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ABSTRACT

Carbon fiber reinforced polymer (CFRP) composites are known for their high stiffness-to-
weight and high strength-to-weight ratios and hence are of great interest in several
engineering fields such as aerospace, automotive and defense. However, despite their light
weight, high stiffness and high strength, their application in these fields is limited due to
their poor energy dissipation and vibration damping capabilities. This thesis presents a two-
phase microlattice design to overcome this problem. To realize this design, a novel tape
casting integrated multi-material stereolithography system is developed and mechanical
properties of samples fabricated using this system are evaluated. The design incorporating
a stiff phase (CFRP) and a high loss phase, exhibiting high stiffness as well as high
damping, is studied via analytical and experimental approaches. To investigate its damping
performance, mechanical properties at small-strain and large-strain regimes are measured
through dynamic material analysis (DMA) and quasi-static cyclic compression tests
respectively. It is seen that both intrinsic (small-strain) and structural (large-strain)
damping in terms of a figure of merit (FOM), E¥*tand/p, can be enhanced by a small
addition of a high loss phase in Reuss configuration. Moreover, it is seen that structural
damping is improved at low relative densities due to the presence of elastic buckling during
deformation. For design usefulness, tunability maps, displaying FOM in terms of design
parameters, are developed by curve fitting of experimental measurements. The microlattice
design is also evaluated quantitatively by comparing it with existing families of materials
in a stiffness-loss map, which shows that the design is as stiff as commercial CFRP

composites and as dissipative as elastomers.
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GENERAL AUDIENCE ABSTRACT

Carbon fiber reinforced polymer (CFRP) composites are known for their lightweight, high
stiffness and high strength and hence are of great interest in several engineering fields such
as aerospace, automotive and defense. However, despite these advantages, their application
in these fields is limited due to their poor energy dissipation and vibration damping
capabilities. This thesis presents a novel cellular lattice design to overcome this problem.
Recent growth in stereolithography (SLA) has enabled the fabrication of complex
structures with high resolution. Using this capability of SLA additive manufacturing, a
cellular design is developed to improve both the stiffness and damping performance of
CFRP composites while reducing weight. Experiments are conducted to determine the
stiffness and damping properties and small and large deformations. It is seen that the
stiffness and damping properties can be increased through a two-material hybrid design,
comprising of a high stiffness phase and a high damping phase, arranged in a specific
pattern. The microlattice design is evaluated quantitatively by comparing it with the
existing families of materials using an Ashby chart. The design shows a two order-of-
magnitude increase in the stiffness-damping performance when compared to commercially
available CFRP.
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Chapter 1. Introduction

1.1 Background

For several decades, humans have performed cross-breeding among plants and animals in order to
obtain a product of higher quality. Different breeds of dogs are cross-bred in order to obtain desired
traits or looks. Cattles are crossbred to produce higher quality and quantity of milk. Of late, most
corn grown in the United States is hybrid and this has resulted in a multi-fold increase in yield. All
in all, the use of hybrid combinations to achieve properties that otherwise would be impossible to

achieve has been in practice for a long time now.

Recent advances in material science have led to the application of similar principles to materials.
As seen in Fig. 1.1 [1], combining two materials opens up a lot of possibilities to achieve new and
improved material properties. This, as a result, has led to the development of a large number of
hybrid materials such as composites, sandwich structures and cellular structures., wherein two or
more materials are combined in different ways to obtain specific properties, not offered by either
material alone. Traditional materials occupy specific regions on the Ashby chart. By tuning the
topological distribution of materials, geometry of the structure, volume fractions of the constituent
materials, new regions in the Ashby chart can be accessed [3]. This gives us a wider choice for

material selection for different applications.
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Figure 1.1. Schematic showing the possibilities of hybrid materials [1]. The materials can be
combined in different ways to achieve the desired combination of properties.
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Carbon fiber reinforced polymer (CFRP) is one such revolutionary composite hybrid material. It
consists of carbon fibers usually arranged in a thermoset resin such as epoxy. CFRP composites
are known for their high stiffness-to-weight, high strength-to-weight ratios, corrosion resistance
among other properties. As a result, they have found widescale applications in the aerospace,
automotive, civil, shipbuilding, sporting industries along with an ever-increasing number of
applications in other fields. However, CFRP composites have one major drawback. They suffer
from poor energy dissipation and damping capability because failure occurs with very little or no
plastic deformation due to their brittle nature. As a result, its application in structural applications

where vibration damping is required is limited.

In this thesis, a method to overcome this disadvantage of CFRP through the use of hybrid materials
is demonstrated. Multi-material additive manufacturing is used to strategically distribute materials
in a microlattice structure in order to increase the damping capabilities of CFRP while having

minimal effect on the stiffness.

1.2. Literature review

Mechanical vibration, in a basic sense, can be defined as a phenomenon in which an object
oscillates about an equilibrium point. Mechanical vibrations, in most cases, are undesirable,
leading to energy loss, as in the case of engines and motors, and noise as in the case of tires,
aerospace panels. For years, designers have worked on minimizing vibration in components to
increase its service life and efficiency. As a result, vibration damping becomes an important
consideration in the design of a successful component. Vibration damping can be defined as the
control of unwanted oscillations in a component. In mechanical systems, vibration damping is
classified into two types: passive damping and active damping [4]. Active damping employs
external control systems to damp vibrations. This study, however, focusses on passive damping
mechanisms, which occurs as a result of the properties inherent to the system. Viscoelastic
materials, viscous fluids, shape memory alloys. are some examples of passive damping materials.
The damping properties of materials can be represented in several different ways. The most

commonly used representations of damping capacity include the loss tangent (tan o), loss factor



(1), specific damping capacity (y), inverse quality factor (Q*) and damping ratio () [4]. The
damping representation of importance in this study is the loss tangent, also known as mechanical
loss coefficient or tan delta (tan o). The loss tangent (tan o) is representative of the damping

capability of a material. Higher values of tan ¢ indicate higher damping capability.

For a viscoelastic material under dynamic loading, the stress and strain sinusoids are out of phase.
The phase angle is denoted as o. The loss tangent is defined as the tangent of the angle of phase
lag between the stress and strain sinusoids (Fig. 1.2) [5]. Sinusoids with a phase difference are
commonly represented as complex exponential notations [6]. As a result, the modulus of

viscoelastic materials in complex form is denoted as —

E*=E +I(E" (1.1)

Where, E* is the complex modulus, E' is the storage modulus and E"' is the loss modulus. The
storage modulus represents the component of stress-strain ratio in phase with the applied strain

and the loss modulus represents the component that is 90° out of phase. The magnitude of the

complex modulus is denoted as E* = VE'2 + E''? and the tangent of the phase lag (9) is-.
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Figure 1.2. Stress and strain sinusoids with a phase difference [5].

Traditional materials such as metals, alloys and ceramics have high stiffness. However, the stress
and strain sinusoids in these materials are almost in phase with each other and thus have very low
values of tan o. As a result, they provide poor damping. On the other hand, materials such as
elastomers have large phase differences between their stress and strain sinusoids and thereby
exhibit large tan ¢ values. They provide high damping but are, however, compliant and not suitable
for structural applications. CFRP composites are known for their high stiffness and light weight.
However, like other stiff materials, CFRP composites exhibit near elastic behavior and suffer from
poor damping, thereby limiting their application for the purpose of energy dissipation. It is hard to
find a traditional material that has both high damping and high stiffness. Figure 1.3. shows the
Ashby chart for Young’s modulus vs. tan J for common families as materials. As seen, most
materials lie on the line with a slope of -1, indicating that they all follow a similar trend, i.e. high
stiffness usually is accompanied by low damping and vice versa. This trend calls for the study of
hybrid materials approach of combining two materials to achieve both high stiffness and high

damping simultaneously.
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Figure 1.3. Stiffness — loss map (E — tan ) plot for common families of materials.

In order to fabricate hybrid materials, the possibilities provided by additive manufacturing (AM)
is explored. Additive manufacturing (AM), also referred to as 3D printing or rapid prototyping or
direct digital manufacturing, is a manufacturing process in which material is added at desired
locations instead of removed as in the case of traditional manufacturing processes. In recent times,
there has been a rapid escalation in the popularity of AM processes due to its benefits over
traditional manufacturing. AM allows us to manufacture complex designs, giving the designer
more freedom, resulting in more efficient parts. For example, solid structures can be replaced by
lattice structures to reduce the weight of a part. AM allows for mass customization. Each part can
be designed as per the customer’s needs. Due to this advantage of AM, it is being widely used in
the jewelry and dental industry. AM also allows for tailorable properties. Due to the flexibility in
the structure design and material choice provided by AM, a new area of research focusing on the

use of AM to realize multi-functional materials is on the rise.

Based on the material and machine technology used, the American Society for Testing and
Materials (ASTM) group “ASTM F42 — Additive Manufacturing” classified AM processes into 7

categories, namely — vat photopolymerization, material jetting, binder jetting, material extrusion,
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powder bed fusion, sheet lamination and direct energy deposition. The process of concern in this
study is vat photopolymerization. It makes use of a vat filled with a photo-curing resin. A 1D point
or 2D image is projected onto the resin, resulting in a layer by layer construction of the desired
model.

Stereolithography (SLA) is once such vat photopolymerization technique that allows for the
fabrication of complex geometries with high resolution. This process is also known for its smooth
surface finish and strong layer adhesion. Due to these advantages, it proves to be a promising
choice to design hybrid materials with tailorable properties. CFRP composites fabricated by FFF
have been well studied [7] [8] [9]. However, this method cannot be used because it is not possible
to fabricate high resolution multi-material specimens. To overcome this drawback, SLA
fabrication methodology was considered. However, the fabrication of CFRP composites using

SLA is challenging and needs to be studied before it can be used in this work.

Due to the high resolution of SLA, it has been widely used in the fabrication of cellular materials
[10] [11] [12]. Recently, cellular materials have been studied extensively due to their unique
mechanical, thermal and electrical properties [13] [14]. It has been seen that these materials can
exhibit unique properties such as high stiffness and strength [15] [16] [17] [18], impact protection
[19] [20] [21] and piezoelectricity [22] and are of significant interest in various engineering fields.
Zheng et al. reported a class of cellular material that provide near-constant specific stiffness even
at ultra-low densities (Fig. 1.4) [2]. The desired properties of cellular structures can be achieved
by using a periodic architecture of unit cells. The properties of periodic cellular structures are
determined by their geometry (i.e., topology) and the constituent materials. Applications
incorporating the periodic cellular structures particularly in vibration damping have been also
previously studied [23] [24]. Moreover, studies have shown increases in the damping performance
of the cellular materials through dissipative elements [25] and negative stiffness inclusions [26]
[27].
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Figure 1.4. Cellular structures showing constant specific stiffness at ultralow densities [2].

In this work, an AM methodology utilizing multi-material projection micro-stereolithography
(PuSL) to fabricate mesoscale CFRP composites is developed. The mechanical properties of the
printed composites are tested. Using this manufacturing technique and leveraging the benefits of
hybrid cellular structures, a microlattice design to increase the stiffness - damping pair while
reducing the weight of CFRP composites is presented and studied. The performance of the design
is quantified in terms of the figure of merit (FOM), EY3tan /p, where E is the Young’s modulus,
tan ¢ is the mechanical loss coefficient and p is the relative density of the cellular structure.
Experimental measurements of the stiffness and damping at small and large strains are obtained.
For design usefulness, tunability maps describing the controllability of the microlattice in terms of
FOM is presented. The microlattice is then evaluated by comparing with commercially available

CFRP composites and also other families of materials.

1.3. Thesis organization

Chapter 2 describes the multi-material stereolithography technique. The various challenges to the
3D printing of multi-material CFRP composites are addressed. This process is then used to
fabricate high-resolution CFRP cellular structures with soft phase embedded in them. Chapter 3
studies the mechanical properties of CFRP composites fabricated using the system. Materials and
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testing methods are described in detail and the test results are compared with theoretical bounds.
Chapter 4 presents the analysis of several two-phase viscoelastic composites to increase the
stiffness-loss pair for bulk CFRP composites. The viscoelastic composite along with volume
fractions of stiff and soft phases required to maximize the stiffness-loss is determined. Chapter 5
presents the cellular structure for maximizing the FOM. Results from chapter 4 are used to design
the cellular structure. The variation of FOM with respect to volume fraction of soft phase and
relative density of cellular structure is shown through tunability maps. An Ashby chart comparing
the results with other families of materials is presented. Lastly, chapter 6 presents applications of

the design and proposes ideas for future work.



Chapter 2: Additive manufacturing of CFRP composites

2.1. Introduction

CFRP composites are traditionally manufactured using techniques such as molding or vacuum
bagging. These methods do not give us the benefits as seen with AM. As a result, several studies
on the additive manufacturing of CFRP composites have been carried out. Out of all the AM
categories, the manufacture of CFRP using fused deposition modeling (FFF) has been studied
extensively due to its ease of manufacturing [7] [8] [9]. However, this method cannot be used
because it is not possible to fabricate high resolution multi-material specimens. To overcome this
drawback, SLA fabrication methodology was considered. However, the manufacture of CFRP
composites using SLA is challenging and has not been studied extensively. In this chapter, a
projection micro-stereolithography (PuSL) technique for the fabrication of CFRP composites is
demonstrated.

2.2. Manufacturing process

Fabrication of high-resolution parts using projection micro-stereolithography techniques has been
previously studied [28] [10]. In this technique, a CAD model of the desired part is sliced into
different groups of closely spaced images. These two-dimensional slices are subsequently digitized
and sent to a DMD chip which projects the image at 405 nm wavelength through a series of lenses
onto the corresponding photosensitive resin. This process initiates polymerization of the resin,
converting it into solid single layer part which has the same shape of the projected image. Each
cured layer is followed by a recoating process in which the stage is raised, allowing the resin to
settle for the next layer. The stage is then lowered to position it for the next layer and the
corresponding slice image is projected. The projected pattern is arranged corresponding to the
material distribution required. A schematic of this process is shown in Fig. 2.1



B UV curable resin

Projection lens

Beam
delivery

DMD mask

Figure 2.1. Schematic of the projection microstereolithography technique.

However, this process cannot be directly used to fabricate CFRP composites as the fibers present
in the composite pose several challenges that need to be overcome. Also, this study requires the
fabrication of multi-material structures. As a result, this process was revised to enable the
manufacture of two-phase CFRP composites. The materials and process are defined in the coming

sections.

2.3. Materials

To fabricate CFRP structures using SLA, a UV curable CFRP composite resin was developed. The
composite resin consists of a UV curable matrix material reinforced with short carbon fibers.
Commercially available photopolymer, Rigid, developed by Formlabs Inc., was used as the matrix.
It is made up of methacrylate monomers and oligomers. This specific matrix was chosen because
it had high stiffness and also showed best compatibility with the added carbon fibers among the
several matrix resins that were tested. The compatibility of the fiber-matrix mixture was tested by

mixing the two together and manually coating a layer and observing the coated layer quality.
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The short carbon fibers with an average length of 100 microns and an average diameter of 7
microns were obtained from E&L Enterprises, Inc (product code: PC100). A photo-initiator,
phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (photo-initiator, PI, from Sigma-Aldrich),
was added to the fiber-matrix mixture to initiate photopolymerization. A high energy ball mill
was used to mix the monomer, photo-initiator and carbon fiber together. A schematic of the UV

curable resin formulation is shown in Fig. 2.2.

Carbon fibers Photo-initiator
N
QN
W o _
| Ball mill
\/ \_ .
UV curable UV curable Optical image
Matrix CFRP resin of CFRP resin

Figure 2.2. Schematic of the UV curable CFRP resin preparation process and optical
image of the resin.

The volume fraction of the CFRP resin is altered by changing the ratio of matrix to carbon fibers.
CFRP resin with fiber loadings of 5%, 10% and 20% were prepared. A fiber loading of 5%

indicates that there is 5% of carbon fibers by volume in the UV curable matrix.

Since this study is concerned with the design of multi-material hybrid structures with high stiffness
and high damping, a material with high damping (tan ¢) was also considered. The material of
choice was commercially available UV curable resin, Flexible resin, from Formlabs Inc. The

Flexible resin is a mixture of acrylate oligomers, acrylate monomers and photo-initiators.
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2.4. Challenges to AM of CFRP composites

There are three main challenges to the printing of CFRP composites. Firstly, the system needs to
allow the fabrication of multiple materials. To enable this, a multiple vat system was used. A motor
is setup on the x-axis of the system to move the vats depending on the material. There is also a
washer tank added to the system. This cleans off the material when there is a transition from one

vat to another. This entire process is automated using LabVIEW and Arduino scripts.

The second challenge to printing is the high viscosity of CFRP resins. During the printing process,
resins with low viscosity can be recoated within a short time. As the viscosity increases, the resin
cannot uniformly settle and recoat for the successive layer within a reasonable time when the stage
is raised. With the addition of carbon fibers to the matrix, there is an increase in viscosity of the
resin, making resins with high volume fractions difficult to fabricate. To determine this increase
in viscosity of CFRP resin with the increase in volume fraction, a shear viscosity test was
performed on the TA instruments Discovery HR-2 Hybrid Rheometer and the viscosity at zero
shear was determined. The zero-shear viscosity at different volume fractions of carbon fiber is
shown in Fig. 2.3. There is an exponential increase in the viscosity of the CFRP resin as the fiber
loading increases. The viscosity approaches close to that of honey at 20% fiber loading CFRP.
This makes it hard to fabricate resins with high fiber loadings as they do not recoat when the stage
is raised and lowered for the successive layer.

12
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Figure 2.3. Plot showing the increase in resin viscosity with increase in carbon fiber loading.
At 20% volume fraction, the viscosity approached close to that of honey (10 Pa-s).

To ensure the viscous resins can be efficiently recoated, a recoating fixture, inspired by the tape-
casting technique [29], as shown in Fig. 2.4., was developed. The CAD model for this system was
designed by my colleague, Zhenpeng Xu. In this method, a small amount of CFRP is extruded
onto the membrane after the stage is lifted. Then a doctor blade is employed to scrape a thin CFRP
film onto the membrane to ensure effective recoating for the next layer. Moreover, this technique,
as reported by Song et al. [29] helps align the fibers, which is essential in achieving superior

mechanical properties.
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Figure 2.4. Schematic of the tape-casting integrated multi-material system to fabricate
complex CFRP structures.

Even after integrating tape casting, at higher volume fractions, the problem with recoating still
persists. Controlling the blade position, i.e., the distance between blade and membrane, dbiade, IS
key to ensure the spread resin’s height is high enough and that it can spread over the entire printing
area. In general, the thickness of the coated layer dcoating IS half of the dbiage. Moreover, to guarantee
each layer was fully cured, dcoating Was Set as deoating > ko (K > 1), where ¢ is the layer thickness and
k is the safety factor [29]. The recoating quality of different fiber loading resins is tested, as shown
in Fig. 2.5. It is found that at low fiber loading, the recoated layer is smooth and uniform, and the
visual quality decreases as the loading increases. The maximum fiber loading that can yield a

uniform layer with good quality was around 20 vol%.
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Figure 2.5. Optical images of coated CFRP resin films with different fiber loadings.

In addition to the recoating process, another challenge in the printing process is the reduced cure
depth of the CFRP resin. When UV light travels through the resin, carbon fibers present in it inhibit
the photocuring process by absorbing and scattering the light, thereby lowering the cure depth.
Fibers also cause uneven curing of the resin due to their random distribution. This problem gets
worse as the fiber loading increases. As a result, the cure depth for different fiber loadings was
studied. The curing depth is related to Beer-Lambert law, which is formulated as: Zcq=1/0*In(E/Ec)
where a is the resin absorption coefficient, E and Ec are actual and critical exposure respectively
[30]. E is controlled by UV light intensity and exposure or cure time. Fig. 2.6 (a) shows the optical
images of a single printed layer with different fiber loading resins with 5s cure time. It is evident
that with the increase of fiber loading, the curing depth decreases. As an example, the penetration
curve for the resin with 20 vol% fiber loading is plotted in Fig. 2.6 (b). The light intensity of the
projection system used is 1.1W. By varying exposure time from 5s to 20s, different curing depths
are obtained. For the given light intensity, the curing depth reaches to 96pum when the time goes
up to 15s and saturates after that. As a result, an exposure time of 15s is used to print 20 vol% fiber
loading resin. Additionally, the results indicate that the curing depth is linearly proportional to the
natural logarithm of UV exposure time, which is in good agreement with the analytical model.
From the curve fit, the penetration depth, Dy, is found to by 0.0087um and the critical exposure,
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Ec, is 2189.6 mJ/cm2. To ensure good adhesion between adjacent layers, the layer thickness is set

at half of the curing depth in each case.

Cure depth [um]

Exposure [mJ/cm?]

100} | & Experiment
== Curve fit 9 ,“
Ve
90 f ,
7
C, = 0.0087 In(E/2189.6) A&
7
801 7
¢
Ve
7
70 Ve
7
7
Y &
60 P
Ve
7
Ve
50 4
2000 3000 4000 5000 6000 8000 10000 12000

Figure 2.6. Effect of CFRP resin on curing time. (a) Cure depth of different fiber loadings with
5s cure time. (b) The variation of cure depth with an increase in exposure for 20% fiber

loading resin.

2.5. Post-processing and fabricated samples

The AM technique described was designed to achieve the minimum printable 3D feature size of

~50um in the projection (X-Y) plane. This is determined by the pixel resolution of the DMD array

and the optical components. However, due to the presence of fibers, there is scattering of light,

thereby slightly increasing the feature size in the XY plane. This was not studied in detail as it did
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not affect the quality of the printed design. The resolution in the vertical direction (Z-direction) is
determined by the driving motor, which was 5um. As mentioned earlier, to ensure tight adhesion
between neighboring layers, the layer thickness is set less than half of the cure depth i.e. 40um.
After printing, all samples were cleaned with ethanol and post-cured using ultraviolet light for 30
minutes. This process was followed by thermal post-cure at 150°F for 24 hours to ensure effective
part curing. To demonstrate capabilities of the technique, a number of complex 3D samples from
micro-scales to macro-scales, as shown in Fig 2.7(a)-(d), were printed. Using this system, multi-
material samples with complex geometries and low size scales could be printed.

b SN <R P

Figure 2.7. CFRP samples printed using the described system. (a) Complex spiral ball with 10%
CF loading. (b) Complex closed cell polyhedron with 5% CF loading. (c) Menger sponge with
20% CF laoding. (d) Octet truss unit cell comprising of 10% CFRP and high loss phase.
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Chapter 3. Mechanical Properties of CFRP composites
3.1. Introduction

Mechanical properties of the material are of great importance in the material selection process.
Properties of homogeneous isotropic materials are relatively straight-forward to test and predict.
However, this is not the case with composites due to their heterogeneous and anisotropic nature.
The properties of heterogeneous materials like fiber-reinforced composites depends on several
factors like the size of the fiber, its orientation and properties of the matrix. In addition, additive
manufacturing of these composites leads to further anisotropy due to change in properties
depending on the direction of the print. As a result, it becomes necessary to test these 3D printed

composites.

Carbon fibers are known for their high stiffness-to-weight and high strength to weight ratio. The
addition of these fibers as reinforcement in thermoset or thermoplastic polymers leads to large
improvements in the stiffness and strength of the composite and thus CFRP composites have been
widely used in several fields. However, the concept of SLA 3D printing of CFRP composites is
fairly new and has not been well documented. As a result, it is of importance to understand the
improvement in mechanical properties of CFRP composites 3D printed using SLA technology.
These results can be compared to the well-defined theoretical Reuss and Voigt bounds defined as

[1]:

EVoigt = fEr + (1 — /)Enarrix (3.1)
E — Er Ematrix (32)
tower fEmatrix + (1 - f)Er

Where E,q¢rix 1S the modulus of the matrix, E, is the modulus of the fiber reinforcement and f is

the volume fraction of reinforcement in the composite.
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This chapter summarizes the mechanical properties of SLA printed CFRP composites with
different volume fractions of carbon fiber loading. The testing methods used to determine the
properties of the composites printed using the system described in chapter 2 are described. The
results obtained are compared with other additive manufacturing technologies and also with the
theoretical bounds of the properties. Methods to reach the upper bounds are discussed. The
mechanical properties of concern are the compressive Young’s modulus, tensile Young’s modulus,
Shear modulus and the mechanical loss coefficient (tan ¢) of the composite. The results from these
tests are used in the design of the high stiffness and damping microlattice described in chapter 4.

3.2. Materials

The short carbon fibers with product code PC 100 were obtained from E&L Enterprises, Inc. The
fibers were unsized with a carbon content of 92-94%. The average diameter of the fiber was 7
microns and the fiber length range was 80-100 microns. The density of the fibers was 1790 kg/m?®
and the Young’s modulus was 206 GPa. Again, the UV curable matrix used was the commercially
available Rigid photopolymer resin developed by Formlabs, Inc. A photo-initiator, phenylbis
(2,4,6-trimethylbenzoyl) phosphine oxide obtained from Sigma-Aldrich, was added to the fiber-

matrix mixture to initiate photopolymerization.

The carbon fiber reinforced UV curable was formulated by adding varying quantities of the fibers,
matrix and initiator and mixed in a high energy ball mill at 1000 RPM for 30 mins to ensure
uniform mixing of the fibers and matrix. The schematic for this has been shown in section 2.3.
Although the Rigid resin already has an initiator, its effect is weakened by the presence of carbon
fibers. Hence further initiator is added to the CFRP resin. The quantity of the initiator added is
equal to 3% by weight of Rigid resin. Table 3.1 shows the quantities of different constituents

required to obtain the CFRP resin with the required fiber loading.
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Table 3.1: Formulation of the UV curable CFRP with different fiber loadings.

Fiber loading | Weight of carbon Volume of Weight of
[vol%] fiber [g] matrix [ml] initiator [g]

5 4.45 47.5 1.71

10 8.9 45 1.62

20 17.8 40 1.44

Ball milling is done at 1000 rpm for 30 minutes to ensure uniform mixing of the fibers, matrix and
initiator. However, this procedure has an effect on the length of the carbon fibers. Since the fiber
length plays an important role in the outcome of its mechanical properties, the change in length of
carbon fibers after the process was determined. The resin mixture was ball milled and a small
quantity of the milled CFRP resin was observed under an optical microscope. Using cluster
sampling technique, the length of all fibers in a certain region was determined using the ZEN

imaging software by ZEISS and their distribution was plotted as shown in Fig. 3.1.
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Figure 3.1. The distribution of fiber lengths after ball milling.

It is seen that the average length of the fibers was found to be 68.5 microns with a standard
deviation of 29.8 microns. This value was lower than the value claimed by the carbon fiber
manufacturer. Also, it was seen that the length decreased linearly with the increase in milling time.
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Since the ultimate goal of this work is to design a lightweight microlattice with high stiffness and
high damping, the stiffness and tan ¢ of material with high loss coefficient were also tested.
Elastomers were the preferred choice of material to obtain high values of tan J. After testing the
loss coefficient of several elastomers, the Flexible resin developed by Formlabs Inc. was chosen
because it provided the highest value of loss coefficient, making it ideal for this study. The Flexible
resin is a mixture of acrylate oligomers, acrylate monomers and photo-initiators. It has a stiffness
of 15MPa as reported by Formlabs Inc.

All the samples printed for the tests were post-cured under UV light for 1 hour followed by thermal
curing at 200 °F for 24 hours to ensure effective curing. The printing parameters like curing time
and UV light intensity were however increased with an increase in fiber loading.

3.3. Methods

The samples tested include pure Rigid resin (0% CFRP), 5% CFRP and 10% CFRP. All samples
were tested in the XYdirection of the print. This ensures that failure does not occur due to layer
debonding. This also ensured that the fibers are aligned in the XY plane. The direction of printing
and testing is of importance because the properties of fiber-reinforced composites depend both on
the direction of the fibers and direction of printing. Since fiber-reinforced composites behave
differently in tension and compression, the modulus in both these loading conditions was tested.
The mechanical loss coefficient of the composite was also tested. The results from these tests are

used in the design of the high stiffness and high damping microlattice described in chapter 4.

To determine the tensile mechanical properties of the 3D printed samples, ASTM standard tensile
test samples were fabricated and tested. The tensile tests were done on an Instron 5944 equipped
with Bluehill data acquisition software and a 2000N load cell. Unidirectional tensile tests were
performed to evaluate the stress-strain curve of the unit cell and determine the Young’s modulus.
A strain rate of 1073 /s was employed on each sample until fracture. A total of 5 samples per
volume fraction were tested to determine the modulus. The ASTM standard used for the test was
ASTM designation — D3039 (Standard Test Method for Tensile Properties of Polymer Matrix
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Composite Materials). Similarly, compression tests were performed using samples complying
ASTM designation — E198 (Standard Test Method of Static Tests of Lumber in Structural Sizes,
Section 13). The above standard was obtained from ASTM designation — E2954 (Standard Test
Method for Axial Compression Test of Reinforced Plastic and Polymer Matrix Composite Vertical
Members) for short structures. Shear tests were performed using cylindrical samples of 0.5”

diameter and 2” length.

To determine the mechanical loss coefficient of the samples, a TA Instruments DMA 850 setup
was used. The sample was loaded on the tension clamp and a strain sweep was performed from
0.1% - 1% strain. The goal of this was to determine the elastic limit of the sample. The strain
within the elastic limit, as determined in the strain sweep, is used to run the frequency sweep from
0.1 Hz to 20 Hz. The lower limit of the test was chosen to determine the mechanical loss coefficient
at near quasi-static loading rate and the upper limit was arbitrarily chosen to keep the test within a
reasonable time duration. It is worth noting that the frequency range chosen would depend on the
application the material is being chosen for. All tests were performed at room temperature (25 °C).
This too can be changed depending on the application. Figure 3.2 shows a sample being tested

using a tension clamp.

Test sample

Figure 3.2. DMA test setup to determine the mechanical loss coefficient (tan 0) of the sample.
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3.4. Results

3.4.1. Modulus tests

Figures 3.3, 3.4 and 3.5 show the test results for tensile, compressive and shear modulus
respectively. The modulus is plotted against different volume fractions of carbon fibers loaded in
the matrix resin. The red diamond in each plot represents the average value from the 5 samples
that were tested and the error bars are positioned at one standard deviation. It is seen that the
addition of carbon fibers to the matrix increased the modulus in all three cases. The tensile modulus
of the pure matrix (without CF reinforcement) measured was slightly lower than the modulus
claimed by Formlabs Inc. on their website. This can be attributed to the change in printing systems,
printing parameters and post-curing techniques. The tensile modulus increased linearly with an

increase in CF loading.

The compressive modulus too increases linearly with an increase in fiber loading. However, the
stiffness in this direction is lower than the tensile modulus measurements due to the anisotropy in
of fiber-reinforced composites. This is because, fibers under compressive loading fail via buckling,
making them less stiff. It is also seen that the error bars in all cases are close to the average value.
This suggests that the stiffness in the compressive direction in less susceptible to 3D printing
defects such as porosity and layer adhesion. These defects were particularly evident in the
measurement of shear modulus tests as can be seen in fig. 3.5. As the volume fraction increases,
the shear modulus too increases more or less linearly. However, these measurements were prone

to large errors due to print quality.
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Figure 3.3. Experimental results from the tensile test.
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Figure 3.4. Experimental results from the compressive test.
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Figure 3.5. Experimental results from the shear test.

3.4.2. Dynamic tests

The results from the dynamic test are shown in Fig. 3.6. The curves show the tan ¢ values of
different specimens under dynamic loading for a frequency range of 0.1Hz to 20Hz. The Rigid
resin and 5% CFRP resin have high stiffness but low tan 5. The Rigid resin has a tan ¢ value of
0.098 at 0.1Hz, which decreases to 0.077 at 20Hz. Pure carbon fibers have a reported tan ¢ value
of 1E-05. Hence, the addition of a small quantity of CF to the matrix reduces the tan ¢ value of the
composite. There is no significant difference in the tan ¢ value of 5% and 10% CFRP composite
and hence, only the 5% CFRP composite is represented to maintain figure clarity. Both the Rigid
resin and the CFRP composite have near-constant values of tan 6 over the chosen frequency range

suggesting elastic behavior. The matrix material used for CFRP composite is the Rigid resin.

The Flexible resin exhibits high values of tan g, increasing from 0.299 at 0.1Hz to a maximum of
0.872 at 10Hz and then gradually decreasing to 0.852 at 20Hz. The fluctuation in tan & values

indicates the viscoelastic behavior of this material in the given frequency range.
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Figure 3.6. Experimental results for the mechanical loss coefficient from DMA tests.
3.5. Conclusion

CFRP samples with different fiber loading were fabricated and tested for stiffness and damping. It
is seen that the stiffness in the tensile, compressive and shear directions increases linearly with
increase in fiber volume fraction. This, however, was only proved at low volume fractions of CF.
As the volume fraction increases, the print quality visually diminished due to difficulty in the 3D
printing of CFRP composites using SLA. As a result, the improvement in properties of 3D printed
CFRP composite at high volume fractions cannot be guaranteed unless the SLA system is

improved.
3.6. Discussion

As shown in Fig. 3.7, when compared to the theoretical bounds as given by Eq. 3.1 and 3.2, the
printed samples tested were close to the lower Reuss bound. This could be attributed to several
factors. The upper Voigt bound assumes an ideal case of continuous fiber reinforcement in the
sample, perfect alignment and perfect fiber-matrix adhesion. This is not the case in the samples
tested. The fibers used for reinforcement as short and discontinuous. Despite the use of tape casting

recoating technique, it is not possible to achieve perfect fiber alignment. Also, since the fibers are
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not sized, there could be slippage between the fiber and matrix. All these factors result in the
stiffness being closer to the lower bound. These factors also provide methods to improve the
stiffness and reach closer to the upper bound. However, the results obtained show higher values of
stiffness when compared to other studies using SLA and FFF techniques to 3D print CFRP
composites [31] [32].
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Figure 3.7. Comparison of the tensile modulus test results with theoretical bounds.

Although carbon fibers help increase the stiffness of the base matrix, it has an adverse effect on
the mechanical loss coefficient or tan 6 of the composite. The addition of fibers makes the
composite perform poorly in terms of vibration damping, restricting its application in structural
components where vibration damping is essential. On the other hand, the elastomer tested shows
high damping and viscoelastic behavior. Using this result, a microlattice with a combination of

these two materials for improved stiffness and damping is described in the next chapter.
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Chapter 4: Analysis of viscoelastic composites

4.1. Introduction

Carbon fiber reinforced composites are known for their high stiffness-to-weight ratio. However,
they have a low mechanical loss coefficient (tan o), resulting in poor vibration damping. Chen at
al. [33] reported that the addition of a high loss phase (referred to as soft phase from here on) to
stiff phase in a two-phase configuration can lead to a high stiffness-loss pair. In this chapter, the
use of such high loss materials along with CFRP composites in order to increase the tan ¢ and
vibration damping in CFRP composites while having minimal effect on the stiffness is studied.
The figure of merit of concern in this study is presented. The different types of damping
mechanisms are studied and several viscoelastic composites for maximizing the FOM are

analyzed.

4.2. Figure of merit

This section describes the choice of the figure of merit chosen. Figure of merit (FOM) can be
defined as a quantity used to characterize the performance of a given material in order to enable
comparison with its alternatives. The stiffness and tan ¢ of material are conflicting in nature. An
increase in one usually results in a decrease in the other. As a result, it is important to quantify the
performance using an FOM in order to measure the improvement as well as compare with other
materials. In this study, the goal is to design a CFRP structure with lightweight, high stiffness and
high damping. As a result, the parameters of concern in the FOM are relative density (), Young’s
modulus (E) and mechanical loss coefficient (tan §). It is important to realize that the figure of
merit depends on the application of the material. In this case, the use of CFRP composites as panels
in the automotive or aerospace industry is considered as the most likely application. Such
applications require the material to be lightweight while having high stiffness and high vibration
damping. In order to derive the FOM, let us consider a rectangular plate with area A, thickness t

and material density p. The mass of the plate can be defined as —

m = pAt (4.1)
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The flexural rigidity of the plate, R, can be defined as —

R Et3
T 12(1 —-v?)

(4.2)

Where E is the Young’s modulus of the plate and v is the Poisson’s ratio. Solving for t in equation

4.2, we get —

12R(1 — v?)\"/?
=)

(4.3)

Substituting tin eq. 4.1,

12R(1 — v?)\"/*
m=pA\—F—

(4.9)

Eq. 4.4 can be grouped into constants, geometric parameters and material properties. Since v is

nearly the same for all structural materials, it is considered as a constant in the derivation of the

figure of merit. After grouping, the mass m can be defined as —

m = (12(1 — v2)1/3). (ARY/3). (#

)

(4.5)

Hence the figure of merit, M1, to maximize stiffness and minimize the mass of a rectangular plate

is defined as —

E1/3
M. =
' <p)

(4.6)

Since our application also requires high damping, another figure of merit (M) is defined to

maximize the damping or tan ¢ of the material.
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M, =tané 4.7

The two figures of merit, M1 and M2 can be directly multiplied to obtain our desired figure of merit
M for lightweight, high stiffness and high damping material for plate applications.

E'3tans (4.8)
M=

The material with the highest value of FOM, M, is the best choice for lightweight, high stiffness
and high damping panel. However, it must be noted that in this figure of merit, all three material
properties (E, p and tan o) play an equal role in selecting the material. If the designer needs to
concentrate on one parameter more than the other, the penalty function approach can be used in
which each parameter is weighted based on its relative importance. Also, it must be noted that the

FOM for a truss or beam element with a similar application would be different.

4.3. Damping mechanisms

As seen in the previous section, tan o plays the role in the FOM and hence in the quantifying of
the performance of the lightweight, high stiffness and high damping design. As a result, it is
necessary to understand the different damping mechanisms in lattice structures and ways to
improve them. Salari-Sharif et al. [34] studied the damping or energy dissipation mechanisms in
lattice structures under cyclic loading and classified them into several types. They include:

Q) Intrinsic material damping: It is the damping contributed by the properties of the
material. It is observed at small strain, i.e., within the elastic limit.

(i) Structural damping: Observed at large strains. It is caused by failure mechanisms like
elastic buckling, plastic yield and fracture. Mechanisms like fracture and plastic yield
largely disappear after the first few cycles.

(ili)) ~ Macroscale friction damping: It is caused by the frictional interactions between the
lattice members when it is compressed.

(iv)  Viscous damping: It is caused by the air present around the struts of the lattice, leading

to energy loss.
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(V) Microscale friction damping: Energy is dissipated by the small cracks and voids present

in the lattice due to 3D printing. This is seen even at small strains.

Out of these five sources of damping, the major contributors in a lattice include intrinsic material
damping and structural damping. Hence this chapter looks at ways to increase both of these
damping mechanism contributions for CFRP composites. It must be noted that both these damping
mechanisms are independent of each other and are observed at different strain and frequency
regimes. However, for the purpose of this study, they are studied together to determine the

combined damping property of the CFRP microlattice structure.

4.3.1. Intrinsic material damping

Intrinsic material damping is associated with the material behavior. It an important quantity to be
considered while selecting materials for structural applications. It represents how effectively
vibrations are dissipated within the material. A number of mechanisms are responsible for the
dissipation of vibrational energy within materials and are different in different families of
materials. The damping in photo-cured polymers is attributed to the sliding and rotation of long
polymer chains, whereas, damping in metals is due to the movement of point or line defects [4].
However, most published information is empirical in nature and the underlying physical
phenomena are not completely understood.

The loss tangent (tan o) is a quantity used to empirically determine the intrinsic material damping
of a material. Carbon fibers have low tan ¢ of 1x10* and thus have poor intrinsic damping.
Consequently, CFRP composites too have too tan ¢ and intrinsic damping. On the other hand,
viscoelastic materials like elastomers have high tan ¢ and provide good damping. To improve the
damping of CFRP composites, two-phase hybrid materials consisting of CFRP composites and
elastomers, wherein both stiffness and damping can be improved, are studied. The goal is to obtain

a material with maximum stiffness-damping pair.

To realize this idea for CFRP composites, several two-phase configurations were studied. They

include:
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(i) Voigt composite: The two phases are arranged such that the strain in each phase is the same
whereas the stress is additive.

(if) Reuss composite: The two phases are arranged such that the stress in each phase is the
same whereas the strains are additive.

(iii) Stiff fibers in soft matrix: Carbon fibers are added to a soft matrix.

(iv) Soft spheres in stiff matrix: The soft material is added to the CFRP composite.

(v) Hashin-Shtrikman composites: They are similar to the Reuss and Voigt composites for

two-phase materials but have more conservative bounds.

The different two-phase configurations are represented schematically in Fig. 4.1.

(a) l (b) (©) (d)

Reuss Voigt Stiff fibers in _Soﬂ.sphere.s
soft matrix in stiff matrix

Figure 4.1. Schematic representation of the various two-phase composites studied.

To determine the effect of the stiffness-damping pair for each two-phase configuration, the
theoretical variation of stiffness and tan ¢ with respect to the volume fraction of each phase is
determined. In order to obtain this, let us consider a Voigt composite as shown in Fig. 4.1(b).
Assuming that the material is elastic and there is no slip between the phases, Young’s modulus is

defined as —

E. = EcpVer + EsoftVsoft (4.9)

In which E, is the Young’s modulus of the composite, E¢ is the Young’s modulus of the CFRP
composite, Eg, s is the Young’s modulus of the soft phase, V¢ is the volume fraction of the CFRP

composite and V¢, is the volume fraction of the soft phase, such that Vep + Vsop = 1. For
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materials in the linear regime, the correspondence principle can be used to convert the elastic
relation to a steady-state viscoelastic relation by replacing E by E*. Thus, the viscoelastic or

dynamic modulus of the Voigt composite is given by —

E; = EcpVer + EsoptVsort (4.10)

with E; = E;. + iE[', where E_ is the storage modulus of the composite and E;’ is the loss modulus
of the composite. The loss tangent tan § = E.'/E.. For a perfectly elastic material, the stress and
strain sinusoids are perfectly in phase and thus tan 6 = 0 and as a result, the Young’s modulus is

equal to the storage modulus (E; = E.).

Separating the real and imaginary parts form eg. 4.10, we get —

E¢ +iE! = (Ecr + iEcp)Ver + (Esope + iEsopc)Vsoe (4.11)
Real part:
E; = E¢pVer + EéoftVsoft (4.12)
Imaginary part:
E{ = i(EckVer + EopeVsort) (4.13)

Taking the ratio of imaginary part to real part —

E_é' _ EceVer + EgopeVsost (4.14)
Eé - E(,:FVCF + EéoftVsoft
VeptanSer + Vsoft% tands, st (4.15)
tan byoigr = <
VCF + VsoftEs'_?ft
CF
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Equations 4.9 and 4.15 can be used to plot the stiffness v/s tan ¢ values for Voigt composites over
a range of volume fraction of the two-phases. Similarly, the Young’s modulus for other two-phase
composites mentioned earlier are given in equations 4.16-4.20 [35]. However, since the derivation
of tan ¢ of these composites is complicated, it is done computationally and is only graphically

represented in the stiffness-loss map shown in Fig 4.2.

Reuss -

1V %4
= CE L Tsopt (4.16)
Ec ECF Esoft

Stiff fibers randomly oriented in a soft matrix —

1 1

1 1+ Z VCF + 6 VCZF
E,=—EVop +E (4.17)
c 6 CFVCF soft 1— VCF
Soft spheres in stiff matrix —
E —F. — 15(1 - VCF)(ECF - soft)Vsoft
.= Ecp Esort (4.18)
7 — SVCF + 2(4 — SVCF) ECF
Hashin-Shtrikman lower —
Ver
E. = Egppe +
¢ Tsoft 6(Ksofe + 2Esoft)Vsost (4.19)
Ecr = Esort ~ 5(3Ksope + 4Esort)Esoft
Hashin-Shtrikman upper —
Vsoft
Ee=Ecr 1 4 6(Kcp + 2Ecp)Ver (4.20)
Esoft —Ecr ~ 5(3Kc¢p + 4Ecp)Ecr
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Where K¢p and K, ¢, are the bulk modulus of the CFRP composite and soft phase respectively.
These theoretical relationships are used to plot the stiffness-loss maps (E vs. tan o) for the different
two-phase composites under consideration. The map helps us determine which two-phase

composite maximizes the stiffness-damping pair.
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Figure 4.2. Stiffness-loss map for CFRP composites in various configurations obtained from
theoretical predictions. It is seen that small addition of soft phase in Reuss configuration
maximizes E - tan J. The percentages shown in the map represent the theoretical volume

fraction of stiff phase (CFRP)

The percentages represented in the stiffness-loss map represents the volume fraction of the stiff
phase (CFRP). The values of stiffness and loss of CFRP and Flexible material represent the
extreme values on the curve. The detailed procedure to determine these values can be seen in
Chapter 3. The properties here are dynamic in nature and are represented for a frequency of 0.1Hz.
The reason for choosing this specific frequency is explained in later sections.

From the figure, it can be seen that the Reuss curve occupies the top right area of the map, which

IS our target area since our goal is to maximize both stiffness and damping. The Voigt curve
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occupies the lower left region of the curve and hence is not suitable for our purpose. The Reuss
and Voigt curves form the bounds for stiffness-loss amongst the selected composite configurations.
However, it must be noted that these are not the absolute bounds for stiffness-loss pairs. The upper
and lower Hashin-Shtrikman composites behave similarly to Voigt and Reuss composites
respectively but are conservative in nature. The addition of soft spheres in stiff matrix behaves
similar to a VVoigt composite. Also, the addition of stiff fibers to the soft matrix behaves like a
Reuss composite in terms of increasing stiffness but there is no significant increase in the damping.
Hence of the different configurations considered, it can be seen that Reuss composite gives the

best stiffness-loss configuration.

From the plot, it can be seen that a small addition of the soft phase in Reuss configuration
dramatically changes the stiffness-loss pair values. Figure 4.3 shows the variation of the FOM with
the volume fraction of the soft phase for Reuss and Voigt composite. Only these two composites
were chosen as they represent the bounds in our stiffness-loss map. It can be seen that for the given
FOM, the Reuss composite always performs better than the Voigt composite. Also, a small
addition of soft phase results in a dramatic increase in the FOM in the case of Reuss configuration.
The FOM reaches a maximum at Vs, ¢, = 0.9% after which it gradually decreases. This trend is
seen because the tan ¢ increases rapidly with a small addition of soft phase and reaches its
maximum value. However, the stiffness continues to drop as the volume fraction of soft phase
increases. From the figure, it can be concluded that for the given pair of soft and stiff composites,
the addition of 0.9% of soft phase to CFRP in Reuss configuration can maximize the FOM.
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Figure 4.3. Variation of the FOM with the increase in the volume fraction of soft phase for
Reuss and Voigt configurations.

Experiments were conducted to validate the theory and determine the volume fraction of soft phase
required to maximize the FOM. Samples with Reuss configuration and 5%, 9%, 11%, 15% and
20% volume fraction of soft were fabricated using the SLA system and tested for stiffness and tan
0. As seen in Fig. 4.4, the experimental results were off the theoretical prediction by one order of
magnitude. The experimental volume fraction to maximize the FOM was around 9% - 10%. Even
after several repetitions of the test, the results were the same. This discrepancy was attributed to
the fabrication defects during 3D printing. Since a multi-material system, as described in Chapter
2, is used to fabricate the samples, the transition between two different materials is not perfect and
successive layers after the material change is contaminated by the previous material. Also, there
could be problems in the adhesion of layers of two different materials. These defects are believed
to be the cause of the discrepancy in theory and measurement. However, the experimental values

follow the theoretical Reuss curve, giving us confidence in the work.
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Figure 4.4. Plot comparing the theoretical and experimental values of Vst to maximize
the FOM.

All in all, it is experimentally seen that CFRP composite in Reuss configuration with 9% - 10%
soft phase helps maximize the stiffness-loss pair. This section, however, only maximizes the
intrinsic material damping of the CFRP composite. In the next section, the other major contributor,
structural damping, is studied and a design to maximize the combined value of tan ¢ through both

these mechanisms is presented.
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Chapter 5: Design of lightweight, high stiffness and high damping microlattice

5.1. Introduction

While the characterizations from chapter 4 provide design guidelines for optimizing the stiffness-
damping pairs of fully dense CFRP bulk samples, it remains elusive how these beneficial pairs can
be translated to low-density regimes. Bulk CFRP structures, as studied until now, suffer from a
low stiffness-to-weight ratio when compared to cellular structures. The density of the printed
CFRP bulk samples is about 1230 kg/m?. Cellular structures ranging from natural cellular materials
such as bone and wood to human-made lightweight cellular materials such as honeycomb core
give rise to a superior stiffness-weight relationship by virtue of their high stiffness and strength at
low densities, several times lighter than water. Recently, applications incorporating the periodic
cellular structures particularly in vibration damping have been studied [23] [24]. Moreover, studies
have shown increases in the damping performance of the cellular materials through dissipative
elements [25] and negative stiffness inclusions [26] [27]. Thus, for the purpose of designing a
material incorporating high stiffness and damping and a beneficial stiffness-weight ratio of cellular
materials simultaneously, a two-phase CFRP microlattice was developed. The performance of the
design is quantified in terms of a figure of merit, E¥3tan d/p. The different types of damping
mechanisms in the microlattice are studied. The design is experimentally tested and the results are

compared with existing families of materials.

5.2. Damping in cellular structures

Apart from a superior stiffness to weight ratio, cellular structures also add to the structural damping
of the design. Structural damping is an energy dissipation mechanism seen at large strains, due to
the deformation of the sample. Failure modes like fracture, plastic work, elastic buckling are
contributors to structural damping. Structural damping is dependent on the geometry of the
structure and is measured by subjecting the structure to cyclic compressive loading. Details of this
procedure are described in later sections. In this study, in order to maximize the structural damping
and stiffness at low densities simultaneously, an octet-truss topology is chosen as the unit cell of

the microlattice because of its stretching-dominated nature and its higher stiffness-to-weight ratio
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(i.e., Elp) when compared to other truss topologies. However, it must be noted that there are other
unit cells with a higher stiffness-to-weight ratio [36]. The octet truss is chosen over the closed-cell
foams as it is easier to print and has been previously well studied [37]. Octet truss unit cell topology
is also known to tend to fail under buckling at low relative densities [38], ideal mechanism for

improved structural damping.

5.3. FE analysis of octet truss

In order to determine the stress and deformation fields in the octet truss unit cell, an FE analysis
was performed. First, a CAD model of the unit cell was generated and the outside phases were
flattened out in order to make them flat surfaces and enable load application. The CAD file is
imported into the Abaqus software package to run the FE analysis. In order to mimic the behavior
of the octet truss unit cell under compression, reference points were created in the center of the top
and bottom phase. These reference points were coupled in all degrees of freedom to the top and
bottom faces respectively to ensure that they move as one. Prescribed displacements of equal
magnitude and opposite direction were defined on the top and bottom reference points. Because
of the complex design of the structure, a 3D stress 10-node quadratic tetrahedron, C3D10, element

was used.

Figure 5.1 shows the stress distribution in the octet truss unit cell under compressive loading. It is
seen that the maximum stress is observed at the nodes, where the struts meet. This result could be
attributed to the stress concentration in these regions. It is also seen that the out of plane struts of
the octet truss are under higher stress when compared to the in-plane struts. Also, upon closer
observation, it is seen that the out of plane struts deform in their first mode, i.e., the deformation
is maximum at the center of the struts. This result was backed up by experimental observation.
These FE results, along with experimental observations, help identify regions where soft phase
needs to be added to maximize the allowable strain in the structure. It was concluded the addition
of soft phase at the center of the out-of-plane struts best achieves this goal.
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Figure 5.1. FE analysis of octet truss unit cell showing the stress distribution.

It must be noted that topology optimization can be used to determine the best distribution to
maximize the figure of merit. However, that is beyond the scope of this work.

5.4. Design for maximizing FOM

A lattice structure with octet truss unit cell to maximize the intrinsic damping, structural damping
and stiffness at low densities, and thereby the FOM, is presented in Fig. 5.2. It consists of multiple
octet-truss unit cells made of CFRP composite. The soft phase is present in select out-of-plane
struts in such a way that it is embedded at the center of these struts where the maximum
deformation occurs as seen in the FE analysis shown earlier. This addition allows for an increase
in the global strain of the microlattice and produces a larger enclosed area in the stress-strain
hysteresis loop upon cyclic loading, leading to enhanced energy dissipation through structural
damping. Furthermore, this lightweight cellular CFRP microlattice design is expected to behave
like a Reuss structure when loaded in the longitudinal direction. It is also seen that the interface
between the CFRP and the soft phase was found to be adequately strong to transfer tensile and
compression loads between the two phases. These were verified through experimental
observations. A scanning electron microscope (SEM) image was taken at the boundary, as shown
in Fig. 5.2(c), displays a desired separation between the two phases. In this figure, the upper region
is CFRP whereas the soft phase is in the lower region.
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Figure 5.2. Multi-material architecture. (a) Design of lightweight, stiff, high damping
microlattice with two-phase materials incorporating CFRP and soft phase. (b) Fabricated
lightweight cellular CFRP microlattice having p = 7% with Vsort = 9%. () SEM image showing
the interface between the two phases.

The geometric parameters for fully describing the presented microlattice are the relative density,
p, the thickness of the soft phase, h, and the edge length of the cell, H. The relative density of the
octet-truss unit cell is defined as p = 6mv2(r /1) 2, where r is the strut radius and | is the length
of each strut [37]. This parameter governs the effective stiffness of the structure. The soft phase
ratio in a single Reuss strut, Vsoft, defined as the ratio of h to H, controls the volumetric material
distribution between the CFRP and the soft phase, which essentially tailors the stiffness-damping
property of the structure. Again, not all struts of the unit cell have soft phase embedded in them.
The out-of-plane struts having Reuss configuration are only those that are orthogonal to the
compressive loading. This was an informed decision made to significantly reduce print times. The
Vsoft IS related to the volume fraction of the soft phase to the entire microlattice’s soft phase volume
as V1attice = (2/3)Vgo.

In order to investigate the performance of the stiffness-damping pair of the present microlattice,

several samples were fabricated using the multi-material PuSL described earlier. Microlattices
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having the relative densities, p, of 4%, 7%, 12% with the soft phase ratio, Vsort, of 0%, 5%, 9%,
13%, 20%. In Fig. 5.2(b), a representative lattice microstructure having a relative density of 7%
with Vsort 0F 9% is shown. The specific relative densities were chosen to capture damping due to
buckling and non-buckling behavior. 4% relative density was chosen as it represents the lower
limit of the fabrication capability of the system. 7% and 12% relative densities were chosen to
differentiate the damping behaviors at different relative densities while keeping the design in the
low-density regime. Also, the volume fraction of soft phase was chosen to capture the peak FOM

due to intrinsic material damping, seen at 9%-10% in the earlier sections.

5.5. Investigation of damping performance of microlattice

5.5.1. Intrinsic damping

The intrinsic and structural damping of the microlattice were experimentally investigated
individually and later coupled to determine the total effective damping of the microlattice. In this
study, the microlattice is viewed as a material in the context of continuum mechanics when it is
composed of a sufficiently large number of cells. To capture intrinsic damping properties of the
lightweight cellular CFRP microlattice, small strain DMA tests were performed on the unit cell of
the microlattice using the TA Instruments DMA 850. The samples were compressed dynamically
from a frequency of 0.1Hz to 20Hz and at a strain of 0.05% to ensure that the excitation was within
the elastic behavior of the sample. It is assumed that the unit cell is representative of the intrinsic
material damping of the microlattice. Although a range of frequency sweep was from 0.1 Hz to 20
Hz, the results measured at 0.1 Hz were adopted in this study because the resulting loss tangent,
tan o, allows for a direct comparison with damping property obtained from small-strain DMA and
quasi-static large-strain experiments. It is worth noting that loss tangent, tan ¢, can be measured at
higher frequencies to determine the suitability of the material for vibration isolation in specific

applications like jet engines, helicopter gears, golf clubs. [35].

The intrinsic damping of the unit cell having a relative density of 7% with various volume fractions
of soft phase (i.e., 0%, 5%, 9%, 13%, and 20%) was studied. A single relative density was

considered for a study of intrinsic damping because it can be theoretically proven (shown below)
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that the intrinsic damping for cellular structures is only dependent upon the material distribution

and not on geometric relationships such as a relative density.

Let us consider an octet truss with relative density, p. According to Deshpande et al. [37], the
effective stiffness, Es, of the octet truss unit cell made of struts comprised of a material with

stiffness E can be defined as —

E, = gE (4.21)

Since, in the current design, the struts are made of Reuss configuration, the effective stiffness of

can be defined as —

p
Es = §EReuss (4-22)

Using the correspondence principle, the elastic equation can be converted to its complex form.

« _ P s
Es = §EReuss (4-23)

We know that tan § = E"”’/E’. Solving for tan J in equation 4.23, we obtain,

E! E!
(tant?cp + tandsoft)(VCF + Vsoft E_Z£t) - (1 - tan5cptan850ft)(chtanésoft + Vsofttan6CF —E,C;t) (424)
NY
tan 8 = E . 7
(1 - tandcptandsose) (VCF + Vsose E—éF> + (tandcr + tandsop) (VertanSsope + Vsopetander ﬁ)
So
tan &g = tan Speyss (4.24)

From equation 4.24 it can be seen that the tan ¢ of the lattice is not a function of the relative density.
It only depends on the material distribution. To note, here, it is assumed that all the struts of the
unit cell are of Reuss configuration, which is not true in our case. However, this assumption can
be made since we are only concerned with the dependency of tan ¢ on the relative density of the

unit cell and not used for determining any values analytically.
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Figure 5.3(a) and 5.3(b) show the effective modulus (i.e. storage modulus) and tan ¢ of the unit
cell respectively. The results were obtained from the DMA test of the samples at 0.1 Hz. The
values are also listed in table 5.1. The storage modulus represents the stiffness of the structure at
that frequency. The results indicate that the effective modulus of the samples is inversely
proportional to Vsort and follows an exponential relationship as a function of Vst in such a way
that E = aePVsoft + ce®soft, This physically makes sense because a sample with a higher Vo
would be governed by the elastic behavior of the soft phase. Conversely, it appears that loss tangent
(tan o), which represents intrinsic damping, is nonlinearly proportional to Vsot in a sense that
tan§ = aePVsoft + ¢, This curve fit predicts an asymptotic value of the loss tangent to be
approximately 0.33 which in fact corresponds to the inherent loss tangent of the soft phase.
Moreover, it is seen that the loss tangent is more sensitive to Vsoft than the modulus because a small
addition of the soft phase gives rise to a significant improvement of the loss tangent. Notice that
these phenomena are similar to those observed from a study of the bulk materials performed in
Section 4.3.1. The coefficients for the curve fit of effective modulus and tan ¢ are listed in table
5.2. The curve fits shown for storage modulus and loss tangent have an R? value of 1 and 0.95
respectively, indicating a good fit. It must be noted that in order to obtain a good fit for the loss
tangent, its value at 50% volume fraction of soft phase was estimated at 0.33 since it reaches an
asymptotic value. Also, the damping behavior is similar to bulk sample damping behavior as
shown in Fig. 4.4. This is because the sample is excited at very small strains, capturing only the

intrinsic material damping.
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Figure 5.3. Intrinsic damping properties of a lightweight cellular CFRP microlattice having a
relative density of 7 % with different volume fractions of soft phase. (a) The effective modulus
(E) as a function of the soft phase ratio Vsoft. (b) Loss tangent (tan o) as a function of Vsot.

Table 5.1: Storage modulus (i.e. stiffness) and intrinsic tan ¢ of the samples with relative density
of 7 % at small-strains.

Vsoft 0% 5% 9% 13% 20%
Storage modulus [MPa] | 27.060 | 9.323 6.130 4.108 2.659
tan o [-] 0.086 0.156 0.267 0.304 0.318

Table 5.2: The coefficients of fitting equations of storage modulus (i.e. stiffness) and tan ¢ of the
samples with relative density of 7 % at small-strains.

Coefficients a b C d R?
Effective modulus [MPa] | 16.35 | -0.4649 10.25 -0.0736 1
tan o [-] -0.2569 | -0.1258 | 0.3341 | N/A 0.95

For evaluating the performance of stiffness-damping pair, FOM is examined, as shown in Fig. 5.4.

The dashed line represents a trend based on the fitted curve equation of the FOM, obtained from

the results of the effective modulus and loss tangent. Results show that the addition of a small
quantity of soft or high loss phase increases the FOM and it has its peak when Vot is approximately

equal to 13%. The FOM increases from 0.029 Pa'"3/kgm for the CFRP microlattice to a maximum
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value of 0.055 Pa®/kgm2 at 13% Vs and then decreases exponentially as the soft phase volume
fraction increases further. This trend of the intrinsic stiffness-damping performance of the
microlattice is similar to the bulk sample tested earlier. The finding indicates that the intrinsic
stiffness-damping performance of the present microlattice is not only tailorable but also can be
designed for maximal stiffness-damping material. Again, it must be noted that the stiffness and
loss tangent values at 50% volume fraction of soft phase were estimated to obtain a more

representative fit. The stiffness at 50% Vsoft Was estimated using the curve fit obtained from Fig.

5.3(a).
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Figure 5.4. The intrinsic damping figure of merit as a function of Vsott.

In order to represent the FOM over a range of values of relative density of unit cell, o and volume
fraction of soft phase, Vsoft, @ 2D map, as shown in Fig. 5.5, is presented. As described earlier, the
FOM has its maximum at low relative densities and a volume fraction of around 13%. The curve
fits obtained from the stiffness and loss tangent plots, shown earlier were used to generate the map.
As the relative density of the microlattice increases, the loss tangent remains constant. However,
the EY®/p decreases, thereby reducing the FOM. The variation of FOM with volume fraction of

soft phase has been described in earlier sections. It must be noted that this map only represents the

47



FOM with respect to the intrinsic damping of the material. Also, this theory can be extended to
other types of unit cells as well. Any unit cell comprised of the same combination of materials and

distribution would behave similarly.
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Figure 5.5. Tunability maps for intrinsic damping performance in terms of the figure of merit
obtained from experimental measurements.

5.5.2. Structural damping

Until now, the intrinsic damping properties and FOM associated with it were studied. The
properties were measured at small strains and the energy dissipation or damping was solely a factor
of the materials and its distribution and independent of the topology. In this section, the energy
dissipation of the design due to structural mechanisms like fracture, yield and buckling is studied.
This damping mechanism, also referred to as structural damping is measured by subjecting the unit

cell to cyclic loading.
The structural damping properties of the lightweight cellular CFRP microlattice were investigated
by performing large-strain quasi-static cyclic compression tests using an INSTRON 5944 test

frame equipped with Bluehill data acquisition software and a 2000 N load cell. For the cyclic
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compression tests, a strain rate of 10-%/s was adopted to ensure that all tests were performed in a
quasi-static regime (to suppress mass inertia effect). Load-displacement curves were collected by
the software linked to the test frame and were converted into engineering strain and stress as ¢ =
olLo and o = P/A, where P and ¢ are the load and displacement measured by the load cell,

respectively, Lo is the initial length, A is the cross-section area.

The procedure to determine tan ¢ from cyclic tests is shown in Fig. 5.6. From the measured stress-
strain hysteresis loop, the effective modulus was computed from the slope of a loading curve in
the linear region. The dissipated energy (AU) was measured by calculating the area within the
stress-strain hysteresis loop, and the stored energy (U) was measured from the area under the
loading curve. The last two measures were used to evaluate the damping performance of the
microlattice in terms of the loss coefficient (%) defined as the ratio of the dissipated energy to the
stored energy (i.e., ¥ = AU/U) [34]. The loss coefficient is then converted to tan ¢ via ¥ = (n/2)tan
o0 [4] [5]. This conversion allows for a direct comparison of tan ¢ from intrinsic and structural
damping. Note that this conversion represents a quarter-cycle of a full cycle compressive loading-

unloading response [5].

Hysteresis loop
2
o AU
S AU m
1%5) Y = 7 = E tand
u
Strain

Figure 5.6. Schematic showing the procedure to obtain tan ¢ from the cyclic compression test.

Firstly, the response of the unit cell to multiple compression cycles was studied to understand the
dominant energy dissipation mechanisms. Unit cells with p = 4% and p = 12% having Vsot = 20%

were chosen and subjected to 30 compression cycles. The samples were loaded up to a strain just
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before failure. The specific samples were chosen because the hysteresis loops from relative
densities, p = 4% and p = 12% would be distinguishable and also Vst = 20% allowed maximum
strain during loading. The results from the cyclic tests are shown in Fig. 5.7(a) and (b). It is
observed that the hysteresis loops stabilized after approximately 3 cycles. This could be attributed
to the presence of non-recoverable mechanisms such as localized nodal fractures and possible
inelastic deformation. Similarly, the loss coefficient decreases for up to 3 cycles (~25%). After 3
cycles, the is loss coefficient reaches a plateau region in which it is almost constant, indicating
elastic energy dissipation mechanisms. It must be noted that in the plateau region, energy
dissipation due to material properties, i.e. intrinsic material damping is also included. In other
words, the structural damping obtained from cyclic compression of the sample has a contribution

from intrinsic material damping.
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Figure 5.7. Hysteresis loops from multicyclic compression tests for 30 cycles and evolution of
the loss coefficient with cycle number (inset). (a) Sample with p = 4% having Vsort = 20%. (b)
Sample with p = 12% having Vsort = 20%.

Next, the effect of energy dissipation mechanisms at different relative densities, p = 4%, p = 7%
and p = 12% was investigated. Again, the volume fraction of soft phase chosen was Vsort = 20% to
enable maximum strain during cyclic compression. Since the loss coefficient of the samples levels
out after 3 cycles, the results from the third cycle were used. Fig. 5.8 shows the evolution of the
hysteresis curve for different relative densities. To clearly display the evolution, the curves were

normalized for both stress and strain with respect to their maximum values. It was seen that the
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dominant deformation mechanism at a low relative density (o = 4 %) was elastic buckling of the
constituent struts. This is indicated by the negative slope in the stress-strain curve. As the relative
density increases (p = 7 %), this buckling response diminishes and elastic compression mechanism
starts to dominate at a higher relative density (p = 20 %). This difference in deformation
mechanisms at different relative densities affects the shape of the stress-strain hysteresis loops that
in turn leads to a change in the dissipated energy per cycle and structural damping. Due to the
presence of buckling, the structural damping is maximum at low relative densities. As the relative

density increases, the sample fractures before buckling.
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Figure 5.8. Normalized stress-strain hysteresis loops of samples having Vst = 20% with
various p. Elastic buckling behavior was observed for p = 4% and diminished with an increase
of p resulting in a reduction in the area of the loop.

To determine the stiffness, E, loss tangent, tan ¢ and thereby the FOM, all samples were subjected
to cyclic compression tests. The values of E and tan ¢ are listed in tables 5.3. and 5.4. and their
variation with respect to Vsort for different relative densities is summarized in Fig. 5.9(a) and 5.9(b).
It is seen that the effective modulus of the microlattice was proportional to the increase in the
relative density. This is consistent with other typical cellular structures since such structures
exhibit a scaling relationship between the modulus and relative density. Additionally, for a given

relative density, the modulus monotonically decreases with an increase in Vs, and this
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relationship is nearly identical to the behavior of the storage modulus observed in the intrinsic
properties. As the volume fraction of the soft phase increases, the moduli of the different relative
densities seem to converge. Curve fits for the measured modulus were found to follow an

exponential relationship of Vsor such that E = ae?Vsoft + ce®Vsoft,

The structural damping response of the microlattice, loss tangent (tand), obtained via ¥ = (/2)tand
where ¥ = U/AU, is shown in Fig. 5.9(b). The results show that the (structural) loss tangent
monotonically increases with Vsot and is inversely proportional to the increase in relative density.
Additionally, with an increase in Vs, the loss tangent of all samples reaches its asymptotic value,
and this convergence is more rapid for samples with higher relative densities. The curve fit is
described by the equation tan § = ae®Vsoft + ¢. The coefficients of curve fit for modulus and tan
o are mentioned in tables 5.5 and 5.6 respectively. As mentioned earlier, a dominant deformation
mechanism of samples at low relative densities (e.g., p = 4 %) was elastic buckling behavior, and
we observed that such a mechanism contributed to an improvement to structural damping as
compared to the deformation mechanism at higher relative densities. Moreover, this finding
implies that a cellular structure is preferable to a bulk material for the purpose of structural
damping. A sample having p = 4 % exhibited a larger loss tangent than that having p = 12 % for

all Vot values.
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Figure 5.9. Stiffness and damping results from cyclic tests. (a) The effective modulus (E) as a
function of Vsert. The modulus was inversely proportional to an increase in Vsort. () Loss tangent
(tan o) as a function of Vsot. An increase in Vsort led to an improvement in loss tangent.

Table 5.3: Modulus [MPa] of samples.

P \Vsoft 0% 5% 9% 13% 20%
4% 17.725 | 6.720 4.510 3.012 1.988
7% 26.597 | 8.969 5.510 4.004 2.337
12% 32.213 | 11.250 | 6.250 4.440 2.740

Table 5.4: tan ¢ of samples.

P \Vsoft 0% 5% 9% 13% 20%
4% 0.194 0.304 0.355 0.389 0.432
7% 0.132 0.264 0.298 0.335 0.391

12% 0.090 0.166 0.197 0.267 0.288

Table 5.5: The coefficients of fitting equations of modulus of samples.

p \ Coefficients a b c d R?
4% 9.927 -0.4128 7.797 -0.0702 0.9992
7% 16.85 -0.4141 9.747 -0.0709 0.9987
12% 24.8 -0.303 7.42 -0.0503 0.9999

53



Table 5.6: The coefficients of fitting equations of tan ¢ of samples.

p \ Coefficients a b c R?
4% -0.27 -0.1071 0.46 0.9967
7% -0.29 -0.1006 0.42 0.978
12% -0.23 -0.1075 0.31 0.9689

To get a better understanding of the structural damping performance of the microlattice, its FOM
for the different relative densities was plotted against the volume fraction of soft phase and is
shown in Fig. 5.10. It can be seen that the FOM of merit was higher at lower relative densities and
decreases with its increase. Like in the case of intrinsic damping, a peak FOM is seen at a certain
volume fraction of soft phase, after which it gradually decreases. The samples with p of 4% and
7% showed a peak FOM at around 5% Vsoft, Whereas samples with p of 4% showed a peak at
around 10% Vsott. This is because the loss tangent at high relative densities reaches its asymptotic
value much earlier than that at lower relative densities. Since the structural damping has a

contribution from intrinsic damping, the peak in FOM is seen at similar soft phase volume fractions
in either case.
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Figure 5.10. The figure of merit as a function of Vsort. FOM can be tuned to have a peak when
Vsott IS approximately 10%.
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Again, in order to represent the FOM obtained from structural damping over a range of values of
relative density of unit cell, p, and volume fraction of soft phase, Vs, a 2D map, as shown in
figure 5.11, is presented. The map is generated using curve fits obtained from figures 5.9(a) and
5.9(b). As in the case of intrinsic damping, the FOM is maximum at low relative densities as elastic
buckling is a major contributor to the structural energy dissipation mechanism. As the relative
density increases, the damping and FOM decreases. This implies that cellular topology with low
relative densities provides better performance in terms of FOM when compared to bulk materials.
However, this map does not show the FOM for relative densities above 12% as it is hard to predict

the energy dissipation mechanism in this regime. This study is only concerned with low-density

12 2
6- -
1‘.

0 15 30

regimes.

p [%]

E'3 tand/p [Pa'3/kgm]

0.2
Vsoft [%]

Figure 5.11. Tunability maps for structural damping performance in terms of the figure of
merit obtained from experimental measurements.

5.6. Quantitative assessment of CFRP microlattice design

In order to quantitatively assess the performance of the designed CFRP microlattice in comparison

to other families of materials and commercially available CFRP, an Ashby chart is presented in
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Fig. 5.12. The figure was generated using the CES EduPack 2018 software package developed by
Granta Design. The stiffness-to-weight ratio (E*3/p) was plotted against the mechanical loss
coefficient (tan 0). The dotted lines on the plot represent the design selection lines for the chosen
FOM. All materials lying along a line have the same value of FOM, EY3tané /p. Its value increases
as we move towards the top-right corner of the plot. The values of FOM, measured from the static
and dynamic test for different relative densities and soft phase volume fractions, are bundled
together to represent the overall damping performance of the design and is highlighted in orange
on the map. It was observed that the microlattice FOM improved by almost two orders of
magnitude when compared to commercially available CFRP. Looking at the stiffness-to-weight
ratio and mechanical loss coefficient individually, the microlattice exhibits E¥¥/p close to that of
ceramics and commercial CFRP. Simultaneously, the design also exhibits large values of tan 9,
comparable to that of elastomers. This design gives us the capability to mimic the performance of
natural materials while being able to make use of the other advantages of carbon fiber composites.

Also, the properties can be tuned according to the application and FOM required.
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Figure 5.12. Assessment of the lightweight cellular CFRP microlattice developed in this work.
The orange ellipse represents the envelope of experimental results for an overall damping

property.
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Chapter 6: Applications, Conclusions and Future work

6.1. Applications

The presented work can find applications in fields where lightweight structural materials with good
vibration damping properties are required. The results from this study can be applied to any lattice
design or even to bulk materials. The relative density and soft phase volume fraction can be tuned
according to the stiffness and damping combination required. It can also be tuned based on the
temperature and frequency range. This flexibility in the choice of material properties allows for a

wider range of applications in which this study can be used.

One such application would be aerospace panels. Vibrations damping in aircraft and spacecraft
leads to large energy losses. Sound is one of the major source of energy loss in them. Vibrations
phenomena like flutter and buffet in structural panels could result in catastrophic disasters. Also,
excessive vibrations reduce the efficiency of the system, making air and space travel expensive.
As a result, there is a need for effective vibration control in these structures. Previously, several
techniques of vibration control have been studied. Fuller et al. [39] and Maury et al. [40] studied
the damping of vibrations through active control. However, these technigques require expensive
hardware and are usually less effective when compared to passive vibration control. Hence, as an
alternative, a design presented in this study can be used. As shown in Fig. 6.1, the panels can be a
cellular Reuss structure. This makes it light, stiff and provides high damping, making it ideal for
such applications. This theory could also be extended to other applications like automotive panels,

sporting equipment, naval structures, wheels.
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6.2. Conclusions

In this work, a scalable tape-casting-integrated multi-material stereolithography process capable
of fabricating dissipative soft inclusions embedded in a viscous, highly loaded carbon fiber
reinforced resin is presented. The process was achieved by recoating the highly viscous resin with
an uniformly thin film via the doctor blade and by multiple vats allowing two or more material
selection. This process is not limited to the fabrication of CFRP composites but can also be applied
to other types of viscous resins. The mechanical properties of CFRP composites fabricated using
this system were tested. The results show improvement in properties when compared to other
literature. However, the properties are closer to the lower theoretical bound, indicating at a scope

for improvement.

Using the multi-material system, a lightweight cellular CFRP microlattice having the Reuss layout
was designed, fabricated and investigated analytically and experimentally. Through DMA tests
and quasi-static cyclic compression tests at small and large strains respectively, it was observed
that small volume fraction of the soft phase was adequate to improve both intrinsic and structural
damping performance with some compensation in the effective stiffness. Tunability maps for the
intrinsic and structural damping were also developed by using the experimental measurements for
design usefulness in terms of FOM (E¥3tand/p). The present microlattice was compared with the
universe of existing materials, indicating that our microlattice exhibited a comparable stiffness per
density as commercial CFRPs and technical ceramics and composites and high damping as

elastomers. Finally, the applications of this design are presented.
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6.3. Future work

The parts fabricated and tested in this study are few millimeters in length. For real-world
applications, larger parts need to be fabricated and tested. In order to achieve this, the current 3D
printing system has to be enhanced to print large scale samples. A system was set up to attempt
this and the CFRP sample printed is shown in Fig. 6.2. However, the printed sample suffered from
large suction forces due to the high viscosity of the resin and large print areas. Another challenge
to large scale printing is that the fiber alignment’s effects on the mechanical properties become
more prominent. Hence at larger scales, it is important to relate the fiber alignment with the
mechanical properties. It would also be beneficial to have a system capable of out-of-plane

alignment.

Also, the sample shown in the figure was of a single material. Further studies are needed to reduce
the suction forces and print high-quality parts. Also, the setup needs to be redesigned and re-coded

to allow multi-material printing.

////////

> 0.

Figure 6.1. Snapshot of large-scale CFRP sample printed.

Another scope for future work is related to the mechanical properties of CFRP composites. As was
seen in Fig. 3.7 in section 3.5, the measured values for stiffness are close to the lower bound and

there is a lot of scope to increase the stiffness of the composite. One such prospective is the better
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alignment of the fibers. Although the tape-casting method helps in the alignment, it is not very
effective at higher CF loadings. Other ways to improve the alignment can be studied.
Computational methods to predict the alignment of fibers exist. These methods can be applied to
the CFRP resin to determine the relationship between fiber alignment and mechanical properties.
Also, the stiffness of CFRP increases with increase in length of the carbon fibers. The mechanical

properties with longer fiber lengths can be tested to determine its scaling.

6.4. Research contributions

The efforts of several individuals went into this study. The contribution of each is summarized
below-
1. Ruthvik Kadam (author) —
e Literature review and thesis definition.
e AM system process parameter optimization experiments.
e Analytical and experimental studies of two-phase viscoelastic composites.
e Design, fabrication and experimental testing of high stiffness and high damping CFRP
microlattice.
e Analysis of experimental data.
e Generation of Ashby charts.
2. Zhenpeng Xu —
e CAD modeling and setup of AM system.
e AM system process parameter optimization experiments.
e Design of high stiffness and high damping CFRP microlattice.
e Analysis of experimental data.
3. Chansoo Ha —

e Review of work and suggestions in all stages.
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