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ABSTRACT

Silver nanowires (AgNWs) electrodes satisfy the conditions that transmittance is higher than 80% at
a wavelength of 550 nm and surface resistance is less than 100 Q / o, which are required criteria for the
application of transparent electrodes. In addition to this, AgNWs have high flexibility and electrical
conductivity that are suitable for flexible organic light-emitting diodes (OLEDSs), and thus has been of
a great interest as an alternative transparent electrode being able to replace indium tin oxide (ITO) of

conventional displays.

So far, for the development of alternative transparent electrodes, only transparency and sheet
resistance criteria have been considered. However, when we consider flexible display devices in the
near future, the transparent electrodes should be robust to folding and stretching in which conventional
ITOs have intrinsic limitations. Therefore, a mechanical investigation on the structural stability during
folding process is required for the application of AQNWs electrodes to flexible display devices. In this
thesis, we performed the stress analysis for OLEDs that contain AGQNWs or ITO electrode thin layer as
one of components of flexible OLEDs displays. We compared the stress distributions of OLEDs under
bending test and investigated the effect of the volume fraction of AQNWs on the structural robustness

of the structures.

The first reference model consisted of five layers including ITO with a thickness of 200 nm. Other
four layers were aluminum (Al, 70nm), super yellow light-emitting polymer (PDY-132, 80nm), poly
(3,4ethylenedioxythiophene) doped with poly (styrene sulfonate) (PEDOT:PSS, 40nm), and
polyethylene terephthalate (PET, 0.1mm) layers. The second reference model also consisted of five
layers, but now the ITO layer was replaced by AgNWs composite with PEOT:PSS with a thickness of
72 nm while the materials of the other four layers are the same. AgNWs of which length and diameter
are 25+-5 um and 36 +-5 nm are employed in real production. Second reference model has a sheet

resistance of 12.63 Q/ o and a transmittance of 93% at a wavelength of 550 nm.

The real size of the flexible OLED device is 15 mm x 15 mm in the lateral directions, but we carefully
reduced it to 7 mm x 1 mm without any significant change in the stress analysis to lower computational
cost. We modelled the AgNWSs composite layer as a conventional fiber-reinforced composite in which
the AgNW acts as a fiber and the conductive polymer PEDOT: PSS acts as a resin. Then we determine
the longitudinal Young’s modulus (E), transverse Young’s modulus (Et), in-plane shear modulus
(GLt), and major Poisson’s ratio through a proper homogenization. Although AgNWs are arbitrary
distributed in the real AgNWSs composite layers, we assumed that they are distributed in orthogonal

patterns in our numerical models.



AgNWSs manufacturing process uses spin-coating. Accurate volume fraction of AgNWSs is unknown
because the spin rate and time can be changed according to situation or purpose of experiment.
However, | can assume that the volume fraction of AgNWs is 10% and the thickness of this layer is
twice diameter of AgNW through the SEM images of AgNWs. The Young’s modulus and Poisson’s
ratio of AQNW are 176 GPa, and 0.225. The Young’s modulus and Poisson’s ratio of PEDOT:PSS are
1.9 GPa and 0.34. For the homogenization for the AgNWs with 10% volume fraction, the values of
Er, Et, G, and major Poisson’s ratio are 10.81 GPa, 10.87 GPa, 0.85 GPa, and 0.127. As the volume
fraction increases from 6% to 65%, the longitudinal Young’s modulus also steeply increases from 7.19
GPa to 95.29 GPa.

From the numerical analysis of OLEDs containing ITO or AgNWs with 10% volume fraction, Von-
mises distributions in the other four layers such as Al, PDY-132, PEDOT: PSS, and PET layers in the
both models were almost the same. However, the maximum Von-mises in the ITO layer, 6.99 GPa was
found to be approximately 6.32 GPa larger than the maximum Von-mises in the AgNWs composite
layer, 0.67 GPa. In addition to stress distribution, the fracture toughness of ITO and silver are about
2.59 MPa m'/? and 40 MPa m!/? at room temperature. Fracture toughness is used as a failure
criterion of material and represents the resistance of the material to brittle fracture. If ITO is used for
flexible OLED:s, it will be easy to break even under small deformation. As a result, it was confirmed
that the AgNWs electrode is superior to the ITO electrode in the aspect of structural and flexural

robustness during bending.
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|. Introduction

1.1 Introduction

As transparent flexible electrodes are developed, flexible devices such foldable displays, wearable
devices, and portable medical devices are expected to be commercialized in the near future. For next
generation foldable or wearable devices, it is essential to develop electrodes that are transparent, flexible,
thin, cheap, and can be made on a large-scale manufacturing process. Indium tin oxide (ITO) which has
advantages of low sheet resistance, high transmittance and high work function has been used for
conventional displays as transparent electrode. However, ITO has some problems which are high cost,
high processing temperature, exclusive production of China, a limited indium resource and low fracture
toughness. The most serious problem is ceramic characteristics of ITO. For flexible organic light-
emitting diodes (OLEDs), external force is applied to ITO and then the surface is cracked due to its
ceramic characteristics. To solve the problems of ITO, various alternative transparent electrodes
including carbon nanotubes (CNTs), conducting polymers, metal nanowires(NWs), metal grid, and
graphene have recently been developed to replace ITO. Silver nanowires (AgNWs) electrodes satisfy
the conditions that transmittance is higher than 80% at a wavelength of 550 nm and sheet resistance is
less than 100 /o, which are required criteria for the application of transparent electrodes. In addition
to this, AgNWs have high flexibility and electrical conductivity that are suitable for flexible OLEDs.
Therefore, it has been of the greatest interest as an alternative transparent electrode being able to replace

ITO of conventional displays.

In the future, transparent electrodes are under stretching or rolling or folding situation. Although
transparency and sheet resistance of AgNWs is appropriate for flexible OLEDs instead of ITO, research
about stress distribution analysis and fracture is needed. In this thesis, we performed the stress analysis
for OLEDs containing AgNWs or ITO layer as an anode of flexible OLED displays. In addition, we
compared and analyzed the stress distribution of them in the bending test which has 1 mm radius and

investigated the effect of the volume fraction of AgNWs on the structural robustness.



1.2 OLEDs structure and luminescence principle

Hole blocking layer (HBL)

— > Emitting layer (TPD, NPB, TNATA)
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h Cathode
\Y Electron transport layer (ETL)
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Figure 1-1. The OLEDs layered structure. [6]

OLEDs structure consists of several layers including a substrate, an anode, a hole injection layer
(HIL), a hole transport layer (HTL), an emission layer (EML), an electron transport layer (ETL), an
electron injection layer (EIL), and a cathode shown in figure 1-1. The reason for using several layers is
to improve the luminous efficiency by facilitating the movement of holes and electrons. The layers act
like a staircase by lowering the energy barrier. The cathode acts electron injection, and the anode acts
hole injection. The HIL is in contact with the anode and roles like a barrier against oxygen, which
accelerates the ageing process of the organic layer of EML. It also helps holes to easily reach the EML
and need to be transparent to transmit light. HTL is deposited in between the HIL and EML and transfer
holes from HIL to the EML. Role of EIL and ETL have same with role of HIL and HTL except for the

transfer of electrons instead of holes

Finally, the electrons and holes move to the EML through several layers from cathode and anode. In
the EML, they meet and have exciton energy which is very unstable and emits light outward by bandgap.
The larger the bandgap, the higher the energy. If organic material used in EML has large bandgap, it
will emit blue light with a short wavelength. The other way, EML which has small bandgap emits red
light with long wavelength. Since the bandgap is an intrinsic value of organic material, the organic

material used in EML determines the light color.



(a) Transmissive window

X,

Encapsulation
substrate \
TFT
substrate
A 4
V
[ Transmitted
mage background
Transmitted
Images back;gound
) /“
Encapsulation
substrate T |
TFT .
substrate i

Transmissive window

Figure 1-2. Schematic layouts of OLEDs by emission direction. (a) Bottom emission structure. (b) Top

emission structure. [7]

It is divided into the top and bottom emission according to the emission direction. In generally,
cathode can't emit light because it's made of opaque metal. The light is reflected by the cathode and
emitted toward the substrate through the transparent anode. It is called by bottom emission. Figure 1-2
(a) shows the emission direction and the schematic layout of bottom emission. In the bottom emission,
the light emitted is partially blocked by a capacitor or a thin film transistor (TFT). It causes low aperture
ratio which is the area that can emit light per unit pixel and bad influence on the device life to emit
brighter as much as the lost brightness. In the other way, top emission means that the light is emitted
toward the cathode. Figure 1-2 (b) shows the emission direction and the schematic layout of the top
emission. It has advantages of a high aperture ratio. However, the cathode should be very thin to be
transparent, and it causes high sheet resistance and damage of the organic material in the deposition

process. In this thesis, we used the bottom emission structure for OLEDs modeling.



1.3 Reference model of OLEDs

LiF / Al

——— PDY-132

PEDOT:PSS

~» & AgNW / Substrate

Figure 1-3. The reference model structure of OLEDs containing AgNWs. [1]

There were two reference model of OLEDs containing different transparent electrodes. The first
reference model consisted of five layers including ITO with a thickness of 200 nm. Other four layers
were aluminum (Al, 70nm), super yellow light-emitting polymer (PDY-132, 80nm), poly
(3.,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, 40nm), and polyethylene
terephthalate (PET, 0.1mm) layers. The second reference model also consisted of five layers, but the
ITO layer was replaced by AgNWs layer embedded PEDOT:PSS with a thickness of 72 nm and a
thickness of PEDOT:PSS was changed from 40 nm to 128 nm, while the materials and thickness of te
other three layers are the same. In the reference model shown in figure 1-3, LiF/Al, PDY-132,
PEDOT:PSS, AgNWs layer and PET have roles as a cathode, an EML, a HIL, an anode and a substrate.
AgNWs used in this model has length 25 + 5 um and diameter 36 = 5 nm. The second reference model
has a sheet resistance of 12.63 Q/o and a transmittance of 93% at a wavelength of 550 nm. In addition,
although an sheet resistance is increased by around 30% after 1200 bending cycles with Imm radius, it

passed bending cycle test.



1. Modeling for Bending Test

2.1 Hinge modeling

2.1.1 Draft modeling

Figure 2-1. Photographs of the bending experiment with a bending radius of (a) co mm, (b) 10 mm and (c)
3.3 mm. [8]

T 0.10039 mm

T0.5mm

Figure 2-2. Draft modeling for bending test with radius of 1 mm including two hinges and one shell.

The experiment model shown in figure 2-1 has two contact interfaces, where one is fixed, while the
other moves horizontally to control the bending radius. In this model, real size of the flexible OLED



and final bending radius is 15 mm x 15 mmand 1 mm. For the structural analysis of flexible OLEDs,
a draft modeling for bending test was designed to be a similar with an equipment for bending experiment
using ABAQUS. Figure 2-2 shows the designed draft modeling including one shell and two rigid hinges,
where left side is fixed, while the right side rotates m radians counterclockwise on a z-axis. The two
hinges consist of discrete rigid bodies. The shell consists of composite layup including 5 layers which
are Al, PDY-132, PEDOT:PSS, ITO, and PET. In figure 2-2, the red rectangles in the shell are tied on
the hinges, and the unbound area contacted with the hinges has a friction.

In ABAQUIS, since discrete rigid body doesn’t deform under strong forces, it is generally used for
press or injection or rolling analyzes and helps less computational time. Element type used in the hinges
modeling is R3D4 which is used for a 4-node of 3-dimensional rigid elements. Since the mesh method
is not import for rigid body, | determined the mesh size of 0.5 mm. Element type of the shell is S4R
which is used for a linear 4-node quadrilateral shell element. Mesh size of the shell is partially different.
Global mesh size is 1.5 mm, but mesh size of the length and width is 0.3 mm and 0.2 mm. Element type
and mesh are shown in figure 2-3.
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Figure 2-3. Element type and mesh size of the draft modeling.



2.1.2 Support for accurate bending radius
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Figure 2-4. For the bending test, hinge modeling in 3-dimension (a) without supports, and (b) with supports.

(c) The cross-section of the shell in the x-y plane (¢) without supports and (d) with supports.

The shell was tied on the hinges and was bent by rotating of hinge. In the bending test, a hole between
the two hinges couldn’t induce compressive stress to the shell and the bending radius was changed from
1 mm to about 1.5 mm as shown in figure 2-4 (c). The accurate bending radius couldn’t be controlled
by the hole. Therefore, | compensated the defect using supports between the hinges like figure 2-4 (b)
and the bending radius was controlled to the desired value. Final hinge modeling for bending test is

designed as shown in figure 2-5.

Figure 2-5. The final hinge model with the supports for controlling the accurate bending radius.

- 10 -



2.1.3 Friction between shell and hinges

There was friction in the interface between the unbound area of the shell and the hinges. As the
contact area between the hinges and shell increases by support between two hinges, the influence of
friction couldn’t be ignored. To check the influence of the friction, | changed friction factor from 0.0,
0.3, t0 0.9 and then compared Von-mises at the center of shell in each layer. All units of the values listed
in table 2-1 are MPa. There is almost no difference by friction factor in each layer. The friction factor
doesn’t influence on the structural analysis for flexible OLEDs. Therefore, the final hinge modeling

shown in the figure 2-5 has the friction factor of 0.3 between the hinges and shell.

Friction factor 0.0 0.3 0.9
Al 3901.42 3906.40 3911.94
PDY-132 377.83 378.31 378.84
PEDOT:PSS 104.97 105.11 105.26
ITO 6429.60 6437.81 6446.95
PET 13.84 13.85 13.83

Table 2-1. The Von-mises values at the center of shell in each layer by friction factor.

-11 -



2.2 Shell modeling

2.2.1 Reducing width of the shell

()

(b) Path AB (c) Path AB

5, Mises
SMEG, (fraction = -1.0), Layer = 1
(Avg: F5%)

+4,0872+03

+3, 7462403

8, Mises
SMEG, (fraction = -1.0), Layer = 1
(Avg: 75%)

+4.2052+03

+0,000e+00

Figure 2-6. (a) There are Path AB along with length of the shell. Von-mises distribution with dimension (b)
15 mm X 15 mm or (c) 15 mm X 1 mm.

For lower computational cost in the structural analysis, size and element number of the shell need to
be reduced without any significant stress change. | reduced the width of the shell from 15 mmto 1 mm.
In the shell with 15 mm x 15 mm size, 3150 elements have been generated, while the shell with 15
mm X 1 mm had 960 elements with smaller mesh size. The Path AB shown in the figure 2-6 (a) is the
half line of the shell width. Figure 2-6 (b) and (c) show Von-mises distribution of the shell in Al layer

with 15 mm X 15 mm or 15 mm X 1 mm after bending and the unit is MPa. The values of maximum

-12 -



Von-mises of the shells are applied at the bent line and almost the same, while there was no stress in the
other area. In Al layer, accurate values of Von-mises according to width of the shell are listed in table
2-2.

The figure 2-7 from (a) to (e) shows the result of Von-mises measured at the Path AB in all layers.
The values of stress distribution are almost constant despite the change of width of the shell. The gap
between maximum stress is about 6.8% and it doesn’t affect the results significantly. Therefore, I

decided the width of the shell is 1 mm with the least element numbers.

Width [mm] 15 12 10 7 5 1

Maximum

Von-mises [GPa]

3.92 3.91 3.91 3.92 3.92 4.20

Table 2-2. Maximum Von-mises at Path AB by reducing width of the shell in Al layer.

- 13 -
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Figure 2-7. The Von-mises result according to Path AB in the (a) Al, (b) PDY-132, (c) PEDOT:PSS, (d) ITO,
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2.2.2 Reducing length of the shell

()

Q

®) oo
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Path CD

% The unit is MPa

Figure 2-8. (a) There are Path CD at bent line in the shell. Von-mises distribution with dimension (b) 15
mm X 1 mmor (c) 7 mm X1 mm.

The bent length is about 3.14mm which is equivalent to the length of half circle, because the bending
radius is 1 mm. The area near the bent line is influenced by bending stress and the length of the shell
should be longer than 5 mm to avoid affecting of the area applied bending stress. As the length of the
shell decreases, the fixed area is getting closer to the bent line and free area is getting smaller. It can
influence at the stress distribution. | changed the free length from 12 mm to 6 mm with the constant

length of the shell, 15 mm and compared the Von-mises result to check the influence. In figure 2-9, the

- 15 -



area in red rectangular is fixed and free length of the figure 2-9 (a) and (b) are 12 mm and 6 mm.
Although the free length is different, the result shows similar Von-mises stress distribution in the figure
2-9. Therefore, the free length set at 6 mm regardless of shell length and | reduced the length of the

shell from 15 mm to 7 mm, in the same way with reducing width.

Figure 2-8 (b) and (c) show Von-mises distribution of the shell in Al layer with 15 mm X 1 mmor 7
mm X 1 mm after bending. In Al layer, accurate values of the maximum Von-mises according to length
of the shell are listed in table 2-3. The Path CD shown in the figure 2-8 (a) is the bent line and applied
on the maximum stress. Figure 2-10 (a) — (e) shows the result of Von-mises measured at the Path CD in
each layer of shell. The stress distribution is almost constant despite the change of the length. Therefore,
the length of the shell set at 7 mm, and the final dimension of the shell was determined as 7 mm x 1
mm. As a result, reduced shell has less mesh size, number of elements and computational time. The

detail information is listed in table 2-4.

In the figure 2-11, the dimension of the hinge modeling is same with it of the hinge modeling shown
in the figure 2-5, while the dimension of the hinge modeling shown in the figure 2-12 was reduced to
match the size of the reduced shell. The final modeling for structural analysis is shown in the figure 2-
12.

Length [mm] 15 12 10 7

Maximum
4.21 4.24 4.23 4.23
Von-mises [GPa]

Table 2-3. Maximum Von-mises at Path CD by reducing length of the shell in Al layer.

Shell with 15 mm X 15 mm Shell with 7 mm X 1 mm

Global Mesh size

] 15(0.3X0.2) 0.5(0.2 X 0.03)
(length X width) [mm]
Number of elements 3150 960
Computational time 29 min 17 min

Table 2-4. Mesh method according dimension of the shell.
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% The unit is MPa
(a) 5, Mises (b) 5, Mises
SMEG, (fraction = -1.0), Layer = 1 SMEG, [fraction = -1,00, Layer = 1
SPOE, (fraction = 1,00, Layer =5 SPOS, (fraction = 1,0), Layer =5
[Awg: 759 [Avg: 759%)
+4, 2052403 +4, 09624032
+32, 8552403 +3, 7552403
+3.504=4+03 +3. 414403
+3.154e4+03 +3.072e4+03
+2, 8042403 +2,731e4+03
+2,45324+03 +2,390e4032
+2,103=+03 +2, 0482403
+1.752e4+03 +1,.707=4+03
+1.402e4+03 +1,365=4+03
+1.051=+03 +1,.024e403
+7.00%e4+02 +&, 8272402
+3.504=402 +3.414e402
+0,000=4+00 +0,000=+4+00 -~
Y Y AT
A
A= £l ¢
E| € E| £
Te] N Te)
= — ©
A
v
-y ____ v_____
<+—>

1 mm

Figure 2-9. The dimension of the bounded shell and Von-mises stress distribution. The free length is (a) 12
mm and (b) 6 mm.
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Figure 2-10. The Von-mises result according to Path CD in the (a) Al, (b) PDY-132, (c) PEDOT:PSS, (d)
ITO, and (e) PET.

-18 -



(b)

Figure 2-11. (a) and (b) show final modeling before and after bending.
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Figure 2-12. (a) and (b) show final modeling with change of hinge size before and after bending.
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[1l.  Homogenization for AgNWSs

3.1 Basic concept of homogenization

Al (b)
L Material Thickness [mm] E [GPa] v
Super Yellow (PDY-132)

PEDOT.PSS Al 7ES 70 033

ITO LiF 1E-6
PDY-132 8E-5 6.79 0.35
PET PEDOT:PSS 4E-5 1.9 0.34
ITO 2E-4 116 0.35
PET 0.1 2.8 0.37

Al (d)
L Material Thickness [mm] E [GPa] v
Super Yellow (PDY-132)
Al TE-5 70 035
PEDOT:PSS :
LiF 1E-6
AgNWs

PDY-132 8E-5 6.79 0.35
PET PEDOT:PS5S 1.28E-4 1.9 0.34

AgNWs 7.2E-5
PET 0.1 28 0.37

Figure 3-1. (a) The cross section and (b) thickness and mechanical properties of the OLED containing ITO.

(c) The cross section and (d) thickness and mechanical properties of the OLED containing AGNWs.

Figure 3-1 shows material and properties of components of the OLED. The difference between the
OLED containing ITO or AgNWs are the thickness of PEDOT:PSS and sort of transparent electrode as
anode. The AgNWs manufacturing process and the SEM image is shown in figure 3-2. In AgNWs layer,
the AgNWs was arbitrary stack on PET using spin-coating and then PEDOT:PSS solution was spin-
coated on the top of it. The AgNWs layer consists of AgNWs embedded PEDOT:PSS like a
conventional fiber-reinforced composite where the AQNW acts as a reinforcement and the PEDOT:PSS
acts as a matrix. The AgNWs give this layer its strength and this layer has directional strength properties
according to the oriented AgNWs direction. Although this layer consists two materials, we can get

mechanical properties of the composite through a proper homogenization which transforms properties
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AgNW

(@)

Figure 3-2. (a) Schematic illustration of the AgNWs layer manufacturing process. (b) The SEM image of
the AgNWs. [8]

of heterogeneous material into properties of homogeneous continuum. The basic concept of
homogenization is that fluctuations that the stress fields at micro-fields influence the macroscopic
properties at macro-fields via their volume averages. If the body is sufficiently large, the

homogenization can be defined as

6=%fv o(x)dV

where @, o, and V for the macroscopic and microscopic stress fields and the volume of the region.
Therefore, we can get the properties including the longitudinal Young’s modulus (E), transversal
Young’s modulus (Et), longitudinal shear modulus (Gt), and longitudinal Poisson’s ratio (v.y) by
calculating properties of the proper reference volume element (RVE) applied on periodic boundary

conditions (PBCs) through a homogenization.
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3.2 Obtaining the elastic properties

011 [ G111 Ciazz Ciass 0 0 0 1 (&
[522] Ci122 Ci111 Ciass 0 0 0 [522]
{ 033 } _ Ci133 Ci133 C3333 0 0 0 {8_33 }

023 0 0 0 Ca444 0 0 £23
l631J 0 0 0 0  Cppgq O ls—31J

512 0 0 0 0 0 61212 _12

The relation between stress and strain are related by Hooke’s law. Cjji, o3 and gj; are the stiffness
tensor, stress tensor and strain tensor. Since the stress and strain tensor is symmetry, the number of
independent elastic constants is generally from 81 to 36. Longitudinal fiber reinforced composite is
usually assumed transverse isotropy and transversely isotropic material is symmetric about an axis of
the fiber. Therefore, the material properties are the same in the direction of the normal plane of the fiber
and the number of independent elastic constants is reduced to 5. The elastic properties including
longitudinal and transversal Young’s modulus (Ej,Et) and shear modulus (G, Grr), and the
longitudinal Poisson’s ratio (vit) is determined by the compliance matrix which is an inverse of the

elastic stiffness matrix. The equations for calculation of the elastic properties of transversely isotropic
is expressed as

2033

Ep = Caggs — — 23
L 3333 Ci1111 + G122

— (Cllll - C1122) X (C1111C3333 + C1122C3333 - 26‘12133)

2
C111163333 - 61133

Et

Grr = Cag44
Grr = Ci212 = 5(61111 - C1122)

N C1133
LT~ -~

Ci1111 + G122
The shear modulus can be defined by Young’s modulus and Poisson’s ratio as

Gup = ——T
LT_2(1+VTT)

To determine each column of the stiffness tensor of RVE applied PBCs, six analyses are required.
When the value of &,; is 1 and the other all strain tensor values are 0, the value of Cj;y; is same with

the value of &;; which is the volume average of the stress field.

1
When &Tkl = 1, Cijkl = 5” = Vf O-ij av
v
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3.3 Analytical method

To calculate the elastic properties of fiber-reinforced composites through analytical method, there are
various equations including the Voigt and Reuss, the Hashin-Shtrikman, the Mori-Tanaka, and the
Halpin-Tsai method. The simplest equation is the Voigt and Reuss method. The Voigt method assumes

a iso-strain model that the strain is everywhere uniform. The equation for this method is expressed as

6 Sfo LAEE) <.
£ & g _Zf" E

&

E =

where the E, &, &, f;, 0;, and E; for the macroscopic Young’s modulus, macroscopic stress,
macroscopic strain, the volume fraction of it", the microscopic stress and Young’s modulus of it". The
volume fraction is the ratio of fiber volume in the entire volume of a composite. It is a very important

value in determining elastic properties of the composite and calculated by the simple equation.

) volume of fibers
Volume fraction = —; — X 100 [%]
entire volume of composite

The Reuss method assumes a iso-stress model that the stress is everywhere uniform. The equation

for this method is expressed as

p_0__ 0 9 _NE 1_N/4
E_g Zflgl Zfl(Ei) Zfl’ E EL

While the elastic properties of composite can be easily calculated by the simple equation of Voigt-
Reuss method, the result has large error from the actual values. The Voigt-Reuss method generally
determines the range of the elastic properties of the composite, where Voigt and Reuss method is known

as the upper-bound and lower-bound of the range.

Among the various method, | used the Halpin-Tsai method for the analytical method which is more
accurate than the Voigt and Reuss method. This method is a semi-empirical and helps to calculate the
longitudinal and transverse moduli simply. By this method, the equation for the longitudinal Young’s

modulus and Poisson’s ratio are expressed as
E, = EfVs 4+ En(1 - Vf)
Urr = Ufo + Um(l - Vf)

where E¢, Ep, V¢, vy and Vg for the Young’s modulus and the Poisson’s ratio of fiber and matrix,
relatively and the volume fraction of fiber. The equation for the transverse Young’s modulus is

expressed as
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_ (1+énVy)
Er =E, —1 — T]TVf

In this equation, the value of ¢ is 2 when the shape of fiber is a circle and the value of n; can be

calculated by the equation.

k4

Em
77T=Ef

En 'S

Finally, the equation for the longitudinal Shear modulus is expressed as

Gir =G, 1—ngVs

where Gy, for the Shear modulus of the matrix. The value of & is 1 for only a fiber shaped a circle

and the value of 7n; can be calculated by the equation.

§=1+40xV3°

By

Em
77G:Ef

B¢

The Young’s modulus and Poisson’s ratio of fiber and matrix are listed in table 3-1, the

homogenization result calculated by the Halpin-Tsai method is listed in table 3-2.

Fiber Matrix
Young’s Modulus [GPa] 89.9 37.9
Poisson’s ratio 0.18 0.18
Table 3-1. The elastic properties of fiber and matrix.
EL [GPa] ET [GPa] VLT GLT [GPa] GTT [GPa]
Halpin-Tsai 43.10 41.58 0.18 17.42 17.62

Table 3-2. The elastic properties of the composite calculated by the Halpin-Tsai.
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3.4 Periodic boundary conditions

3.4.1 2-dimensional periodic boundary conditions

D 2« C
Matrix Y

X w,

A A AN

Figure 3-3. Prescribed geometry of 2-dimensional RVE.

2-dimensional (2D) PBCs need two types of node sets including the edge and vertex. It’s important
to make each set with avoiding overlapping constraints between nodes on the edges and vertices of RVE.
All equations for the PBCs should be applied to one node and opposite node on the edges and vertices
of the RVE. Figure 3-3 shows the geometry information for the edges and vertices of the RVE to apply
2D PBCs. The constraint equations of 2D PBCs for the edge sets are expressed as

— 0

ugc — Ugp = Wiey
— 0

Ucp — Uy = VVy‘Syx
Vge — Vap = W2
BC AD xX<exy
— 0

Vecp — VAB = Wygy

Where W, and W, are the dimensions of the RVE in the x and y direction and the u and v are the

displacement along x and y axis. The constraint equations for the vertex sets are expressed as
— — 0 0
Ue —uy = Wyey + Wyey,
ug —up = W,el — W, 9
B D xX<ex yeyx
— — 0 0
Ve — vy = Wyey + Wiey,

vg —vp = —W, ) + W,ey,
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3.4.2 3-dimensional periodic boundary conditions

7

4 >
Z/ W -

Figure 3-4. Prescribed geometry of 3-dimensional RVE.

Three types of node sets including face, edge, and vertex sets are needed for 3-dimensional (3D)
PBCs. For the set, each node of the RVE combines with the node of opposite parallel side. It’s important
to make each set with avoiding overlapping constraints between nodes on the faces, edges and vertices
of RVE in the same way as 2D PBCs. The figure 3-4 shows the geometry information for the faces,

edges and vertices of the RVE to apply 3D PBCs. The constraint equations for the face sets are expressed

as
UcpHG — Upagr = Wyéx VeDHG — VBaer = Wyéxy WepHG — Weagr = Wyéxz
UErGH — Uapep = Wi€zx VEFGH — Vacp = Wz&zy WERGH — Wagcp = Wz,
UpcGF — Uapne = Wyéyy VBCGF — Vapure = Wy €y WgcGF — Wapne = Wy ey,

Where W, is the dimensions of the RVE in the z direction and the w represents the displacement

along z-axis. The constraint equations for the edge sets are expressed as

Ugc — Ugn = Vl/ygyx - VVzgzx VBC — VEn = Wygy - VVZ‘Szy WBc — Wgn = I/Vy‘gyz - VVZSZ
Ucg — Wap = Wyeyx + Wygyx Ve —Vae = I/Vx“;—‘xy + Wyey Weg — Wap = Wiy, + Wygyz
Ugr — Ugp = M/ygyx + W,e5 VGF —Vap = Wygy + VVzgzy WGF — Wgp = I/Vygyz + W,e,

Upp — Upy = —Wyex + Wyey,  VBr — Vpy = —Wyexy + Wyey,  wpp —wpy = —Wyey, + Wyey,,
UgG — Uap = Wity + Wz VHG — VaB = vagxy + Vl/zgzy WHG — Wap = Wyey, + Woe,
Ucp — Ugp = Wyey — Wy Vep — Vg = VVxExy - VVzSzy Wep — Wi = Wyey, — Wee,
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The constraint equations for the vertex sets are expressed as
uy —up = Wyey — Wygyx + W55
Uc —up = Wyey + Wygyx — W&,
Ug —uy = Weey + Wy + Woe,y
up — up = Wyey — Wyey, — Wyes
Vy — Vg = Wyeyy — Wyey, + Wyeyy,
ve —vg = Weeyy + Wyey, — Weey,,
Vg — Vg = Wyeyy + Wyg, + We,,
Vp — Vg = Wyeyy — Wy, — Woepy,
wy —wp = Wyéy, — Wygyz + W,e,
we — Wg = Wy, + Wygyz —We,
wg —wy = Weey, + Wye,y, + Wee,
Wp — Wg = Wyéy, — VVy£yz - We,

An automatic generation of the symmetric nodes and constraint equations for PBCs needs to be
developed because the RVE has lots of nodes. | made a script using the python which automatically
numbers at each node and makes the constraint between one node and symmetric node on the opposite
side. Since the python script compatible with the ABAQUS which is a commercial software package,
it’s possible to make easily constraints associated with the PBCs in the ABAQUS by the reading the

script.
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3.5 Generation of RVE modeling

3.5.1 Generation of RVE modeling with longitudinal pattern of fibers

ol O
o8t O OO SOO
ool OOO O 40
05 O O O O
D.4‘OO O
03+ O OOO O
1 02| O O O
. o1t O O O
O E
O 00O gOO
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O o O O
OO0 o
o 5 0% ©
O © . S

Figure 3-5. The RVE with longitudinal pattern generated random distribution of 32 fibers using (a) MATLAB
and (b) ABAQUS.

There are various sorts of fiber in the fiber-reinforced composite according to length, shape, location,
orientation and number. First, | assumed the fibers have long length, circle shape, and longitudinal
pattern and used the ABAQUS, MATLAB and python programming for generation of RVE modeling.
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The contact areas between matrix and fibers perfectly bonded by merging. | made MATLAB and python
script to determine automatically the geometrical information of RVE and made the RVE model in
ABAQUS by reading the python script which is compatible with ABAQUS. If | input the values of the
number of fibers, size of the RVE and volume fraction at the MATLAB script, geometrical information
including width, length, and height of the matrix, and radius, length, and randomly location of the fibers
were automatically determined and saved in text file. RVE model made by MATLAB is shown in figure
3-5 (a). Python read the geometrical information through the text file and made RVE model shown in
figure 3-5 (b) using ABAQUS.
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3.5.2 Generation of RVE modeling with orthogonal pattern of fibers

(b) v
‘ Z‘J\x

87.5% 75%

(d) '

62.5% 50%

Figure 3-6. The RVE with orthogonal pattern according to fiber ratio on side.

I made python script including geometrical information to make automatically RVE model in
ABAQUS. The values of volume fraction, the number of fiber and the size of the composite are 10%,
32, and 10 mm x 10 mm x 10 mm for RVE sample shown in Figure 3-6. Although real model is
randomly oriented fiber reinforced composite like the figure 3-2, it’s difficult to make the RVE model
applied the PBCs. | assumed the fiber has 50 % orthogonal pattern, and the final RVE modeling for
homogenization of AGQNWs layer is like figure 3-6 (d).
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3.6 Comparison between analytical and numerical method

To verify whether the elastic properties obtained through my RVE model applied PBCs is correct, |
compared the difference between analytical method and my RVE model. Among the various analytical
method, | used the Halpin-Tsai method. The volume fraction of composite is 10%.

Only the value of &, is 1and the other all strain valuesare 0 (e, = 1,&, = &, = ¥xy = Vyz = Vzx = 0)

in figure 3-7 (a). Likewise, the strain tensor components in figure 3-7 are like that,

(b): &y =16y =€ =Vry =Vyz =Vzx =0

(©): ez=1 6 =& =Vey =Vyz = Vzx = 0

d): vy =Lex=6 =& =Vy; =V =0

@) :Vyz=Llex=¢6 =6 =Yy =Vax =0

BV =Lex=¢ =€ =Yy =V, =0

As the results, each column of the stiffness matrix is determined and elastic properties of RVE for

homogenization also can be determined as shown in the table 3-3. Python script for calculation of the
stiffness tesnsor components is shown from the 33 page to 35 page.

The equation for A (%) is |~iaphin-Tsai~Prumericall o 1) where the P can be E, v or G. As
PHalphin-Tsai

results of comparison between analytical and numerical method, the difference average of reference
model and my RVE model from values of analytical method are 0.54% and 0.85% which represent very
small difference. Therefore, it means that my RVE model is correct for homogenization of composite.

) ) Reference model [9] RVE
Elastic Analytical
properties method
E, [Gpa] 43.10 - - 43.06 0.09
E; [Gpa] 41.58 41.29 0.70 40.86 1.73
Vir 0.18 0.18 0 0.18 0
G, [Gpa] 17.42 - - 17.41 0.07
Grr [Gpa] 17.62 17.46 0.91 17.20 2.38

Table 3-3. Homogenization result calculated by analytical and numerical method and the average
difference between analytical and numerical method.
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[Python Script for homogenization]

R R R R R R R R R R R R R R R R

# This script is for homogenization of casel

from odbAccess import *

from abaqus import *

from abaqusConstants import *
import visualization

import sys

myViewport = session.Viewport(name="Viewport: 1',origin=(0, 0), width=150, height=100)
session.viewports['Viewport: 1].makeCurrent()

session.viewports['Viewport: 1].maximize()

odb1l = visualization.openOdb (path='casel.odb’) # reading ‘casel.odb’ file
myAssembly = odbl.rootAssembly
myViewport.setValues(displayedObject=0db1)

loadlist = [0,1,2,3,4,5]
txtlistl = [0,1,2]

txtlist2 = [5,4,3]

#0 for normal x direction
#1 for normal y direction
#2 for normal z direction
#3 for shear xy direction
#4 for shear yz direction
#5 for shear xz direction

element_type = [[C3D8R']
stepl = odb1l.steps['Step-11]

list_macroscopic_stress1 = []

currentFrame = stepl.frames[-1] # frames[-1]=frames[FinalStep]=frames[10]
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myregion = myAssembly.elementSets[' ALL ELEMENTS']

save_macroscopic_stress =0
save_temp_vol =0
stressField = currentFrame.fieldOutputs['S']

ivolField = currentFrame.fieldOutputs['1VOL] # IVOL = IntegraionPoint\Volume

field = stressField.getSubset(region = myregion, position = INTEGRATION_POINT, elementType = 'C3D8R")
fieldValues_stress = field.values
field = ivolField.getSubset(region = myregion, position = INTEGRATION_POINT, elementType = 'C3D8R")

fieldValues_ivol = field.values

loadtype in loadlist:

counter =0
temp_vol =0

temp_stress_times_vol =0

v in fieldValues_stress:
temp_vol = temp_vol + fieldValues_ivol[counter].data
temp_stress_times_vol=temp_stress_times_vol+.data[loadtype]*fieldValues_ivol[counter].data

counter = counter + 1

macroscopic_stress = temp_stress_times_vol/temp_vol
list_macroscopic_stressl.append(macroscopic_stress)
e

# repeat the process of case2, 3, 4, 5, and 6 and get the list_macroscopic_stress2, 3, 4, 5, and 6

output_file = open(‘homogenized_stiffeness_output.txt','w")
iin txtlistl:
output_file.write('%16.8E \t %16.8E \t %16.8E \t %16.8E \t %16.8E \t %16.8E \n' % (

list_macroscopic_stress1[i], list_ macroscopic_stress2[i], list_macroscopic_stress3[i],
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list_macroscopic_stress4[i], list_macroscopic_stress5[i], list_macroscopic_stress6[i]))

output_file.close()

output_file = open('homogenized_stiffeness_output.txt',a’)
for i in txtlist2:
output_file.write('%16.8E \t %16.8E \t %16.8E \t %16.8E \t %16.8E \t %16.8E \n' % (
list_macroscopic_stress1][i], list_macroscopic_stress2[i], list_macroscopic_stress3[i],
list_macroscopic_stress6[i], list_macroscopic_stress5[i], list_macroscopic_stress4[i]))

output_file.close()
HHHHHE A A

# Through the 'homogenized_stiffeness_output.txt’, we can get the stiffness tensor and then calculate the elastic

properties of the composite
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Figure 3-7. The stress distribution of RVE according to component of strain tensor.
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3.7 Influence by fibers on homogenization result

3.7.1 Influence by number of fibers
| u (b)- | '
(d)= | u | H
Figure 3-8. The cross-section of composite according to the number of fibers of (a) 1, (b) 2, (c) 4, (d) 8, (e)
16, and (f) 32 with constant volume fraction, 10%.

Since the exact number of AgNWSs is unknown, | had to select an arbitrary number of fibers and
checked the influence according to the number of fibers on homogenization result. I changed the number
of fibers from 1 to 32 with longitudinal pattern and constant volume fraction, 10%. Position of the fibers
are randomly distributed as shown in figure 3-8. The elastic properties of fiber and matrix are same with
values listed in the table 3-1 and used analytical method for comparison from numerical method is the

Halphin-Tsai method. Homogenization result according to the number of fibers is listed in table 3-4.

. P in—Tsai—P -
The equation for A (%) is |—Zaphin-Tsal ~ numericalaverage| » 1(( where the P can be E or G and the
PHalphin—Tsai

all values of A (%) are smaller than 2%. The values are very small as much ignore.
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Numerical result A (%)

Analytical

result @ (b) © (d) © (f) Average
Number
_ 1 2 4 8 16 32
of fibers
Ep

43.10 43.06  43.02 4293 4277 4292 4276 42,91 0.44
[GPa]
Er

4158 40.86 4078 4084 4070 4071  40.66 40.76 1.97
[GPa]
GLT
(Pal 17.42 17.41 17.41 17.42 17.35 17.37 17.34 17.38 0.23
a

Table 3-4. The comparison between analytical and numerical result according to the number of fibers.
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3.7.2 Influence by position of fibers

(@) (b) (©

A

R

-~

A 4

Figure 3-9. The cross-section of composite according to position of fibers. Fibers are randomly distributed

in (a) the total area, (b) 136 of the total area, and (c) a quarter of the total area.

I also needed to check the influence by position of fibers. Other variables including volume fraction,
properties of fiber and matrix, and size of RVE remained the same as before, while the position of 8
fibers was changed like figure 3-9. In the figure 3-9 (a), fibers were randomly distributed in the total
area, while in the figure 3-9 (b) and (c), they are partially distributed. Each result of homogenization is
listed in table 3-5. Although, there is a little gap between analytical and numerical result of (a), (b), and
(c), the values are very small as much ignore. Therefore, number and position of fibers didn’t affect
result of homogenization and | selected that the number of fibers for final RVE of AgQNWs layer is 32.

Analytical Numerical result
A (%)
result () () (c) Average
E; [GPa] 43.10 42.77 42.76 42.76 42.76 0.79
E; [GPa] 41.58 40.70 40.68 40.69 40.69 2.14
G.r [GPa] 17.24 17.35 17.34 17.32 17.34 0.58
VLT 0.18 0.17 0.17 0.17 0.17 5.56

Table 3-5. The homogenization result of figure 3-9 according to position of fibers.
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IVV. Result and Discussion

4.1 Homogenization result of AgNWSs

(@)

Figure 4-1. There are RVE modeling according to volume fraction of (a) 10%, (b) 20%o, (c) 35%, (d) 65%,
(e) 80% and (f) 90%.
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Figure 4-2. The longitudinal and transversal Young’s modulus and shear modulus by homogenization.

Final RVE modeling was made with 10 mm X 10 mm X 10 mm dimension and fiber which has
long length, circle shape and 50% orthogonal pattern. In figure 4-1, the green and ivory colors represent

matrix and fiber material, relatively. The elastic properties of them are listed in table 4-1.

I changed the volume fraction of AgNWs from 0% to 100% and checked the homogenization result
according to the volume fraction. Figure 4-2 shows the result including longitudinal and transversal
Young’s modulus and longitudinal and transversal shear modulus. As the volume fraction increases, the
values of elastic properties also rapidly increase. Since the final AGQNWs layer has 10% volume fraction,

the final elastic properties of it are listed in table 4-2.

Elastic properties AgNWs PEDOT:PSS
Young’s modulus [GPa] 176 1.9
Poisson’s ratio 0.225 0.34

Table 4-1. The elastic properties of AgNWs and PEDOT:PSS.

E;, [GPa] Er [GPa] Gyr [MPa] Grr [MPa]

AgNWs layer 10.81 10.87 85.15 84.02

Table 4-2. The homogenization result of AGQNWs layer with 10% volume fraction.
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4.2 Thickness of AQNWs layer

AgNWs layer embedded PEDOT:PSS and PEDOT:PSS layer were made by spin-coating. First,
AgNW solution was coated on a rigid substrate by spin-coating and followed by drying. Next,
PEDOT:PSS liquid photopolymer was spin-coated on the AgNW layer and then cured by a commercial
ultraviolet (UV). AgNWs was sparsely distributed on the substrate and PEDOT:PSS cover up AgNWs.
Total thickness of AQNW layer and PEDOT:PSS layer is 200 nm. Finally, they were peeled off from
the substrate. Therefore, the accurate thickness of AgQNWs layer was unknown. In this part, | used elastic
properties of AGNWs layer with 10% volume fraction and checked the stress distribution in each layer
of the OLED according to thickness of AQNWs layer. The values of table 4-3 represent Von-mises and
the unit is MPa. The values of Von-mises in each layer are almost the same. Therefore, | checked the
thickness of AgNWs layer don’t influence on the result and determined 72 nm which is twice of
AgNW’s diameter.

Thic"lgszsr ‘E;Q?NWS 50 72 100 128 150
Al 449726 448860 449013 448655 448374
PDY-132 A35.62 43478 43493 43458 43431
PEDOT:PSS 12108 12087 12094 12088  120.83
AgNWSs 678.12 67692  677.25 67683  676.50
PET 16169 16158 16192 16205  162.16

Table 4-3. The Von-mises values in each layer according to thickness of AQNWs layer.
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4.3 Comparison between stress distribution of OLEDs containing 1TO or AQNWSs

5, Mises
AL (middle)
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Figure 4-3. Von-mises distribution in Al layer.

As mentioned in the content 1.3 ‘Reference model of OLEDs’, the final OLEDs model contains 5
layers including Al, PDY-132, PEDOT:PSS, anode, and PET substrate and the materials used as anode
is ITO or AgNWs with 10% volume fraction. Since elastic properties of AGQNWs layer were determined
by homogenization in content 4.1 ‘Homogenization result of AgNWSs’, | could analyze stress
distribution in full modeling designed in content 2 ‘Full Modeling’. Both final models were subjected
to bending test like figure 2-12, and Von-mises distributions in each layer were confirmed by ABAQUS.
Since stress is the largest at the center of the shell as shown in figure 4-3, Von-mises values of two final
models were measured in there. When the result of the two final models were compared in table 4-4,

the values of Von-mises measured at 4 layers exclude anode were almost the same.

Material as
Al PDY-132 PEDOT:PSS PET
anode
ITO 4462.90 432.33 120.24 161.397
AgNWs 4236.79 410.40 114.16 172.457

Table 4-4. The Von-mises values measured at the center of each layer of two final OLEDs model
containing 1ITO or AgNWs.
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Figure 4-4. The Von-mises in ITO and AgNWs layer under bending test.

In figure 4-4, the values of Von-mises in ITO and AgNWs layer with 10% volume fraction are 672.61
MPa and 6994.34MPa, relatively. The value measured in ITO layer is 10 times larger than the value of
Von-mises measured in AgNWs layer and similar with the value of Von-mises of AgNWSs layer with
75% volume fraction. Besides the value is very large, ITO has ceramic characteristics and low fracture
toughness. Therefore, the reference model including ITO electrode can’t withstand the bending test.
However, reference model including AgNWs electrode was applied small stress and AgNWs which has
high yield stress and PEDOT:PSS which is a conducting polymer doesn’t fractured well.

Other stress results listed in table 4-5 also show that stress applied to ITO layer is 10 times to 45

times larger than stress applied to AQNWs layer.

Material as Von-Mises
S11 [MPa] S22 [MPa] S12 [MPa]
anode [Mpa]
ITO layer 6994.34 -7849.14 -2273.95 -0.396
AgNWs layer 672.61 -696.54 -50.75 -0.019

Table 4-5. The values of stress measured at the center of the shell including 1TO or AgNWs.

In addition to stress distribution, the fracture toughness of ITO and silver are about 2.59 MPa m?/2

and 40 MPa m'/2 at room temperature. Fracture toughness is used as a failure criterion of material and
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represents the resistance of the material to brittle fracture. If fracture toughness value is large,
characteristics of the material will usually undergo ductile fracture. The other way, brittle fracture can
appear in the material with a low fracture toughness before yielding. The fracture toughness of ITO
belongs to a low value, while the fracture toughness of silver belongs to a high value. If ITO is used for
flexible OLED:s, it will be easy to break even under small deformation. However, as a result of this
thesis, flexible OLEDs made by AgNWs is applied less stress and are not broken under large
deformation keeping on high transmittance and low sheet resistant. Therefore, it was confirmed that the
AgNWs electrode is superior to the ITO electrode in the aspect of structural and flexural robustness

during bending.
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