ABSTRACT

GUNDYAL, SUMIT ANAND. Modeling of the Micro-indentation Process to Create Microlens Array
Features on a Mold. (Under the direction of Dr. Mark Pankow).

Microlens arrays have a series of miniature lenses that are arranged in a two-dimensional
grid on a supporting substrate. There are two main fabrication methods: direct and indirect.

The direct method involves heating the material up to its thermoplastic state or
photopolymerizing of curable polymers by UV radiation followed by the formation of spherical
features due to surface tension. However, it is difficult to control the size and precision of these
features using this method. The indirect method which involves fabricating a mold having concave
features and then using replication technologies to get the final lens has better control over the
form accuracy but it is a complex process.

One of the indirect methods involves fabricating a mold having concave microlens features
on it followed by replicating these features on to the substrate using injection molding. These
concave microlens array features can be formed on metal alloys by rapidly indenting with a die
having convex lens features to make the mold.

This work will investigate the various different parameters that go into the design process
of creating a mold, this includes die shape, indentation process, etc. The indentation process
involves many factors that affect the form accuracy of the indent. During the indentation process
the die experiences a reaction force which causes the die to compress elastically changing the
actual indent depth and thus the indent shape at the end of loading. As the mold undergoes
elastic-plastic deformation during indentation, the shape of the indent changes due to elastic
springback. The volume of the material displaced during indentation accumulates as pile-up
surrounding the indent. For a single indent this is not an issue, however, for multiple indents the
pile-up will build up to the point where it could impede the movement of the impactor and change
the final shape of the indent. The pile-up from one indent will change the shape of previously

made indents in that area.



An outcome of this work is to better understand these issues and develop strategies to
mitigate the impact of the effect of pile-up and springback, resulting in an improved form accuracy
of the microlens features. A material parameter study based on finite element simulations was
performed using commercial finite element analysis software Abaqus™ to understand the effects
of material properties on the springback amount, pile-up, and the maximum force required. Al
1100 H14 was selected as the mold material based on this study. Glassy carbon was used as the
die material because of its high compressive yield strength, high hardness and the ease of
material removal to fabricate microlens features using focused ion beam (FIB) milling process.
First the model was validated against quasi-static nanoindentation experiments to understand any
difference between the simulation and experiment. For this work a Berkovich die was used to
conduct these indentation experiments on the Al 1100 mold and glassy carbon samples. Force
versus displacement curves obtained from these experiments were compared with those obtained
from simulations and the material properties of Al 1100 and glassy carbon were extracted. The
shape of the nano indents obtained from the experiments and the simulation were also compared
to validate the simulations. A series of nanoindentation experiments using a die made of glassy
carbon material and fabricated from focused ion beam milling procedure were also conducted to
achieve further correlation. A die having 3x3 equal sized array of lens features was developed in
Abaqus™ to try overcoming the problem of adjacent indents getting deformed. Indentation
strategies which involved overlapping the previous indents to mitigate the above problem was
investigated. Improved indentation strategies using a die having 3x3 lens features with
progressively increasing size were developed to further reduce the above problem. Finally, some
alternate indentation strategies were explored with the purpose to reduce the indentation time
and to improve the form accuracy of the indents. This work lays the general foundation required

to understand the process of indentation to create microlens arrays features on a mold.
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1. INTRODUCTION

1.1. Motivation

Microlens arrays have a series of miniature lenses that are arranged in a two-dimensional
grid on a supporting substrate. Individual lenses can have circular apertures with no overlap
between each other and can be placed in a hexagonal or square packed arrangement. If an
overlap is allowed between each of the individual lenses, square apertures and hexagonal
apertures can be formed. Fill-factor (active refracting area) up to 100 % can be achieved by
increasing the overlap between each individual lenses. Figure 1.1 (a) and Figure 1.1 (b) shows

an example of a square packed lens arrays and hexagonally packed lens arrays [1].
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Figure 1.1. FE-SEM images of (a) square packed microlens arrays and (b) hexagonally packed

microlens array with overlap between each individual lens [1].

Figure 1.2 shows the cross-section of microlens arrays and a trace of collimated light rays
through a medium of lower refractive index to a point behind the lens. Depending on the
application, microlens arrays can act as light collectors or beam collimators. As beam collimators,
microlens arrays find applications in display screens or high power lasers by producing higher
output intensity, while lowering the power consumption. Microlens arrays are used as light

collectors in Charge-Coupled Device (CCD) image sensors which are used for digital imaging



technologies. Microlens arrays are also used in light field technology which is used to create a
virtual reality which a human eye cannot distinguish from the real world. The main motivation of

this work is to devise a method to fabricate microlens arrays for the Virtual Reality (VR) headsets.

Light rays

Lens
arrays

Figure 1.2. Trace of light rays through microlens arrays.

Two methods are used to fabricate these lens arrays: direct and indirect methods. In the
direct method, surface tension is utilized in the formation of the lens surface at the liquid-air
interface. The material is usually heated until it reaches a thermoplastic or liquid state. Thermal
reflow method, microplastic embossing method, and microdroplet jetting method are some of the
direct methods to fabricate a microlens array. Some examples of the direct method include
thermal reflow, microplastic embossing, and microdroplet jetting. However, this method has its
limitations. The shape of these lenses can only be minimally controlled which makes it difficult to
achieve the required form accuracy of the features [2-4]. These methods are simple and cost-

effective but come with a trade-off in precision.



The indirect method of micro-lens fabrication requires the fabrication of the mold with
concave features. This mold is then used to create the final lens array using techniques such as
injection molding, hot embossing or UV molding. The form accuracy of the final micro-lens array
is directly dependent on the precision of the geometry of these concave features. MEMs based
technologies and ultraprecision machining are two categories in which these methods are
classified. The standard MEMS methods utilize photolithography to generate patterns on the
mask layer and chemical reactions to etching the curvature of microlens onto the substrate [5-7].
However, this approach requires expensive equipment and complicated procedures.
Ultraprecision machining technologies utilize diamond micro-milling and single point diamond
turning to fabricate microstructures and nanostructures with good uniformity in a large area [8-
10]. Good surface roughness of Ra 5 nm is achieved. However, this method requires each micro-
lens to be prepared one by one which increases the operation time and cost. An alternative of
high-speed indentation using spherical convex dies is one of the methods to create concave
spherical features on the mold.

This work specifically focuses on investigating the process of fabricating a mold by
indentation of convex spherical dies to create concave spherical features. Indentations at a
frequency of 1 KHz are being aimed. This work, however, investigates indentations carried out
guasi-statically. Figure 1.3 shows the required specifications of the microlens arrays. Finite
element analysis is used to perform indentation simulations to understand the plastic flow of the
mold material and to study the form accuracy of the indents formed. The indentation process
involves many factors that affect the form accuracy of the indent. During the indentation process,
the die experiences a reaction force which causes the die to compress elastically changing the
actual indent depth and thus the indent shape at the end of loading. As the mold undergoes
elastic-plastic deformation during indentation, the shape of the indent changes due to elastic
springback. The volume of the material displaced during indentation accumulates as pile-up

surrounding the indent. For a single indent this is not an issue, however, for multiple indents the



pile-up will build-up to the point where it could impede the movement of the impactor and change
the final shape of the indent. Also, the pile-up from one indent will change the shape of previously
made indents in that area. Some researchers have attempted to solve the form errors due to the
elastic deformation of the die and the elastic springback of the mold. However, the issue of
compressional deformation of the surrounding indents caused due to the close-packed

arrangement of the lens features is not yet studied.

Top view Isometric view

25 um

R 15.84 um

Figure 1.3. A 6x6 concave spherical lens features on a mold. Diameter of each feature = 15.84

€m, pitch = 25 €m, depth = 15.84 em.

1.2. Research background

Jiwang Yan et al [11] in his paper has proposed a way of creating concave spherical
features on metal materials made of oxygen-free copper and electroless - plated nickel using
piezo actuated high-speed repetitive indentation and then diamond turning the pile-ups generated
around the indents. The spherical die was made of a tungsten carbide ball (tip radius = 500 em,

roundness tolerance within 0.1 em, surface roughness is 155nmRz and 18nmRa). The authors



have shown clearly in Figure 1.4 (a) the depth error of the indent formed after 5 indentations in
the same place due to the springback of the mold material and the elastic deformation of the
machine elements including the die holder and the tool post. The nominal indentation depth is 20
em, but the actual depth achieved is 11 em. Figure 1.4 (b) also shows that a form error of
approximately 0.65 em is evident by fitting a curve of the same radius to the indent profile. The
effect of diamond turning to remove the material pile-ups at different depth of cuts is also
discussed. It is shown that diamond turning at higher depth of cut leads to the formation of exit
burrs as shown in Figure 1.5(a) and Figure 1.5(b). The pitch of the indents studied in this paper
is high enough so that no interference is caused between adjacent indents. This ensures that the

shape of the surrounding indents is not disturbed.
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Figure 1.4 (a) Indent profile showing depth error (b) comparison of indent profile and best fitted

curve of the same radius [11].
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(a) (b)
Figure 1.5. SEM micrographs of indents after diamond turning: (a) depth of cut = 2 em and (b)

depth of cut = 1 em [11].

Yaqun Bai et al [12] investigated using finite element analysis technique to study both
single-indentation and multi-indentation on copper to a depth of 0.1 mm using tungsten steel balls
of diameter 1.0 mm. Though the die size and the depth of the indent in the study of Yaqun Bai et
al are much larger compared to the requirements for this study, it gives some important insights.
Based on the a u t h study $actors affecting the form accuracy, such as springback at the
compressed area of single indent and compressional deformation at the adjacent area of indent
arrays were determined and were verified with the experimental results. A critical pitch necessary
to prevent compressional deformation of adjacent indents was found by conducting a series of
seven experiments involving three adjacent indents. The distance between two adjacent indents,
pitch (t) was defined by a coefficient k multiplied by the indent diameter (t = kd) [12]. Figure 1.6
shows the contour plot of a set of seven indents using finite element analysis, each set having
three indents at different pitches. Figure 1.7 shows matching results for a similar experiment
conducted. Thus, a critical pitch for a k value of 2.36 showed no compressional deformation in
the adjacent indents. These experiments and simulations where conducted by indenting an die of

1.0 mm diameter to a depth of 0.1 mm. An die compensation method was also proposed. The



form error was calculated by subtracting the ideal indent profile from the actual indent profile. By
compensating the form error to the die shape the maximum form error was reduced from 2.6% of

the indent depth to 0.0075% of the indent depth.
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Figure 1.6. Contour plot of seven indents with different pitches in simulation. Coefficient k is the

ratio of pitch (t) and final indent diameter (d) (k = t/d) [12].
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Figure 1.7. Contour plot of indents made at different pitches in the experiment after the pileups
were removed using micro-grinding process. Coefficient k is the ratio of pitch (t) and final indent

diameter (d) (k = t/d) [12].

Although, compared to the current requirements for our work, Jiwang Yan et al [11] and
Yaqun Bai et al [12] used a die diameter around 30 times greater and an indent depth around 6
times greater, they provide important insights which is also applicable to the scale of the indents

required for our work. However, the work by the above authors does not propose any method to



create features which are tightly packed with a pitch less than the diameter of a single indent. To
create arrays of closely packed indents, a die with a single feature will not help as it would not
prevent the compressional deformation of adjacent indents. A die having multiple features which
implements novel indentation strategies must be explored.

The Precision Engineering Consortium (PEC) at North Carolina State University had
devised a new process called which involved fabricating high quality ordered nanofeatures. E
Zdanowicz et al [13] used a diamond die having structured nanofeatures in an area of 20 ¢ mx

20 ¢ mto transfer features to a mold surface as shown in Figure 1.8. The nanocoining process

was carried on a 6 mm wi stanless steeigplatednwithaa 380.¢ 2nfhiok d i a me t

layer of electroless nickel sample at a rate of 1 kHz by using an actuating system developed by
the T.A Dow et al [14] at the PEC. Figure 1.9 shows the SEM image of the nanofeatures fabricated
on the electroless nickel sample. The image shows mold material sticking out of the surface
around the hole. This phenomenon is different from pile-up that would be experienced in the case

of microindentation.

Figure 1.8. Diamond die having structured features nano features in an area of 20 € mx 20 € m

with cone like features. The diamond die was used for nanocoining [13].



@) (b)

Figure 1.9. SEM images of the nanofeatures on the electroless nickel part. (a) 5000x (b) 2500x

[13].

The present work aims at features much larger than those attempted for the hanocoining
process. The increased scale of the size of the features brings with it its own challenges, but the
previous work at the PEC lays a general framework upon which the present work will be based.

To carry out finite element simulation study of the microindentation procedure it is
important that the FEA models are validated against well-calibrated experimental tests.
Nanoindentation test is a good calibration experiment. A. Karimzadeh et al [15] and S.W. Moore
et al [16] had performed finite element simulations of nanoindentation on elastoplastic materials
Al 1100 and Al 6061. A Berkovich indenter is typically simplified to a theoretically equivalent 70.3°
conical die. They compared the results obtained from the simulation by modeling the Berkovich
die as an axis-symmetric conical rigid die and as a 3D Berkovich die and found conflicting results.
They also investigated the validation tests of the finite element simulations. A. Karimzadeh et al

and S.W. Moore et al used a non-sharp conical die to conduct the simulations. A. Karimzadeh et

al found good agreement between the values of Young 6 s modul us obt

nanoindentation test and the uniaxial tensile test. Good agreement was also found for the force-

displacement curves. However, the force-displacement curves obtained by S.W. Moore et al in

ai
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the simulations had significantly lower loads than the experiments. Warren and Guo [17] attributes
the lower loads to the machining-induced residual stresses that significantly affects the force-
displacement curves. H. Lee et al [18] showed that friction coefficient does not affect the force-

displacement curves.

1.3. Research objectives

The objective of this research is to investigate the above issues pertaining to the
fabrication of closely packed concave spherical features on a mold which are much smaller than
that considered by Jiwang Yan et al [11] and Yaqun Bai et al [12] but considerably larger than
that fabricated by the PEC and devise new solutions to mitigate those issues.

Chapter 2 discusses the effect of tweaking different parameters like the material
properties of a hypothetical material, frictional contact between the die and the substrate, and the
strain-rate dependent mold material on the indentation shape and the indentation forces required.
This study could help in deciding an ideal mold material which causes lesser springback and pile-
ups.

Chapter 3 discusses a detailed verification study of the FEA model of nanoindentation
and corresponding nanoindentation experiments. Two important response quantities were
measured from the experiments to help in the correlation of the FEA models namely the force
versus displacement curves and the indent profile. These verification studies helped in calibrating
the material properties of the mold and the die for the microindentation procedure.

Chapter 4 discusses the validation step of the FEA model of indentation using a 2x2 die
modeled using the calibrated material properties of the mold and the die from Chapter 3. With this
chapter the verification and validation of FEA models with the experimental data is accomplished
and confidence is gained in the predictive capability of the computational model.

Chapter 5 deals with designing dies having multiple features of uniform size and

investigating different indentation strategies for forming arrays of micro features on the mold. The
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behavior of material flow during different indentation strategies is discussed and the factors
affecting the form accuracy of the indents in the arrays is studied. The work in this chapter
provides some important insights into the mechanism of indentation which sets up the framework
for future studies to help in improving the form accuracy of the indents.

Chapter 6 investigates the indentation process for forming arrays of micro features on the
mold using a die having features with progressively increasing size. The form accuracy of the
indents formed using these dies is compared to that from the dies used in chapter 5. The behavior
of material flow and the mechanism causing the compressional deformation in the indents is
studied. The advantages and of using the progressive multi-featured die is discussed.

Chapter 7 attempts at devising new indentation strategies with the aim to reduce the
compressional deformation in the indents which is a major cause for the deterioration of the form
errors of the indents. The die shape compensation technique is briefly discussed which would
help in mitigating the form errors due to springback of the indents and the elastic deformation of
the die.

Chapter 8 provides a brief summary of the conclusion of the major findings in this thesis

work and also areas which can be improved upon, which defines the scope of the future work.
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2. MATERIAL PARAMETER STUDY

The microindentation process involves pressing a die (in this case with lens features) on a
relatively softer mold material to cause permanent deformation. Materials with high compressive
yield stress are ideal for a die which helps prevent it from deforming plastically during indentation.
Glassy carbon is chosen as the die material as it has high compressive strength and high
hardness which makes it suitable for a die. Also, as glassy carbon is amorphous, (Focussed lon
Beam) FIB milling process will be more uniform than a material with grainy structure. Finally, the
rate of removing material is about 5 times that of the diamond. To understand the effect of mold
material on the final indent shape and the indention force required it is necessary to do a material
parameter study to understand the effect of different material parameters on the indentation shape
and indentation loads. This would also aid in deciding a suitable mold material. Finally, the effect
of friction and strain rate dependency of the mold material is also discussed.

This study is conducted by developing a computational model of a quasi-static
microi ndent ati on process of a rigid spherical

cuboid. The material properties that would be varied are given in Table 2.1.

Table 2.1 Material parameters to be studied for a quasi-static microindentation process.

Youngds mod Yield stress Tangent modulus

E ljy Et

Elastic modulus is the slope of the stress-strain curve of the material during the initial elastic
response. Yield stress is the stress at which the mold material starts deforming plastically.
Tangent modulus is the slope of the stress-strain curve in the plastic region. These terms are
shown in Figure 2.1. The effect of these parameters on the spring back, the pile-up of the mold
material, and the indentation force required is studied. Spring back is the elastic recovery that

occurs after the die is unloaded. This results in the actual indent depth to reduce after the
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unloading. For softer mold materials, as the strain in the mold enters the plastic region the material
is pushed out of the indent cavity which leads to pile-up around the periphery of the indent.
Indentation force is the reaction force experienced by the die when the indentation is progressing.
The role of friction on the indent shape and the indentation force required will be explored as well.
Strain rate dependent behavior will also be addressed.

Stress-strain curve

140

— ..
\ E
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100 \ Tangent modulus
80 “ 0, VYield stress

120

Y
60

Stress (MPa)

40 |- ,
~.E Young’s modulus
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Figure 2.1. Stress-strain curve of a hypothetical bilinear elastic-plastic material.

2.1. Finite element modeling

For the finite element modeling, Abagus™ commercial software was used. Abaqus/Explicit
which implements the explicit solution method to solve the model was used for this simulation as
it solves contact problems with greater ease as compared to the implicit procedure. Since a quasi-
static process is, by definition, a long-time solution, it is often computationally expensive to
simulate an event in its natural time scale. The advantage of using Abaqus/Explicit is that the

event can be accelerated while keeping inertial forces very low leading to faster solution times

[19].
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A 2D axisymmetric model was employed for the finite element modeling of the indentation
process of a rigid spherical die on a mold specimen. The schematic representation of the model
is shown in Figure 2.2. The die was meshed with RAX2 elements: 2 node linear axisymmetric
rigid link elements and the mold specimen was meshed with CAX4R elements: 4 node bilinear
axisymmetric quadrilateral, reduced integration, hourglass control elements as shown in Figure
2.3. The mold specimen was meshed with uniform density. Non-linear geometry option was used
in the finite element simulation. Arbitrary Lagrangian Eulerian (ALE) adaptive mesh domains was
defined for the mold specimen as it involved large deformations. Surface-to-surface contact
condition was used with the die as the master surface and the mold surface as the slave surface
since a master surface can penetrate the slave surface. Frictionless contact was considered.
Isotropic hardening material behavior was used to model the plasticity region of the material. The
bottom surface of the mold was fixed by constraining all the degrees of freedom. The nodes on
the axis of symmetry were applied with the X symmetry boundary condition by restraining the

degrees of freedom: U1, UR2, and URS.

Mold specimen -

Figure 2.2. Schematic representation of the finite element model of the rigid spherical die and

mold specimen.

The simulations were performed by indenting arigiddieof r adi us 20 fddn t o a
em from the mold surface and then unloading it back to the same position. The step time for the

loading period is 1.2e-5 seconds which is very fast compared to a quasi-static process. The die
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is displaced at a constant velocity. Comparison of the kinetic energy and internal energy of the
system obtained from the output results shows that the kinetic energy is less than 5% of the

internal energy. This ensures the inertial effects are kept to the minimum.

Die

Mold specimen

Figure 2.3. Mesh pattern used for the finite element model of the rigid spherical die and mold

specimen.

Figure 2.4 shows the stress-strain curve of a hypothetical bilinear material. The elastic
unloading part of the curve has the same slope as that of the elastic loading i.e. the elastic
recovery f ol | owsoftNeanaterigldThe streandstateé af the material at the end of
unloading is the total plastic strain ((?') accumulated in the material after elastic recovery (%'). This
figure will be used to better anticipate the response of the mold material due to the indentation

procedure.
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Figure 2.4. Stress-Strain curve of a hypothetical bilinear material.

21.1.Youngos usas thainput parameter

In the first study, the yield stress and the tangent modulus is kept constant at 120 MPa
and 0.1 GPa respectively. The effect of varying Y o u n mddslus on the indent shape and the
indentation force required is observed. The results can be anticipated in a bilinear stress-strain

curve of a hypothetical material as shown in Figure 2.5.
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As Y o u n gnédailus is increased the spring back amount is expected to reduce
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2.1.2. Yield stress as the input parameter
In the second study, Y o u n gid@dslus and the tangent modulus is kept constant at 75
GPa and 0.1 GPa respectively. The effect of varying yield stress on the indent shape and the

indentation force required is observed. The results can be anticipated in a bilinear stress-strain

curve of a hypothetical material as shown in Figure 2.9.

As the yield stress is increased the spring back amount and the indentation force is
expected to increase considerably. The yield stress of 80 MPa, 120 MPa, and 200 MPa are used
for the second study. As can be seen in Figure 2.10 spring back amount increases with increasing
yield stress. Similarly, the pile-up height increases with increasing yield stress while the pile-up
spread reduces with increasing yield stress. This is shown in Figure 2.12. The force-displacement

curves shown in Figure 2.11 shows that the indentation force increases by a considerable amount

as well.
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indent for varying yield stress. Pile-up height decreases with increasing yield stress.
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2.1.2. Tangent modulus as the input parameter

In the third study, Y o u n gd@dslus and the yield stress is kept constant at 75 GPa and
120 MPa respectively. The effect of varying the tangent modulus on the indent shape and the
indentation force required is observed. The results can be anticipated in a bilinear stress-strain

curve of a hypothetical material as shown in Figure 2.13.

Stress

Et2

Etl > Et2

Elastic recovery after
unloading

v

Strain

A

Springback

‘—
Figure 2.13. Effect of varying tangent modulus on the spring back and indentation force required.

As the tangent modulus is increased the springback amount and the indentation force is
expected to increase. Tangent modulus of 0.1 GPa, 1 GPa, and 10 GPa are used for the third
study. As can be seen in Figure 2.14 spring back amount increases with increasing yield stress.
No direct correlation for the pile-up and the tangent modulus exists. This is shown in Figure 2.16.

The force-displacement curves shown in Figure 2.15 shows that the indentation force increases

by a considerable amount as well.
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Figure 2.16. Cross-sectional view of the indent profile showing the pile-up of the right half of the

indent for varying tangent modulus. No direct correlation for the pile-up and the tangent modulus

exists.

Table 2.2 shows the summary of the above studies. It shows how the output parameters:
spring back, pile-up, and indentation force required are related to the material properties of the
mold. This study provides important insights into how the material flow behavior depends on
various aspects of the material properties. This helps to select the most suitable mold material.

For all the indentation experiments and simulation, Al 1100 - H14 is chosen as the mold material.

Owing to its hi gdiarcumddh@Pa and comphrativelydow yield stress of 120

MPa, the spring back amount and the pile-up experienced will be relatively very low.
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Table 2.2. Summary of the material parameter study.ydenot es an i ncdeeo®Sa nh g

decreasing value. & denotes approximately equal values.

Indentation Outputs
Material parameters Pile-up height Spring back Indentation force
El astic mo ¥ Z a
Tangent modulus § Z % y
Yield stress § Z % y

2.1.3. Effect of friction

Friction between the die and the mold specimen plays a major role in affecting the pile-up
height and spread around the die whereas it has no significant effect on the indentation force
required. Material properties obtained from the tensile test of Al 1100 were used for the material
definition of Al 1100 in Abaqus. Isotropic hardening rule is employed to model the plasticity region
of Al 1100. The same setup as shown in Figure 2.2 and Figure 2.3 is used for this study.

Models with a friction coefficient of 0.1, 0.2, 0.3, and 0.4 are simulated and the results are
compared with frictionless models. Penalty method is used for the friction formulation between
the die surface and the mold surface. Figure 2.17 shows that as the friction coefficient is increased
the pile-up height decreases and the pile-up spread increases. The force vs displacement curve
comparison shows that friction has a significant effect on the indentation force required as shown
in Figure 2.18 with indentation forces increasing by around 40% as the friction coefficient is

increased to 0.4.
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Figure 2.18. Force vs displacement curve comparison for varying friction coefficient.
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2.1.4. Effect of strain rate dependent behavior of Al 1100 H14 on micro-indentation

Al 1100 H14 is a positive strain rate sensitive material. A positive strain rate sensitive
material experiences an increase in the yield stress as the strain rate increases. Johnson-Cook
material model is generally used for computational analysis of the impact and the penetration
related problems involving ductile materials. For high-speed indentation process, this would be
an ideal model. The Johnson-Cook elastoviscoplastic model is given by Equation 2.1 which
involves an independent factor of strain hardening, strain rate hardening and thermal softening.
A, B and C are material constants whereas n is a hardening exponent and m is a softening

exponent. * is equivalent Von Mises stress. - 'is the equivalent plastic strain. Ris the equivalent

plastic strain rate. -¢ is reference strain rate which is equal to 1 s*. T is a non-dimensional

temperature which is a function of room temperature.

o(e”, &, T)=[A+B (&) [1-T"] [1+CIn(&"/ &,)]
t 11 1t i

Hardening Thermal Strain rate
factor softening Dependence

factor factor

Equation 2.1
The values of these constants are obtained by a series of tensile test experiments conducted at

various strain rates by Sonika Sahu et al [20]. These constants are presented in Table 2.1.

Table 2.1. Constant values in the Johnson cook viscoelastic model for Al 1100 H14.

A B C n m av

114 49.79 0.001 0.197 0.859 1

The same finite element setup was used as in Figure 2.2. Initially, only a single spherical
indentation would be considered to study the effect of strain rate dependent mold behavior on
indentation. Considering an indentation frequency of 1 KHz the loading time would be 0.0005

seconds assuming equal amounts of time for loading and unloading. Johnson cook hardening
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with a rate-dependent material model is used to model the plasticity of the Al 1100 mold. Figure
2.19 shows that there is no significant difference in the amount of spring back for quasi-static
indentation and fast indentation. However, as the material is positive strain sensitive, the yield
stress during high strain rate indentation is larger than that during quasi-static indentation and
hence the pile-up experienced will be lesser. This phenomenon can be observed in Figure 2.20.
Similarly, the force vs displacement plot in Figure 2.20 shows that faster indentation

experiences higher indentation force.

indent plot
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14} / 1
12 | |
10 £, 1 1 \.\.:""’T"":)/ 1 ! ]
-60 -40 -20 0 20 40
X(um)

Figure 2.19. Indent profile comparison for quasi static and fast indentation.
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Figure 2.20. Comparison of the force vs displacement curves for quasi-static and fast indentation.

2.2. Conclusion

The material parameter study was conducted in this chapter to understand the effects of
a single spherical die on the indentation shape and indentation force required helped in choosing
an ideal mold material. Also, the effect of frictional contact between the die and the mold surface
on the pile-up around the indents was studied. This study will aid in understanding the behavior
of the mold material when indentation simulations using dies having multiple features on it will be

conducted in the later chapters.
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3. CORRELATION OF NANOINDENTATION EXPERIMENTS AND FINITE ELEMENT
SIMULATIONS

Verification and validation of microindentation experiment and finite element simulation is
important to gain confidence in the predictive capabilities of the FEA models. Accurate prediction
of the final indent shape and the force vs displacement curves will aid in designing the final die
and developing indentation strategies. For this purpose, initially, nanoindentation experiments
were conducted on Al-1100- H14 sample and glassy carbon sample using Hysitron TI-980
Triboindenter provided by the Analytical Instrumentation Facility (AIF) at North Carolina State
University and finite element models were developed to validate these experiments. This

potentially helped in calibrating the material properties of Al 1100 and glassy carbon.

3.1. Nanoindentation

Nanoindentation tests use a standard diamond indenter tip which is driven into the
different regions of the sample surface by increasing the normal load. Figure 3.1 shows a
schematic representation of a nanoindenter tip and the indenting sample. Figure 3.2 (a) shows
the graph of a typical loading history of a load controlled nanoindentation test. Figure 3.2 (b)
shows the output of a force-displacement data recorded during the test using high-resolution
instruments. An electrostatic transducer which consists of a three-plate capacitor with a floating
center plate attached to the tip is used to measure the displacement. Figure 3.3 shows a
schematic of the transducer. AC signals which are 180° out-of-phase are provided as the input

and the DC offset measured at the floating plate corresponds to the displacement.
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Figure 3.1. Schematic representation of a nanoindentation test consisting of the nanoindenter tip

and the sample [21].
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Figure 3.2. (a) Typical loading history of a load controlled nanoindentation test. (b) Typical force-

displacement output data recorded during a test.
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Figure 3.4 shows the different depths that are defined in a nano indent. The blue line is
the indenter after loading is complete. Green line is the elastic recovery of the indent surface after
load removal. Red line is the initial surface level. Elastic moduli and hardness are calculated from
the mechanical response of material during unloading as shown in Figure 3.5. A polynomial is fit
through the data points of the unloading curve and the slope at Pmax is calculated which is equal

to stiffness(S).
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Figure 3.5. Force-displacement curve of a nanoindentation test. P = U ( +h,)™ is the curve fit to

the unloading curve. S is the slope of the unloading curve at Pmax (maximum force).

Usually, a sample of known modulus like fused quartz with reduced modulus E; is indented
to determine the tip area function given by Equation 3.1 [23], where h¢is the contact depth as
shown in Figure 3.4. The calculated projected areas as a function of contact depth are applied to

unknown samples to determine modulus and hardness. Based on stiffness and contact area
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function A(he) at hmax reduced elastic modulus (E;) and hardness (H) can be calculated from
Equation 3.2 [23] and Equation 3.3 [23]. The relationship between the reduced modulus and the

elastic modulus is given by Equation 3.4 [23].

A(he) = Co(he)? + C1(he) + Ca(ho)2 + Ca(ho)¥ + Ca(hc)“® + Cs(hc)Y® Equation 3.1
_nm .
E =—— Equation 3.2
H=—— Equation 3. 3
(1-v?)
E >
1 _(1‘”i}
Er Ei .
Equation 3.4

Surface roughness plays an important role in the accuracy of the measured modulus and
hardness. A roughness of less than 5% of the indent depth is recommended to get reliable results.
The indenter tip can wear over time which changes the projected area. Thus, the accuracy of the
tip area function must be checked regularly by indenting into a material with known modulus and
hardness. The loading time and the hold period during indentation influences the modulus and
the hardness values measured. Loading within the plastic regime is accompanied by creep which
influences the slope of the loading curve and the first part of the unloading curve. If the
displacement rate is high during loading the, the creep at maximum load starts with a higher creep
rate than for displacement with lower displacement rate. Thus, the loading rate and the hold time
must be selected carefully so that its effect on the modulus and the hardness is negligible [24].
Low hold periods causes bowing of the unloading curves which influences the stiffness measured

as shown in Figure 3.6.
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Figure 3.6. Unloading curves at maximum load with the broken lines showing the bowing of the

unloading curves within the first few seconds of unloading [24].

3.2. Nanoindentation experiments

Nanoindentation tests use a standard diamond indenter tip which is driven into the
different regions of the sample surface by increasing the normal load. Force-displacement data
recorded during the test using high-resolution instruments are used to determine Youngds
modulus, hardness, and the elastic-plastic deformation. For this study, a Berkovich diamond
indenter tip is used. As glassy carbon is a hard material (340 HV) a Berkovich tip is a suitable
geometry for an indenter to make an indentation deep enough to extract force-displacement data.
The geometry of the Berkovich indenter is shown in Figure 3.7. Scratch tests were also performed
to find the friction coefficient between diamond and Al 1100 sample which would later be used in
the finite element simulations.

The tests are usually carried out using a load-controlled method. The normal load is
increased at a certain rate and then held constant at the maximum load for a certain period before
decreasing it back to zero at the same rate. The reduced elastic modulus of the sample is

calculated from the unloading curve of the force-displacement curves obtained from the test [23].
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The relationship between reduced elastic modulus and Y o u n maddus is given by the Sneddon

relationship Equation 3.4 where E and t are the elastic modulus and Poisson's ratio of the test

material, E; and tk are the elastic modulus and Poisson's ratio of diamond indenter tip. The values

of Eiand viare 1140 GPa and 0.07 respectively for 1100 diamond [25].

Figure 3.7. Schematic representation of Berkovich indenter.

3.2.1. Nanoindentation and scratch test on Al 1100

A maximum load of 10 mN is applied by increasing the normal load from O mN to 10 mN
in 30 seconds and bringing it back to zero at the same rate. Hold period of 187 seconds is chosen
for the aluminum alloy to minimize the creep effects during the unloading part of the curve [24].
Figure 3.8 shows the normal load vs time curve of the indentation procedure. The Al 1100 sample
was diamond turned to get a surface finish of 15 nm Ra which is less than 5% of the maximum

indentation depth, and, thus satisfying the roughness requirement for nanoindentation.

Two indents each were made at two different locations. Figure 3.9 (a) and Figure 3.9 (b)
shows the Scanning Probe Microscopy (SPM) images of the indents made. Figure 3.10 and
Figure 3.11 shows the force vs displacement curves obtained from the four indents made. The

reduced moduli obtained from the curvesarec onvert ed t o YounrnEgua®mn3dodul us
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The values of Young o6 s shanmthddble 8.2 witla thecmednaahdestdndad e

deviation. These values are close to Youngd sodulus value obtained from the tensile test of Al

1100 samples as shown in Figure 3.19.

Table 3.2. Youngb6s modulus values from the four indent
deviation calculated.
Indent 1 Indent 2 Indent 3 Indent 4 Mean Standard
deviation
Young| 78466146 | 72.662752 | 65.795585 | 80.247657 | 74.293035 | 5.0651036581
modulus
(GPa)
10000 |
8000 |
=z
Z 6000
g
g
4000
2000
0k . ‘ . . ‘
0 50 100 150 200 250
Time(sec)

Figure 3.8. Loading, unloading and hold regime of the nanoindentation experiment on Al 1100

H14.
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Figure 3.9. Scanning probe microscopy (SPM) images of nano indents.
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Figure 3.10. Set 1 indents-force vs displacement curves with measured reduced modulus values

of Al 1100.
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Figure 3.11. Set 2 indents-force vs displacement curve with measured reduced modulus values

of Al 1100.

In order to identify the coefficient of friction between the indenter tip and sample surface,
Nano-scratch tests were performed. The amount of friction will affect the pile-up height of the
indent as seen in section 2.1.4. A schematic representation of the nano-scratch test operation is
shown in Figure 3.12. A typical scratch test consists of three stages: the pre-scan stage, the
scratch stage, and the post-scan stage. The pre-scan stage is used to measure the surface under
the lowest possible normal force around 4 ¢N so that no permanent damage is made on the
surface. In his stage, the tip is moved laterally by 5 em in one direction. In the scratch stage, the
normal force is increased to 1 mN and the tip is moved laterally in the opposite direction by 10
em. During this stage, the lateral force is measured. The post-scan stage is performed to measure
the residual topography of scratched surface under the lowest possible normal load, around 4 € N.
In this stage, the tip is moved back by 10 em to scan the entire scratched surface. Finally, the tip
is displaced to the original position. The indenter tip movement and the normal force history is
shown in Figure 3.13. The blip visible on the left of the plot is probably due to a slip of the tip at

the end of the post-scan stage. A dynamic friction coefficient of 0.6 measured from the plot of
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ratio of lateral force and normal force as shown in Figure 3.14 will be used in the finite element

models.

J« normal load

satecal load = Indenter

scrat

material pile up

.*_
direction of sample

Figure 3.12. Schematic diagram of the general operation of the nano-scratch tester when taking

a scratch measurement.
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Figure 3.13. Normal force vs lateral displacement plot of the nano scratch procedure.
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Figure 3.14. Time history plot of the ratio of lateral force and normal force on the indenter tip

during the nano-scratch test.

3.2.2. Nanoindentation test on glassy carbon

Four indents were made on a glassy carbon sample at the locations shown by four green
circles in Figure 3.17 (a) and the loading rate, unloading rate and the hold period of the indentation
procedure is shown in Figure 3.15. The force-displacement curves were obtained as shown in
Figure3.16. The reduced modulus values derived from the
modulus values by using Equation 3.4 and are found to be 30-31 GPa. Scanning probe
microscope (SPM) images of the glassy carbon surface before and after the indentation are
shown in Figure 3.17 (b).

The elastic modulus of glassy carbon and compressive strength are 35 GPa and 580 GPa
according to the product information of SPI-Glas™ 11. The unloading curve of the force vs
displacement plot is expected to return to a value of zero displacement as the reaction force

reaches zero, if the material behaves as a pure linearly elastic material. No indent impressions
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should be visible in the SPM image. However, the unloading curve d oes nodt return t
displacement and indent impressions are visible as shown in Figure 3.17 (b) respectively. This
indicates that the glassy carbon sample did not behave as a pure linear elastic material and there

was some plastic deformation.
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Figure 3.15. Loading, unloading and hold regime of the nanoindentation experiment on glassy

carbon. Max Load = 10 mN. Load time = 30 secs. Unload time = 30 secs. Hold period = 20 secs.
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Figure 3.16. Force vs displacement curve with measured reduced modulus values of glassy

carbon.
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Figure 3.17. SPM images of glassy carbon surface before and after indentation. (a) Green dots

represent the spots at which indents are made.
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3.3. Correlation of FEA models with nanoindentation experiments

3.3.1. Finite element model of the nanoindentation on Al 1100

For the finite element modeling, Abaqus™ commercial software was used. Abaqus/Explicit
which implements the explicit solution method to solve the model was used for this simulation as
it solves contact problems with greater ease as compared to implicit procedure. Since a quasi-
static process is, by definition, a long-time solution, it is often computationally expensive to
simulate an event in its natural time scale. The advantage of using Abaqus/Explicit is that the
event can be accelerated while keeping inertial forces very low leading to faster solution times
[19].

A 2D axisymmetric model was used for the finite element simulation of the nanoindentation
procedure. A conical rigid indenter with a half angle of 70.3° was employed in the axisymmetric
model which has the same projected area to depth function as the standard Berkovich indenter.
M. lichinchi et al. [26] have shown that there is very little difference in the force versus
displacement curves obtained by using an axis-symmetric conical indenter and a 3D Berkovich
indenter. The force versus displacement curves obtained by using a conical indenter and a 3D
Berkovich indenter Figure 3.18 shows the schematic representation of the finite element model
used. An axisymmetric model was used initially as it requires less computational time and is more
convenient than a 3D model. Initially, the indenter was modeled with a sharp tip, although the

actual Berkovich indenter tip has some roundness due to manufacturing limitations.
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Indenter

Mold specimen

Figure 3.18. Schematic representation of the finite element model of the rigid axisymmetric

indenter and mold specimen for nanoindentation using Berkovich indenter.

The indenter was meshed with RAX2 elements: 2 node linear axisymmetric rigid link
elements and the mold specimen was meshed with CAX4R elements: 4 node bilinear
axisymmetric quadrilateral, reduced integration, hourglass control elements. A finer mesh near
the indenter tip and a coarser mesh away from the indenter tip was used for the mold specimen
as shown in Figure 3.20. The non-linear geometry option was used in the finite element simulation.
Arbitrary Lagrangian Eulerian (ALE) adaptive mesh domain was defined for the mold specimen
as it involved large deformations. The nodes on the axis of symmetry were applied with the X
symmetry boundary condition by restraining the degrees of freedom: U1, UR2 and UR3. The
bottom surface of the mold was completely fixed. The creep observed during the hold period in
the experiments is not modeled.

Surface-to-surface contact condition was used with the Indenter as the master surface
and the mold surface as the slave surface since a master surface can penetrate the slave surface.
At first, frictionless contact was considered. The mechanical properties of Al 1100 H14 obtained
from the tensile test were used for the mold specimen. The indentation samples were obtained

from the same plate as the dogbone samples used for the tensile. The three tensile tests were
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performed and Figure 3.19 shows the average true stress versus true straincurve. The Youngos
modulus was measured to be 75.773 GPa with a yield stress of 114.1 GPa. Isotropic hardening

material behavior was employed to model the plasticity region of the material.

Stress(MPa)

0 0.005 0.01 0.015 0.02 0.025
Strain(mm/mm)

Figure 3.19. True stress versus true strain curve obtained from the tensile test of Al 1100 H14.

The force-displacement curve obtained from the simulation were compared with the
experimental curves as shown in Figure 3.21. The displacement of the node just below the sharp
tip and the reaction force on the indenter is depicted in this plot. With the indenter modeled as a

sharp tip, the curves are significantly different.

Figure 3.20. Mesh pattern used for the finite element model of the rigid spherical indenter and

mold specimen.
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Figure 3.21. Comparison of force vs displacement curves obtained from the experiments and the
simulation.

In practice the indenter tip is not perfectly sharp and based on the ISO 14577 standard,
the Berkovich indenter has an average radius of curvature about 1501 200 nm. However, adding
a radius of curvature of 200 nm to the tip, the force vs displacement curve of the simulation did
not change as shown in Figure 3.22. Penalty based friction formulation was employed as the
interaction between the indenter surface and the mold surface to study the effect of friction on the
force vs displacement curve. The friction coefficient of 0.6 measured from the scratch test in
section 3.2.1 was used. Friction did not have any significant effect on the force-displacement
curve as shown in Figure 3.22. However, friction would be important during the indent shape

correlation as it has significant impact on the pile-up as explained in section 2.1.4.
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Figure 3.22. Comparison of force vs displacement curves obtained from the experiments and the

simulations.

To model the indenter tip imperfections accurately the Berkovich tip was scanned under
the Keyence VKX1100 laser confocal microscope provided by the Analytical Instrumentation
Facility (AIF) at North Carolina State University as shown in Figure 3.23. The scanned data was
imported into Abaqus to be used as an indenter in the simulation. A 3D model was employed for
this simulation. The indenter was meshed with the 3-D rigid elements R3D3: 3-node, triangular
facet and the mold was meshed with C3D8R: 8 node 3D reduced integration element. Figure 3.24
(a) and Figure 3.24 (b) shows the meshed indenter model and the mold specimen. The simulation
was run with the same contact conditions as mentioned earlier with a friction coefficient of 0.6
between the Berkovich indenter and the mold specimen. The yield stress of Al 1100 had to be
adjusted to 140 MPa while the tangent modulus of 0.5 GPa obtained from the plastic region of
the tensile test of Al 1100 was used to model the material properties of Al 1100 to get good

correlation of the experiment and simulation force vs displacement curves. Table 3.3 shows the
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Al 1100 material properties used in the nano-indentation simulation. Figure 3.25 shows the
comparison of force vs displacement curves obtained from the experiments and the simulations.
The higher yield stress of 140 MPa could be because of the material behaving stiffer in
compression.

Table 3.3. Material properties of Al 1100 used in the simulation.

Density Youngb6bs m| Poi ss ol Yieldstress Tangent modulus
ratio
2710 kg/m? 75.7736 GPa 0.33 140 MPa 0.5 GPa

14.686um

Figure 3.23. Height contour image of the Berkovich Indenter scanned under the Keyence confocal

microscope.

(a) (b)

Figure 3.24. Mesh pattern of (a) Berkovich indenter and (b) Mold specimen.
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Figure 3.25. Comparison of force vs displacement curves obtained from the experiments and the

simulation.

To complete the correlation, comparison of the indent shapes obtained from simulation
and experiment is important. Figure 3.26 (a) and Figure 3.26 (b) shows the z contour plot of the
experimental and simulation nano indents. Figure 3.27 shows the height error plot of the
experiment and simulation indent contours. The error percentage with respect to the maximum

indent depth is around 15 % which is an acceptable error for a good correlation.
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Figure 3.26. Z contour plot of the experimental and simulation nano indents using the Berkovich

indenter. (a) Experimental contour plot (b) Simulation contour plot.
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Figure 3.27. Error plot of experiment and simulation indent profiles.

3.3.2. Finite element model of the nanoindentation on glassy carbon
Similar 3D setup, as shown in Figure 3.24 was used for the correlation of nanoindentation
experiments on gl assy ¢ ar HPoisson's ratio ¥ GRaG@rsd 0.BV& d ul u s

respectively was assigned as the material properties of glassy carbon. The mold specimen was
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modeled as a perfectly linear elastic material. The force vs displacement curve comparison of the

experiment and simul ati Bigue828n6ét match as shown in
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Figure 3.28. Comparison of force vs displacement curves obtained from the experiments and the

simulation.

Von Mises stress distribution of the indent at the end of the loading period is in the range
of 2 GPa - 8 GPa which is well above the yield stress value 700 MPa of glassy carbon, which
indicates that the mold specimen will go beyond the yield point during the indentation. Figure 3.29
shows the Von Mises stress distribution of the mold specimen at the end of the loading period.
SPM images in Figure 3.17 clearly show the impressions of the indents made which depicts that
the specimen might have undergone some plastic d
value of 30 GPa obtained from the nanoindentation experiments in section 3.2.2 and a Poisson's
ratio of 0.275 would be used to model the glassy carbon indenter in the simulations. These

material properties are shown in Table 3.4.
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s, Mises (GPa)

(Avg: 75%)
+8.510e+00
+7.801e+00
+7.092e+00
+6.382e+00
+5.673e+00
+4.964e+00
+4.255e+00
+3.546e+00
+2.837e+00
+2.128e+00
+1.418e+00
+7.092e-01
+3.828e-0S

Figure 3.29. Von Mises stress distribution of the glassy carbon mold specimen at the end of the

loading period of the simulation.

Table 3.4. Material properties of glassy carbon extracted from the nanoindentation experiments.

Youngd6s modul us Poi ssonbs rati

30 GPa 0.2753

3.4. Conclusion

This chapter successfully verified the FEA model of a simple nanoindentation experiment
on a mold made of Al 1100 H 14 material and glassy carbon. Scratch tests were performed on
the mold specimen to measure the friction coefficient value between the diamond indenter and
the mold specimen. This helped in modeling the contact conditions accurately. The shape of the
Berkovich indenter was accurately captured after scanning it under a laser confocal microscope,
which helped in setting up an accurate computational model. Finally, the force vs displacement
curves obtained from the experiments were correlated with those obtained from the simulations,

thus calibrating the material properties of the Al 1100 H 14. The verification of the FEA model was
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further tested by correlating the indent contour plots of the experiment and the simulation to about
15% of the maximum indent depth. The next chapter will deal with the validation of

microindentation experiments on an Al 1100 H 14 mold using a 2x2 die made of glassy carbon.
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4. CORRELATION OF INDENTATION EXPERIMENTS AND FINITE ELEMENT
SIMULATIONS USING A 2X2 DIE

4.1. Indentation experiments using 2x2 die

A 2x2 die was fabricated using Focussed lon Beam (FIB) milling technique. Figure 4.1
shows the 2x2 die scanned under the Keyence VKX1100 laser confocal microscope provided by
the Analytical Instrumentation Facility (AIF) at North Carolina State University. The distance
between adjacent features (pitch) isaround25e¢ m and t he radius eaatureisur vat u
approximately 15.84 ¢ mlndentation experiments were conducted using a 2x2 die on an Al 1100
mold. Figure 4.2 shows the experimental setup used for the indentation experiments. The Al 1100
mold is a circular disc, diamond turned to a suitable roughness. The die with the 2x2 features is
held in the die holder. The optical probe to measure the indentation depth is connected to the
right of the die holder and points towards the mold specimen. This ensures that any machine
compliance is not captured in the displacement measured by the probe. The micro-height adjuster
is used to adjust the location of the die in the Y direction. The reaction force on the die is
measured using a piezoelectric load cell installed behind the die holder. Five indents to a depth
of82em were made at enough dTheforeervs displdcemenncumesc h ot h
obtained from the five indentations are shown in Figure 4.3. Figure 4.4 shows the confocal laser

microscope images of three of the indents made.
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Figure 4.1. Contour image of the 2x2 die scanned under the Keyence VKX1100 confocal
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Figure 4.2. Experimental setup for the indentation experiment using the 2x2 die.
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Figure 4.3. Force vs displacement curves measured by the optical probe for the 2x2 die

indentation.
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Figure 4.4. Confocal laser microscope images of the indents made from a 2x2 die (a) Indent 1 (b)

Indent 2 (c) Indent 3.
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4.2. Correlation of FEA simulations using a 2x2 die and indentation experiments

4.2.1. Finite element model setup

For the finite element modeling, Abaqus™ commercial software was used. Abaqus/Explicit
which implements the explicit solution method to solve the model was used for this simulation as
it solves contact problems with greater ease as compared to implicit procedure. Since a quasi-
static process is, by definition, a long-time solution, it is often computationally expensive to
simulate an event in its natural time scale. The advantage of using Abaqus/Explicit is that the
event can be accelerated while keeping inertial forces very low leading to faster solution times
[19].

To accurately capture the die geometry for the FEA model, the Keyence data of the 2x2
die was converted to an stl model and then to a CAD model using Meshlab and Materialise Magics
software. The CAD model of the die was imported into Abaqus and meshed using C3D10M
elements (10 noded tetrahedral quadratic elements) as this is the preferred element to model
finite sliding surface to surface contact conditions to get accurate results. The mold specimen was
meshed with C3D8R: 3D continuum 8 noded reduced integration elements. Figure 4.5(a) and
Figure 4.5(b) shows the meshed 2x2 die and mold specimen respectively. The mesh on the mold
was made finer in the central region where the indentations would be made as compared to a
coarser mesh in the remaining region to save some computational time. Non-linear geometry
option was used in the finite element simulation. Arbitrary Lagrangian Eulerian (ALE) adaptive
mesh domains was defined for the mold specimen as it involved large deformations. The mold
bottom surface was fixed. Surface-to-surface contact condition was used with the die as the
master surface and the mold surface as the slave surface since a master surface can penetrate
the slave surface. The mechanical properties of Al 1100 H14 obtained from the correlation of
nanoindentation experiments and FEA modeling as shown in Table 3.3 are used for the material

definition of the mold. The glassy carbon properties obtained from the section 3.2.2 were used to
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model the die. Isotropic hardening material behavior was employed to model the plasticity region
of the mold material. As Abaqus / Explicit solver was used for the analysis, a load step and an
unload step time of 1.2 e-5 seconds was employed. Mass scaling with a factor of 1000 was used
to artificially decrease the computational time needed for the simulation. The bottom of the mold
was fixed. The loading rate and the mass scaling value chosen were suitable enough to ensure
that the kinetic energy was always below 5% of the internal energy of the whole model during the
simulation, thus satisfying the conditions for the simulation to remain quasi-static. An indent depth
of 8.2 em was used as obtained from the force vs displacement curves in Figure 4.3. Penalty
based friction formulation was employed as the interaction between the die surface and the mold
surface in simulations. Friction co-efficient values ranging from 0.1 to 0.4 were used to get a range

of force vs displacement curves.

(a) (b)
Figure 4.5. Mesh pattern of the 2x2 die and the mold specimen: Die meshed with C3D10M

elements and mold specimen meshed with C3D8R elements.

4.2.2. Finite element analysis results

Figure 4.6 shows the force vs displacement comparison obtained from the simulation and

the experiment. The experimental force vs displacement curve is an average of the five curves
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obtained from Figure 4.3. The force vs displacement curve for a friction coefficient of 0.2 matched
well with the experimental curve. Figure 4.7(a) and Figure 4.7(b) shows the experimental Z
contour plot and the simulation Z contour plot respectively of the 2x2 die indentation. Figure 4.8
shows the error plot of the experiment and simulation contour plot. The error lies in the range of
12% - 14% of maximum indentation depth. The source of this error could be slight misalignment
of the simulation and experiment contours before calculating the error plot. The scanned model
of the 2x2 die under Keyence confocal laser microscope usually has significant noise which has
to be cleaned and smoothed before it can be meshed in Abaqus. The error might also be because

of the loss of data of the CAD model during conversion from Keyence data.
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Figure 4.6. Comparison of the force vs displacement comparison obtained from the experiment

and the simulation.
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Figure 4.7. (a) Experimental Z contour plot of the 2x2 indent. (b) Simulation Z contour plot of the
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Figure 4.8. Error contour plot of the experimental and simulation 2x2 indent.
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4.3. Conclusion

This chapter helped in validating the FEA indentation model using a 2x2 die made of glassy
carbon and an Al 1100 mold with corresponding indentation experiments. The material properties
of Al 1100 H14 and glassy carbon extracted from the nano indentation experiments and their FEA
correlations as shown in Table 3.3 and Table 3.4 were used for the material definitions of the
mold and the die. All the simulations in the later chapter will be conducted by using the validated

parameters obtained in this chapter.
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5. DEVELOPMENT OF MULTI-FEATURED DIES AND INDENTATION
STRATEGIES

5.1. Preliminary study

To fabricate a mold with millions of lens features on it the indentation process has to be
done fast. An indentation rate of 1 KHz will be used to create microlens arrays (3840 x 2160
pixels, 4K resolution) which is a total of 8294400 pixels. Indenting with a die having multiple lens
features on it helps to transfer the features on to the mold in a faster and efficient way. The
specifications of the desired multi-lens array mold are shown in Figure 5.1. The radius of the
spherical l ens is 15. 84 ¢time ihedepit die3Ix@dewhssS dm. 84
designed as shown in Figure 5.2. As the features on this die have uniform size, this die will be
referred as 3x3 die (U) in the rest of the thesis for convenience. Each hemisphere is of radius
15.84 em with a pitmadiusof 225ecmmatmandhe ifni é¢aedecti on
edges in the desired mold have mathematically sharp edges which is not possible to be fabricated
due to manufacturing limitations. For the same reason, the die is modelled with filleted edges
which also aids in carrying out FEA simulations without causing any element distortion and
singularity issues.

Top view Isometric view

25 um

' R15.84um

Figure 5.1. A 6x6 concave spherical lens features on a mold. Diameter of each feature = 15.84

€m, pitch = 25 g€m, depth = 15.84 em.
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Pitch =25 um

C—

Figure 5.2. CAD model of the 3x3 die. Die referred as 3x3 die (U).

Terminologies to refer indents in an indent array is important to avoid any ambiguity. For
this purpose, the verticalarray of i ndents would be called 6écol umns
be <cal | eHiguré 5.3 shews .a schematic of a sample lens array. Three preliminary
indentation strategies as shown in Figure 5.4 are discussed and analyzed. In the first indentation
strategy, the 3x3 die skips three columns of features for every successive indentation without any
overlap of indents. This would account for a 3x6 lens arrays in two indentation steps. A total of
921,600 indentation steps would be required to create arrays for a 4K resolution display and the
total time of fabrication at a rate of 1 KHz would be around 15 minutes. In the second indentation
strategy, the 3x3 die skips two features for every successive indentation with one column overlap
of indents. This would account for a 3x5 lens arrays in two indentation steps and a total of
2,073,600 indentation steps for a 4K resolution display would require a total time of around 34
minutes. In the third indentation strategy, the 3x3 die skips one column of features for every
successive indent with two column overlap of indents. This would account for a 3x4 lens arrays
in two indentation steps. This strategy will take 8,294,400 indentation steps, the most compared

to the previous two strategies which accounts for a total fabrication time of 138 minutes.
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Figure 5.3. Plan view explaining the terminologies of column and rows to refer to indent.
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a) Three feature stepover b) Two feature stepover c) One feature stepover

Figure 5.4. Preliminary indentation strategies where each square represents one lens feature.
The number represents the indent order and the gray represents the current indent. 3x3 die (U)

is used for the indentation.

5.1.1. Finite element model setup for the preliminary indentation strategies
Abaqus/Explicit which implements the explicit solution method to solve the model was
used for this simulation as it solves contact problems with greater ease as compared to implicit
procedure. Since a quasi-static process is, by definition, a long-time solution, it is often
computationally expensive to simulate an event in its natural time scale. The advantage of using
Abaqus/Explicit is that the event can be accelerated while keeping inertial forces very low leading

to faster solution times [19].
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A finite element model of the indentation procedure using a 3x3 die was developed. The
die was meshed with C3D10M (10 noded tetrahedral quadratic elements) as this is the preferred
element to model finite sliding surface to surface contact conditions to get accurate results. The
mold specimen was meshed with C3D8R: 3D continuum 8 noded reduced integration elements.
Figure 5.5 shows the meshed 3x3 die and mold specimen. The mesh on the mold was made finer
in the central region where the indentations would be made as compared to a coarser mesh in
the remaining region to save some computational time. Non-linear geometry option was used in
the finite element simulation. Arbitrary Lagrangian Eulerian (ALE) adaptive mesh domains was
defined for the mold specimen as it involved large deformations. The mold specimen was fixed at

the bottom.

Indenter

Mold

Figure 5.5. Mesh pattern of the 3x3 die and the mold specimen: Die meshed with C3D10M

elements and Mold specimen meshed with C3D8R elements.

Surface-to-surface contact condition was used with the die as the master surface and the
mold surface as the slave surface since a master surface can penetrate the slave surface. The
mechanical properties of Al 1100 H14 obtained from the correlation of nanoindentation
experiments and FEA modeling as shown in Table 3.3 were used for the material definition of the

mold. Isotropic hardening material behavior was employed to model the plasticity region of the
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mold material. The 3x3 die was modeled as a perfectly linear elastic material with glassy carbon
properties obtained from the nanoindentation experiments in section 3.1.2. As Abaqus / Explicit
solver was used for the analysis, a load step and an unload step time of 1.2 e-5 seconds was
employed. Mass scaling with a factor of 1000 was used to artificially decrease the computational
time needed for the simulation. The loading rate and the mass scaling value chosen were suitable
enough to ensure that the kinetic energy was always below 5% of the internal energy of the whole
model during the simulation, thus satisfying the conditions for the simulation to remain quasi-
static. An indent depth of 8 em was used for all the indent strategies. Penalty based friction
formulation was employed as the interaction between the die surface and the mold surface in

simulations with frictional contact.

5.1.2. Finite element analysis results for the preliminary indentation strategies

Figure 5.6 (a) shows the Z contour plot of a desired indent arrays formed with the three

feature stepover method. Figure 5.6 (d) shows the cross sectionview A-A6 of t he desi

plot. Figure 5.6 (b) shows the Z contour plot of the indents formed in the simulation with the three

feature stepover method. The maximum depth achieved in the simulation was around 7.1 € m.

Elastic deformation of the die and the springback experienced by the indent after unloading
causes the decrease in the maximum depth achieved. The third column of indents experienced
compressional deformation as shown in Figure 5.6 (b) which is clearly visible in the cross section
view of the indents in Figure 5.6 (e). Figure 5.6 (c) shows the error plot (actual profile 7 desired
profile) of a three feature stepover method. Areas with black color are close to zero error. The
third column of indents shows significant error due to compressional deformation. The error in the
remaining indents shown in the shade of red is due to the the elastic deformation of the die and
the springback of the indent after unloading. These errors can be easily visualized with the cross

section view of the error plot across A-A 6 s h drigure 516 1ff).
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Similar sets of plot are shown in Figure 5.7 for a two feature stepover method. The
compressional deformation in the case of a two feature stepover is less intense compared to that
in a three feature stepover. The overlap in the third column of indents reduces the compressional
deformation in the second and first column of indents. The error in the remaining indents shown
in the shade of red is due to the the elastic deformation of the die and the springback back of the
indent after unloading.

Finally, Figure 5.8 shows a similar set of plots for a one feature stepover method. The
compressional deformation in the first column of indents is considerably reduced and is not clearly
visible in the simulation contour plot in Figure 5.8 (b) nor in the cross section across A-Ad of t he
simulation plot in Figure 5.8 (e). However, the compressional deformation can be noticed in the
error plot (actual profile i desired profile) in Figure 5.8 (c) and the cross section across A-A6 o f
the error plot in Figure 5.8 (f). The compressional deformation is considerably reduced in the case
of the one feature stepover method.

The one feature stepover method appears to be the most promising in terms of reducing
the compressional deformation, but this method takes the most amount of fabrication time. As
compared to the three feature stepover method, the maximum error in the one feature stepover
method is reduced by about 75%. An indentation scheme to create a 2D array to understand the

complete effect of this method on the quality of the indents will be discussed further.
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To understand the cause of the compressional deformations two simulations with a 4x4
die and a 1x3 with a one feature stepover were performed. Figure 5.9 (a) shows the design of a
1x3 die with each feature of radius 15.84 em and a pitch of 25 em. Figure 5.9 (b) shows the
indentation scheme used for the simulation with the 1x3 die. Figure 5.10 (a) shows the design of
the 4x4 die with each feature of radius 15.84 em and a pitch of 25 em. Figure 5.10 (b) shows the

indentation scheme used for the simulation with the 4x4 die.

3
Q\"C\\ e

Radius = 15.84 pm

(a) (b)
Figure 5.9. (a) 1x3 die with each feature of radius 15.84 em and the center to center distance

between each feature 25 em (b) one feature stepover indentation strategy with the 1x3 die.
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Figure 5.10. (a) 4x4 die with each feature of radius 15.84 ¢m and the center to center distance

between each feature 25 em (b) one feature stepover indentation strategy with the 4x4 die.

Figure 5.11 and Figure 5.13 shows the simulation contour plot for the 1x3 die indentation
and 4x4 die simulation. Figure 5.12 and Figure 5.14 shows the error contour plot of the 1x3 die
indentation and 4x4 die indentation. Figure 5.12 shows very little compressional deformation in
the first indent whereas, Figure 5.14 shows significant compressional deformation in the first
column of indents. It can be concluded that the cause of compressional deformation is higher
volume of material displaced in case of a 4x4 die indentation compared to that of a 1x3 die
indentation. For a 4x4 die indentation, during, the second indentation step, four features on the
right are pushing the material down. The material flows in the direction of least resistance i.e.
towards the already formed indents. As the indentation progresses the overlapping features of
the die restore the compressional deformation in the adjacent indents. However, as there are no
die features to hold the first column of indents, compressional deformation occurs in them. This

explains, the cause for compressional deformation in the 3x3 die indentation.
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Figure 5.11. Simulation contour plot for a 1x3 die indentation using the indentation strategy in

Figure 5.9 (b).
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Figure 5.12. Error contour plot for a 1x3 die indentation using the indentation strategy in Figure

5.9 (b).
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Figure 5.13. Simulation contour plot for a 4x4 die indentation using the indentation strategy in

Figure 5.10 (b).

1.9
! 1.16
0.413
-0.332
-1.08
-1.82
-2.57
-3.31

-4.06

4.8

200

-5.55

0 100 200 300 400
X(um)

Figure 5.14. Error contour plot for a 1x3 die indentation using the indentation strategy in Figure

5.10 (b).
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5.2. Advanced study

For one feature stepover method, the compressional deformation is less severe as
compared to the other two indentation strategies. To study the indents formed due to this
indentation strategy the indentation scheme shown in Figure 5.15 was perfomed. This scheme
proposes a total of sixteen indentation steps with one feature stepover every successive
indentation to get 6x6 indent arrays. The red dashed box shown in the sixteenth indentation step
is the indent that will be repeated and represents all the indents in the array. The simulation failed
to complete beyond the 12™ indentation step and therefore, contour plots and various cross
sections across the indent arrays were studied at indentation steps 4, 8, and 12 to get some
important insights about the behaviour of material flow of the mold. The indentation steps from 13

to 16 will be conducted in the future.
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Figure 5.15. Indentation scheme A: Schematic of a one feature stepover indentation strategy with
a total of sixteen indentations steps to form a 6x6 arrays of indents. The grey shade represents
the current position of the die and the number in the cells represents the order of the indentation

step. 3x3 die (U) is used for the indentation.

5.2.1. Finite element model setup for the indentation scheme A

The simulation was carried out by dividing the indentation scheme into individual
indentation steps. Each indentation step was run as a separate simulation. The same finite
element setup and mesh patterns as seen in section 5.1.1 were used for this indentation scheme.

The mold instances in the any indentation step is associated with an initial state field of the mold
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instance from the previous indentation step. This procedure applies a deformed mesh and its
associated material state from the previous indentation step to the mold instance in the current
indentation step allowing the simulation to be continued after each indentation step. Abaqus/CAE

imposes many restrictions and limitations when applying an initial state field which are mentioned

in the section O60Transferring resul tserd MatalEBE n

It also provides a detailed step by step approach to carry out the import analysis. This procedure
helps in simplifying the FEA simulation by dividing the entire indentation scheme into separate
individual indentation steps which helps distributing the memory required for the entire indentation
scheme into 16 simulations. Also, it becomes convenient to debug any issues that arise during

the simulations and make necessary changes after every indentation step.

5.2.2. Finite element analysis results for the indentation scheme A

Figure 5.16 shows the contour plot of the desired indent arrays for the indentation scheme
A. The desired contour plot which has 6x6 indent arrays with a maximum depth of 8 ¢ mof each
indent, will be used to compare with the simulation plots at different indentation steps. An ideal
desired indent array would have mathematically sharp edges at the intersection of the indents. It
is not possible to fabricate a mold which has sharp edges and for the same reason the die used
in the simulation has filleted edges and therefore significant errors can be expected at these
intersections. These errors are not significant for the study as they are unavoidable and lie on the

periphery of each lens feature far away from the central lens region of the lens aperture.
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Figure 5.16. 6x6 desired indent arrays plot for the indentation scheme A.

5.2.2.1 Indentation step 4: Form error study

Figure 5.17 shows the contour plot of the simulation at the end of indentation step 4.
Figure 5.18 shows error contour plot at the end of indentation step 4 along with the comparison
of the desired plot, simulation plot and the error plot across different cross sections parallel to X
axis. There is no compressional deformation visible along this cross section. However, there
exists the error due to the the elastic deformation of the die and the springback back of the indent
after unloading. Figure 5.19 shows error contour plot at the end of indentation step 4 along with
the comparison of the desired plot, simulation plot and the error plot across different cross
sections parallel to Y axis. Compressional deformation is visible across these cross sections in
the first three indents and the error due to the elastic deformation of the die and the springback

back of the indents after unloading of step 4 is visible in the last three indents.
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Figure 5.20 explains the flow of material during indentation steps 1 to 4. The green dashed
box represents the region of the mold where no indent cavities are present. The arrows indicate
the direction of the material flow that is causing the compressional deformation during the
indentation. In each of these indentation steps, three of the features on the die indent in the region
of the mold where no indent cavity is present, causing the material displaced to flow in the
direction of the least resistance, i.e along the positive Y direction. This leads to the formation of
compressional deformation in the indents shown in the red dashed box. The compressional
deformation in these indents decreases in the direction of the arrow and are therefore visible in

the cross sections parallel to the Y axis and not in the cross sections parallel to the X axis.
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Figure 5.17. Simulation contour plot of the indent arrays for indentation scheme A at the end of

the indentation step 4.
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Figure 5.18. Error contour plot and comparison of different cross section views parallel to the X-

axis using the indentation scheme A at the end of indentation step 4.
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