside part

Curvature radius=2.77mm Curvature radius=1.25mm

05mm e ¢ FEM.

(b) Photograph of experiment (c) Photograph of FEM simulation
Fig. 4-23 Sectional views of folded part of paperboard in the FEM simulation and
experimental result with respect to 70°. (a) Definition of the height and the width for
the bulged profile. (b): experiment. (c): FEM simulation. In the FEM simulation, the

interlayers were not delaminated.
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According to the mismatching between the FEM simulation and the
experimental result for the folding angle larger than 30°, this mismatch seems to be
caused by the mismatching of the curvature radius, the height of bulged inside part hy
and the width of bulged inside part wy as shown in Fig. 4-23. Figure 4-23 shows the

sectional views of the FEM and experiment folded parts for the folding angle of 6 =
70°.

4.5.4 Equivalent bending moment response under compressive load using

V-Block fixtures for scoring

Figure 4-24 shows the relationship between bending moment resistance
My under the compressive load and folding angle o of the paperboard. Here, the scored

depth was representatively chosen as dss=0.2 mm in the experiment and FEM
simulation.

»
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Fig. 4-24 Relationship between bending moment resistance under the compressive load
of FEM-V-Block and FEM CST concerning the folding angle. Simulated conditions
were as follow: the scored depth das = 0.2 mm, the number of layers 8, the length of
delaminated zone L = 2.4 mm, and the detaching criteria (bonding area under the

creasing rule was 0.8mm) was the fluffing plus the shear strength parameter si= 11.0
MPa.

To convert the force of each direction to the bending moment response of FEM
V-Block. The FEM V-Block was discussed with the force in the vertical (Fy) and
horizontal (Fyn) directions. Then the summation of the force in the vertical (Fv) and

horizontal (Fn) were discussed with the FEM-CST that was mentioned in chapter 3.
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Hence the Eq. (4-8) was applied to convert the bending moment response. It was found

that the FEM simulation based bending moment of FEM V-Block under compressive

load tended to be remarkably larger than that of the FEM-CST as shown in Fig. 4-24.
Figures 4-25 show contour band diagrams with the magnitude of the maximum

(principal) shear stress wmax Of FEM-V-Block at the folding angle of 70°. Seeing the
contour band diagrams, the Mises shear stress (yielding level) of 15.7 MPa =ay/v/3

occurred at the contact zone of interlayers. This seems to be caused by the frictional
shear sliding under a high pressured contact with the interlayers. Namely, it is found
that the shear strength parameter s; does not determine the maximum shear stress, but
affects the early stage slipped pattern of interlayers.

‘ MPa

15.70
13.46
1121
8.97
6.73
4.49
2.24
0.00

Fig. 4-25 Contour bands diagram of the maximum shear stress zpmax when choosing st

=11.0 MPa for the folding angle of 70°. Other simulated conditions were as

follows: the scored depth das = 0.2 mm, the length of delamination zone L = 2.4
mm, and detaching criteria (bonding area under the creasing rule was 0.8mm) was

the fluffing plus the shear strength.

Figure 4-26 shows the sectional views of the FEM and experiment folded parts
of V-Block for the folding angle of & = 20°, 50°, 70°. Fig. 4-26 (a) defines the height
hy and the width wy of bulged inside part. Figure 4-26 (b)—(d) illustrated the
experimental result at the folding angle of =20, 50°, 70°. Figure 4-26 (e)—(Q)
illustrated the FEM simulation result at the folding angle of =20, 50°, 70°. Here, the
FEM model conditions were as follow: the length of the delaminated area was L= 2.4
mm, the de-lamination resistance was considered as the fluffing model of USPRNG

plus the shear glue parameter of s&= 11 MPa. The bonding area under the creasing rule
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was 0.8mm. Seeing these figures, it was shown that the FEM deformation profile was

well described the inside bulging and delamination state of the experimental result.

(a). = he':igl.lt of bulge
inside part

w,= width of bulged
inside part

Obiject type

Experiment

FEM simulation

Fig. 4-26 Sectional views of folded part of paperboard in the FEM simulation and
experimental result with respect to 20°, 50° and 70°. (a) Definition of the height and
the width for the bulged profile. (b) - (d): experiment. (e) - (9): FEM simulation. In
the FEM simulation, L = 2.4 mm, the lamination was 8 layers, and the detaching
criteria (bonding area under the creasing rule was 0.8mm) was based on the fluffing

resistance plus shear glue of st = 11 MPa.

Figure 4-27 shows the height hy, and the width wy of the bulged inside part of
the experiment and the FEM simulation for the folding angle &= 20°, 30°, 50° and 70°.
Seeing this figure, the width wy of FEM simulation was similar but a little smaller (11%-—
12%) than that of the experiment for the folding angle of 20°-70°, while the height hy
of FEM simulation was almost matched to the experimental result for the folding angle.
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Fig. 4-27 Height and width of bulged inside profile with respect to folding angle. In the
FEM simulation, the length of the de-laminated area was L = 2.4 mm, the lamination
was 8 layers, the scored depth was das = 0.2 mm, the detaching criteria (bonding area
under the creasing rule was 0.8mm) was based on the fluffing plus shear glue of si=
11 MPa.

4.6 Conclusions

The applicability of the in-plane tensile properties was applied to an in-plane
compressive load test of a creased white-coated paperboard through the FEM simulation.
The compressive load test of a 0.43-mm-thick coated paperboard was investigated by
varying the scored depth das= 0 and 0.2 mm using a set of upper/lower V-Block fixtures.
Through these investigations, the followings were revealed.

(i) According to the experimental results, the compressive load tended to
decrease with the scored depth das.

(ii) In the case of the scored depth das = 0 mm (non-scored), the bending moment
at the folding angle 60° and 70° is controlled by the value of the yield strength.

(iii) The combination of the fluffing normal and the shear glue strength s=11
MPa was well described the bulging mode of folded portion in the experimental result
for the scored depth of das = 0.2 mm.
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CHAPTER 5

CONCLUSIONS AND PROSPECTS

5.1 Conclusions

In this research work, the author aims to develop a numerical simulation model
of the folding process of a creased paperboard and to reveal the deformation
characteristics of the creased paperboard. Therefore, in this work, in order to
characterize the delamination and bulging deformation, an internal breaking criteria was
numerically analyzed using a new combination model. A general purpose finite element
method (FEM) code was applied to develop a combination model comprising the out-
of-plane fluffing subroutine and the in-plane shear glue strength. To verify the folding
mechanics of the creased part, the following methods were considered: (i) an internal
breaking criteria and transient de-lamination of a weak-bonded layer of paperboard was
experimentally investigated through a peel cohesion test (PCT). (ii) A cantilever type
bending moment measurement apparatus was experimentally examined the creased part
of paperboard. (iii) A simple evaluation method has been developed for knowing the
creasing characteristics on a folded line of paperboard under an in-plane compressive
load by using a set of V-Block fixtures. Through experimental and numerical results,
the following features were disclosed:

In _chapter 2, When, the stiffness coefficient value was derived by the z-
directional (out-of-plane) tensile test (ZDTT), which applied to the peeling model. It
was found that FEM simulation results showed good similarity with experimental
results and revealed that the peeling deformation of the coated paperboard. Equivalent
fibers based fluffing model that were derived from a ZDTT experiment (approximated
as discretely distributed nonlinear springs) well explains the existence of the peak point
of peeling force and saturated peel resistance.

In chapter 3, as for the deformation characteristics of the creased paperboard,
the experimental and FEM simulation results disclosed the following characteristics:
first, the initial gradient of the bending moment resistance is characterized by the scored
depth. Second, a combined model of the out-of-plane fluffing resistance and the in-

plane shear glue well matched with the corresponding experimental results. Third, the



112

applicability of the specialized area (unused spring area) was applied to reduce the
overshoot response at the folding stage, because a high sheared strain state was
intensively / partially generated by the indentation of creaser knife against the worksheet
supported by the rectangular groove. Such a high sheared state was extremely
delaminated as observed in the experimental result. Fourth, the in-plane shear glue
strength characterizes the deformation pattern of delaminated zone in the folding
process of the scored zone. The shear strength parameter s: does not determine the
maximum shear stress, but affects the early stage slipped pattern of interlayers. As the
result, the formation of bulged layers was affected by the shear strength parameter st.
Finally, FEM simulation results showed that an appropriate shear glue strength
parameter st was chosen as st/ m(nvp) = 6.7 for the scored depth of das = 0.1-0.32 mm
when using the groove width of B = 1.6 mm.

In chapter 4, when the in-plane tensile properties were applied to the
compressive mode of a creased white-coated paperboard, the breaking criterion based
on a combined model of the out-of-plane fluffing resistance and the in-plane shear glue.
The FEM simulation and the experimental result were found that the compressive load
tended to decrease with the scored depth das. In the case of the FEM simulation, the
bending moment response is controlled by the value of the yield strength. The
combination of the fluffing normal and the shear glue strength was well described the
bulging mode of folded portion in the experimental.

5.2 Prospects

The FEM simulations of folding mechanics of the creased part were conducted
and discussed based on the detaching resistance of a white-coated paperboard. In this
study, the stiffness coefficient value of the interlayer was derived by the z-directional
(out-of-plane) tensile test (ZDTT), which applied to the peeling and folding model. The
detaching resistance was estimated with a fluffing model using a finite element method
(FEM) code. Since this fluffing model is not limited to apply to any dissimilar laminated
solid materials, therefore, it can be applied to another material such as carbon fiber, milk
carton and composite materials, and also possibly be applied to analyze the non-linear

folding mechanics of a new laminated material.
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Appendix A

User-defined subroutine of USPRNG



How to write the User Subroutine code

W~ 5 U W N
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1.) To write and edit the source code by using the editor's software such as

Notepad++, Force 2.0, Eclipse, Simple Fortran, etc.

2.) After choosing the above software, then write the source code as shown in Fig

A

3.) Save file as .f file.

98

SUBROUTINE USPRNG (RATK, F, DATAK,U, TIME,N, NN, NSPRNG)

IMPLICIT REAL*S (A-H, 0-Z)

DIMENSION RATK(2), DATAK(2), U(2), TIME(2),
: 1s the ratio of the present value of spring stiffness to the

IF(D. LE. 0.0835) GO TO 1

N(2), F(2)

c RATK(1)
c data value given in the option input; to be defined by the user
c U(l) : For mechanical springs
c F(1) : is the force to be defined by the user: spring force
D=U(1)

IF(D. GT. 0.0835. AND. D. LE. 0.1781) GO TO 2
IF(D. GT. 0.1781. AND. D. LE. 2.1918) GO TO 3

IF(D. GT. 2.1918) GO TO 4

ezl

RATK(1)=0.
F(1)=14.1*D*D*D-5.35*D*D+0.71*D+0.0006
GO TO 98

ez2

RATK(1)=0.
F(1)=-0.56*D*D*D+0.27*D*D-0.04*D+0.003
GO TO 98

ez3

RATK(1)=0.

F(1)=0.0015*D** (-1.04)

GO TO 98

RATK(1)=0.

F(l)=0.

GO TO 98

write (6, *)"user subroutine T love you"
RETURN
END

Fig. A.1 User-defined subroutine of USPRNG

How to call the User Subroutine file on MARC Mentat 2015
1.) After preparing the FEM model and User Subroutine code.

2.) Select No.1 (Job1) as shown in Fig. A2.
3.) Select No.2 (Run) as shown in Fig. A3.
4.) Select No.3 (User Subroutine File) as shown in Fig. A4.
5.) Select No.4 (User Subroutine File) as shown in Fig. A4.
6.) Select No.5 (Save Model) as shown in Fig. A4.
7.) Select No.6 (Submit (1)) as shown in Fig. A4.
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Fig. A.2
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Fig. A.3
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Name jobl
e ] G b e e e e
User Subroutine File 1

Kl Parallelization/GPU——) No DDM
1 Assembly/Recovery Thread

1 Solver Thread

No GPU(s) A ——
Jitle— ——2Vle | Table-Driven + 1 save Model :

I Submit (1) Advanced Job submission
o -
Update Monitor Kill
Status Not Submitted
Current Increment (Cycle) 0

Singularity Ratio o]
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T e
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Edit outputFile | LogF =%
- | | 1USPRNG_Reduce_S50percentage.f
Open Post File (Model Plot Resul —
Reset
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Fig. A4



How to check the output file of the User Subroutine on MARC
Mentat 2015

1). Open result file (file name .out) in Excel or WordPad.
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2). To check the correctness of the source code that was combined with the FEM

3).

usexr
usexr
uscx
uscxr
usexr
uscsxr
usexr
uscx
uscxr

model, search the sentence (user subroutine I love you) as shown in Fig. Ab.

The sentence as shown in Fig. A5 that means the FEM simulation was

completed.

point loads

0.000000E+00

subroutine
subroutine
subroutine
subroutine
subroutine
subroutine
subroutine
subroutine
subroutine

H

HHHHHHHH

love
love
lowve
lowve
love
love
love
lowve
lowve

you
you
vou
you
you
vou
you
vou
you

0.000000E+00D

Find

*

Find what: | ser subroutine | love you

| |_Find Next |

[] Mateh whole word only
[]Match case

Cancel

Fig. A5
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Appendix B

Apparatuses and tools



Table B.1 Lists of apparatuses and tools
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‘:[‘: K . - \

Upper crosshead !
Linear dlsplacemen!

Compression S

machine Data anz;f\;m
(Aiko '
engineering
machine,
model
1311DWS)

Control umt

orkpiece
—_stage ™

Apparatus/ Photograph of apparatus/tool SpeCIflcgtlon/
tool capacity
Double-sided Adhesive: acrylic
adhesive tape : type.
(NWK-155S) Thickness:
S Ky ;u_fzgwg 0.14 mm.
Camera
Free-angle observation igngfou\eﬂé
= system base unit -
T BN 50/60HZ, 340VA
Optical max.
microscope - Shutter speed =
(VHX-2000) 1/15 ~ 1/19000 s.

- Image sensor:
2.11 million-
pixels.

- Power supply:
100 VAC 50/60HZ
-Load cell: 50N,
50kgf, 500kgf.




Table B.1 Lists of apparatuses and tools (Continued)
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Apparatus/
tool

Photograph of apparatus/tool

Specification/
capacity

Rubber
fixtures and
creasing rule

Rubber fixtures
4 =

Fixture

Die (grooved
counter plate)

FErotectdr fdr parallel creasing

ROOD0 OOCHY PIDOO SO0 OGR!

Bending stress
tester system
(CST-J-1)

Data analyzing unit--

il

- Thickness of
creasing rule:
0.71mm, radius
of creasing rule:
0.355mm.

- Hardness of
creasing rule:
600HV.

-Shore hardness
of rubber
fixtures: 40A.

-Counter plate:
SUS630.

-Width of groove:
1.6mm.
-Chamfer:
0.16mm.
-Hardness of
counter plate:
510HV.

- Power supply:
100VAC
50/60HZ
-Maximum load
10N.

- Measurement
Speed: 0-1
rotation/second
(1 rotation
36000PULS)
-Measurement
angle:1-

130°




Table B.1 Lists of apparatuses and tools (Continued)
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Apparatus/
tool

Universal
testing machine
(Instron 3366)

Photograph of apparatus/tool

Specification/
capacity

Schematic
diagram of ring
crush test

V-Block
fixtures

; 'O‘.

e Data-dnalyzing unit

- Capacity of load
cell =10 kN.

Bl - Max. testing

speed = 500
mm-min—t,
- Vertical test

|| space = 1193 mm.

-Standard: JIS-
P8126, 2005.

- Diameter of
annular groove:
47.8mm.

| - Depth of

groove:6.34mm

Compressive test
material:

Aluminum
AA5051
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