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OZET

MIKROVASKULER KANALA SAHIP CAM FiBER DESTEKLI
KOMPOZIT MALZEMELERDEKI GERILIM DAGILIMLARININ
ENINE YUKLEME VE EGILME ALTINDA INCELENMESI

Abdullah Gencer ATASOY

Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Damismani: Do¢. Dr. Baris SABUNCUOGLU
Es Damisman: Dr. Hamed TANABI
Eyliil 2019, 67 sayfa

Kompozit malzemeler arasinda yer alan fiber destekli kompozit malzemeler savunma
sanayii, havacilik, otomotiv endiistrisi, denizcilik ve altyap: sektorlerinde yaygin olarak
kullanilmaktadir. Bu malzemeler yiiksek mukavemet, dayaniklilik, hafiflik ve maliyet

etkinlik gibi cok 6nemli 6zelliklere sahiptirler.

Bu calisma kapsaminda mikrokanallarin gomiilii oldugu cam fiber destekli polimer
kompozit malzemelerin enine yilikleme altinda gerilme dagilimlar1 incelenmektedir. S6z
konusu kanallar kendini yenileme, kompozitlerin aktif 1s1l yonetimi ile elektromanyetik
yonetimi  konularinda c¢oklu islevselligini saglamaktadir. Sayilan bu faydalar,
mikrokanallarin olusturuldugu yerlerde mekanik mukavemetin diigmesi karsiliginda
saglanmaktadir. Bu diisilislin temel sebebi fiber mimarisindeki bozulmanin re¢ine zengini

cepler yaratarak gerilme yogunluklari olusturmasidir. Enine yiikler altindaki ve egilme
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altinda farkli istifleme bicimleri incelenerek en iyi istifleme bigimine iliskin 6ngorii

sunulmas1 amag¢lanmaktadir.

Calisma kapsaminda fiber destekli kompozit malzemelere iligskin klasik lamine teorisi ve
imalat yontemleri hakkinda bilgi sunmaktadir. Modelin vaskiiler kanal etrafindaki
geometri ve Olgiileri mikro-fotograflar tarafindan elde edilmistir. Miiteakiben, sonlu
elemanlar modeli gelistirilerek elde edilen sonuglarin literatiirde yer alan ¢alismalar ile
kiyaslamasi yapilmak suretiyle dogrulmasi gerceklestirilmistir. Regine zengini ceplerin
enine basma, enine ¢gekme yiikleri ve egilme altindaki gerilim dagilimlar1 incelenmistir.
Elde edilen sonuglar enine yiiklemelerde UD90 konfigiirsayonun en fazla gerilim
yogunluguna, UDO konfigiirasyonunun ise en diisiik gerilim yogunluguna sahip oldugunu
gostermistir. Egilme yiikleri altinda ise, mikrokanalli ve mikro kanali olmayan lamina
istiflemeleri kiyaslanarak, [90/0]zs konfiglirasyonunun diger konfigiirasyonlara kiyasla en
diisiik gerilim farkina sahip oldugu tespit edilmistir. Bu nedenle optimum istifleme

konfigiirasyonunun [90/0]3s oldugu bulunmustur.

Anahtar Kelimeler: kompozit, mikrovaskiiler kanal, cam fiber takviyeli polimer, enine

yiik, egilme
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ABSTRACT

INVESTIGATION OF STRESS DISTRIBUTION IN GLASS FIBER
REINFORCED COMPOSITE MATERIALS WITH
MICROVASCULAR CHANNELS UNDER TRANVERSE LOADING
AND BENDING

Abdullah Gencer ATASOY

Master’s Thesis, Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Baris SABUNCUOGLU
Co- Supervisor: Dr. Hamed TANABI
September 2019, 67 pages

Fiber reinforced polymer composites are widely utilized in the defense industry,
aerospace, infrastructure and automotive industries. These materials have important

properties like, durability, lightness, high strength and cost efficiency.

In this study, a glass fiber-reinforced polymer composite material with an embedded
microvascular channel is researched for its stress distribution under transverse loads.
Several research studies have been conducted on vascularized composites, aiming to
develop techniques for health monitoring and self-healing through vascular channels. In
spite of the aforementioned benefits, there is a trade-off regarding the reduction in
mechanical strength where the microvascular channels are introduced. The main reason

behind this is, the disruption of fiber architecture around the vascule, creating resin-rich
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pocket, leading to stress concentrations. By evaluating the stress concentrations under
transverse loads and bending for different stacking configurations, the study aims to give

insight for optimum configuration.

The study contains a general information about fiber-reinforced composite materials to
grasp the basic knowledge about the classical laminate theory along with the
manufacturing of the fiber reinforced polymer with microvascular channel. The geometry
and dimension of the model near vascular channel is obtained by micro-pictures. Then,
FEM is developed and validated with comparing the results obtained with the studies in
the literature. The stress distributions for transverse tension, transverse compression and
bending are analyzed for resin-rich pocket. The results showed that, UD90 configuration
has the highest stress concentration while UDO has the lowest under transverse loading.
Under bending loads, by comparing the laminas with and without microchannels, it is
found that [90/0]ss is the configuration that has the lowest stress difference. For this reason

the optimum stacking configuration is found out to be [90/0]as.

Keywords: composite, microvascular channel, glass fiber reinforced polymer, transverse
load, bending
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1. INTRODUCTION

Composites basically consists of mixing of two different materials which are not soluble
with each other in order to have better material properties compared to the constituents
that form the composite. The type of composite that will be investigated is GFRP

composite.

The application of FRP composite materials have a long history starting from utilization
of clay bricks and reinforced straw but with the discovery of new fibers like boron and
aramids the utilization of composite materials have greatly increased. The FRP
composites have many applications in different fields. For instances, defense industry,
aerospace, automotive industries, marine, infrastructure etc. These materials have
important material properties such as high strength, durability, lightness and cost
efficiency. In order to further increase these functionality of FRP composites channels in
the magnitude of micrometers are introduced. These channels are called microchannels.
There are various studies for increasing the functionality of the composite materials. For
instance, implementations of optical fibers [1], [2], piezoelectric materials and sensors
[2][3] making use of shape memory polymer and its alloys [4], [5] using nanoparticles
[6], [7], [2]. To further enhance these multi-functionalities self-healing [8]-[13], active
thermal management [14], [15], electromagnetic management of composite materials [6],
better damage visibility [16], [17] and sensing [18], [19].

In the scope of the study a glass fiber-reinforced polymer (GRFP) composite material that
is embedded with microvascular channel is researched for its stress distribution under
transverse and bending loads. Despite having these multi-functionality advantages there
are some disadvantages that results in reducing the mechanical strength where the
microvascular channels are introduced. Huang et al. [20]’s studies show that in the
application of circular microvascular channels in carbon fiber reinforced polymer
composites, there is 13% - 70% reduction in compressive strength around the vascules.
In Al-Shawk et al. [21] studied about glass fiber-reinforced polymer composite material’s
stress distribution, stress concentration and failure assessment under tensile loading for

different stacking configurations and vascule sizes via finite element method. As the



result of their study [21], UDO stacking configuration, is strongest against resin failure,
sensitive for vascule diameters change, comparing to the rest and using elliptical vascules

for microchannels resulted in reduction in stress concentrations.

1.1 Aim and Objectives of the Thesis
The first and foremost aim of this study is to provide insight about stress distributions
within the microchannels in GRFP composites and identify the most suitable stacking

configuration under transverse and bending loads.

In the study, developing a computational modelling method to examine the stress
distributions and concentrations in a GRFP composite material with microvascular
channels is elaborated. Under transverse compression, transverse tensile and bending
loads, the effect of stacking sequence is studied. The geometry and dimension of the
model near vascular channel were captured by micro-CT analysis of the GRFP laminates
with vascular channel diameter of 1 mm. The model’s material properties are obtained
from the sample that is produced, tested in University of Turkish Aeronautical
Association’s Laboratory and the analyses are made on this model are presented
accordingly. In order to develop the model, a FEA is applied by ABAQUS/Standard
software. The results obtained for the longitudinal transverse compression and transverse

tensile loads focused on microchannels are presented.

1.2 Research Methodology

The thesis starts with the brief information about the fiber reinforced composite materials
which later on focuses on GFRP composite materials. A literature review on vascularized
composites is then presented by focusing on studies on mechanical behaviors of
vascularized composites. Therefore, laminates with a vascular channel and various
stacking configurations are modeled. The model is validated with respect to the presented
results in literature. Further analyses are done on the validated model under various
loading conditions. The modelling is done based on the previous studies on the literature,
creating the validation model in order to facilitate the analysis. A validation model is
created by Huang et al. [21]’s study. Same dimensions and material properties are used

for validation purposes. However, there is distinct difference. Unlike Huang et al. [21]’s
2



study which is 2-D, the validation model generated as both 2-D and 3-D model. This
enables studying for various laminate angles and makes the analysis suitable for different

types of load like bending.

After validating this model, the steps taken for validation model are used to create present
model. In the 3-Point Bending analysis, a model without microchannel and with
microchannel with Imm diameter is created. The results for validation and present model
that includes transverse and bending loads, are afterwards stated. In the conclusion part,

the evaluations are presented about the studies that are presented within the thesis.

1.3 Main Frames of the Study
The thesis mainly consists of five parts excluding this part. Summary of these parts are

given below:

1. General Information about Fiber Reinforced Composite Materials

Definitions, types of composite materials, the manufacturing techniques of

GRFPs and classical laminate theory are presented in this section.

2. Microvascular Channels in Composite Materials

Definition, manufacturing methods and mechanical behavior of vascularized

composites are given.

3. Finite Element Analysis of VVascularized Laminate

A laminate with a microvascular channel is modelled in this part. The studies

regarding the validation model and present model is given.

4. Results and Discussions

The results obtained from the validation model and present model are stated in

this part.
5. Conclusions

The brief summary and results of the studies presented within thesis is given in

this part. In addition, studies that may be done in the future is also given.



2. COMPOSITE MATERIALS

2.1. Definitions of Composite Materials

Composites comprise of two or more materials. These materials that form the composite
don’t form solution, and combine at a macroscopic level. Constituents are called
reinforcing phase and matrix. The reinforcing phase is embedded in matrix phase. The
reinforcing phase material’s shape may vary such as fibers, particles or flakes. As for

matrix phase, they are mostly continuous.

Actually, composite materials are not fully man-made at all. There are some good

examples of naturally found composite as well such as wood and bone.

2.2 History of Composite Materials

If we look through the history, earliest examples of the composite materials start with
Israelites who used clay bricks and reinforced straw. They discovered that if those
materials used together they can serve the purpose rather than used solely. There are many
cases that composite materials are used. For instance, in 1500 B. C’s, reinforcing the mud
walls of the houses are reinforced via bamboo shoots. Around 1800s, laminated metals
are used for forging swords. In recent years, carbon, boron and aramids (aromatic
compounds of C, H, O and N) are developed quite fast. Due to this development,

implementation of composites are increasing day by day. [21]

2.3. Fiber Reinforced Composite Materials

Fiber reinforced composites materials comprise of high strength fibers which have good
load bearing capacity and a matrix that protects and keeps the structure in the desired
orientation by acting as load transfer function between the fibers and also protects against

severe environment condition like high temperature and humidity [22].

The general form of fiber reinforced composite materials are called laminate that is
formed by stacking a certain number of thin layers of fibers and matrix to achieve a
desired thickness. By changing the order of these stacking and fiber orientation different
physical and mechanical properties can be achieved. [23]



2.3.1 Area of Utilization

Fiber reinforced polymer composites has many applications in various fields. For
instance, defense industries, aircraft, space, automotive, sporting goods, marine and
infrastructure are the major areas. The reason that composite used in these areas may
vary but the most common reason may be weight reduction. [24]

2.3.2 Manufacturing

In order to transform the fiber-reinforced thermoset polymers into a composite part, the
material must be cured to an elevated temperature and pressure for a predetermined
timeframe. These polymers may be uncured or partially cured. The high curing
temperature is required for initiating and sustaining the chemical reaction. There are two
reason for using high pressure. The first reason overcoming the resin’s high viscosity.

The second one is, plies needs much pressure for bonding together to form laminate.

2.3.2.1 Bag-molding process

In this process, pressure, which can be applied by a bag or diaphragm, is applied before
the curing of the laminate to improve consolidation of the fibers and removal of the excess
air, resin and volatiles from the matrix. [25] The laminae are laid in the mold and
impregnated with resin. Preventing the laminae sticking to mold is important. For this a
release film or agent is used. In some cases, a peel-ply is used to leave a pattern on the
surface to enhance adhesive bonding later on. The breather/bleeder combination is used
for distribution of the vacuum and letting out the excess air, resin and volatiles to vacuum
port. Then, the laminate is covered with the flexible bag and vacuum and heat is applied.
After curing, the vacuum extracts the excess components (air etc.) in the resin. Finally,
the materials turn to a desired configuration of the molded shape. A schematic for vacuum

bagging is given in Figure 1.
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Figure 1: A Schematic for Vacuum Bagging [25]



2.3.2.2. Compression molding

SMC’s are turned into finished products in matched molds. Primary benefit of this
process is being able to manufacture complex parts in short amount of time. Considering
this advantage, the compression molding is quite suitable for serial production. Ribs,
bosses, flanges, can be produced with this method of manufacturing. In Figure 2, a
schematic for compression molding is presented. With compression molding a secondary
finishing operation like welding, drilling, forming etc. is not needed. Having simplicity
for production, this process can be automated easily. It can be easily said that; this is quite

convenient for high-volume production. [23]
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Figure 2: A Schematic for Compression Molding [23]
2.3.2.3. Pultrusion

The pultrusion process allows a continuous, automated, quality controlled and cost-
effective way of production of different profile geometries for series production. Beams,
frame constructions, car bumpers can be given an example for parts that can be produced
via pultrusion. The reinforcing fiber materials are provided by creel and the fibers are
pulled from end of the production line in one way. In order not to have a misalignment in
the fibers pre-stress can be applied. The fibers then go through the resin impregnation
either with a resin bath tank or with drawing chamber injection system. During
impregnation, air the air and moisture inside the fibers are let out. Fibers need to

consolidate, formed, calibrated and cured. For this a heated and cooled forming die is



needed. Finally, the profiles are cut for arbitrarily. A schematic for typical pultrusion line
Is presented in Figure 3. [26]

Figure 3: A Typical Pultrusion Line [26]
2.3.2.4 Filament winding

This production method is an automatic manufacturing process to create axisymmetric
and some of the non-axisymmetric parts. In this process, two ways of winding exist. For
wet winding, dry fibers pass through a resin bath and for dry winding, prepreg materials
are used. [27] The filament winding process can be summarized as following: the rovings
are gathered together from creels, then pulled into resin and catalyst bath. The excess
resin is wiped form the rovings. Then, rovings merged to form a flat band. With this, they
got positioned on the mandrel. Lastly, the band travelling back and forth on a carriage
forms that forms a helical winding pattern on a part. A schematic for filament winding is

presented in Figure 4.
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Figure 4: Filament Winding Schematic [27]



2.3.2.5. Liquid Composite Molding Processes

The process takes place in a closed mold. The dry fiber preform is injected with premixed
liquid thermoset resin. The liquid thermoset resin is spreads and coats the fibers, expelling
the air and by curing this mixture turns into a matrix. There are two methods for Liquid
Composite Molding, the first one is Resin Transfer Molding (RTM) and the other one is
Structural Reaction Injection Molding (SRIM).

2.3.2.5.1. Resin Transfer Molding

In this molding process, a number of dry continuous strand mat, cloth or a woven roving
are placed in the bottom part of the two-part mold and as the mold closes, a catalyzed
liquid is injected from sprue and resin spreads in the mold and fills the space in the fibers
via injection pressure that removes the entrapped air out of the fibers from air vents. [23]
After curing to the desired temperature and then cooling off, the outer edges of the part is
needed to match the desired dimensions. Besides the flat reinforcing layers like
continuous strand mat, the preforms that are already in the desired shape of the product

can be used. Some examples of schematics for this RTM process are presented in Figure
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Figure 5: Schematics for RTM Process for Desired Shapes of the Product [23]

There are various ways for RTM processes. One of the most common method is vacuum

VARTM. In this method, vacuum pulls resin into preform along with resin injection



system. Schematic for VARTM is presented in Figure 6. Another method is called
SCRIMP. In this method, vacuum is also used for pulling liquid resin into the resin.
However, the main difference from VARTM is, using a porous layer. The layer has low

resistance to flow. With this, liquid resin easily flows. [2]
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Figure 6: Schematics for VARTM Process [23]

2.3.2.5.2. Structural Reaction Injection Molding

Inside the mold there is a dry preform. The resin and initiator are in separate tanks due to
their high chemical activity. First, the mixture of resin and initiator are injected to the

mixing chamber and then mixture is pumped to the mold, where it is cured at high speed.

2.3.2.6. Other manufacturing processes
The most common methods for producing the fiber reinforced polymer composites are
presented till this part. In addition to these method, there numerous processes like “resin

film infusion”, “elastic reservoir molding”, “tube rolling” which will not be covered by

this study.

2.3.2.7. Manufacturing Processes for Thermoplastic Matrix Composites

Previous processes are generally for thermoset matrix composites but they can also be
applied for thermoplastic matrices as well. However, due to the thermoplastic matrices’
material properties, the molding characteristics has to be different for some cases. For

instance, the thermoplastic prepregs lacks stickiness. Therefore, the prepregs need to be



spot-welded from their outer edges.[23] Also, the thermoplastic matrix needs higher
temperatures to be cured. So, the mold needs to be heat-resistance even more comparing
to the thermoset ones. Another difference is, having no chemical reaction in the process
to form thermoplastic matrix composites. Despite that, individual plies still needs to be
consolidated. Therefore time and high temperature is needed. Schematics for forming
thermoplastic matrix composites for different methods are presented in Figure 7. [23]
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Figure 7: Forming Methods of Thermoplastic Matrix Components for a) Matched Die
Forming b) Hydroforming c) Thermoforming [23]

2.4. Macromechanical Analysis for Lamina

The word “lamina”, “ply” or “layer” corresponds to a thin layer of composite which is
formed by arranging the unidirectional or multidirectional fibers in a matrix and
“laminate” corresponds to a stack of laminae bonded together to form a multilayered sheet
of composite. [28] The stacking direction is always in the lamina thickness. The structures
consisting of these laminas are subjected to a number of loads. To analyze the stress-
strain behavior that corresponds to these loads on these laminates, one must understand
lamina first. If lamina which are not isotropic homogeneous material, are mechanically
modeled, it would be very complicated. Thus, to make a macromechanical analysis, a
lamina is assumed to be homogeneous. Also, average properties for lamina are accepted.

2.4.1 Hooke’s Law for Isotropic Materials
Isotropic materials mean that the materials properties are same for all directions. The

stiffness matrix comprise of E, G, K, v. In addition, two of these constants are dependent

on each other two.

G =—= (2.1)

T 2(1+v)
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E
T 3(1-2v)

(2.2)

For anisotropic materials the general stress-strain relationship for 3-D body for Cartesian

coordinate system is given in Figure 8.
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Figure 8: Stiffness Matrix (C) and Compliance Matrix (S) for Anisotropic Materials [29]
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For isotropic materials, due the principals of symmetry:

Ci1 = Cyy,

Ciz = Cy3,

C.. = Cr2— Ca3 - C11—Ci2
66 2 2

(2.3)
(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

Thus, stiffness matrix and compliance matrix for isotropic material reduces to the forms

that are presented in Figure 9.
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Figure 9: Stiffness Matrix (C) and Compliance Matrix (S) for Isotropic Materials [29]

2.4.2 Hooke’s Law for Orthotropic Materials

For orthotropic materials’ planes are symmetric in a way that all of them are perpendicular
to each other which creates nine independent elastic constants. With these constants at
hand, the stiffness matrix and compliance matrix for orthotropic materials are reduced to

the form that are presented in Figure 10.
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Figure 10: Stiffness Matrix (C) and Compliance Matrix (S) for Isotropic Materials [29]

2.5. Macromechanical Analysis for Laminate

The stress-strain relations for single lamina are presented in section 2.4. To achieve
laminate structure, laminae need to be stacked together in the thickness direction. The
first reason for the stacking operation is, not failing under realistic loads. The second one
is, enhancing the mechanical properties in transverse direction. On the other hand, the

laminates should be stacked with different layer angles in order to compensate complex

12



loading and stiffness requirements. Since too many laminates would increase the cost the
optimum amount and ply angles should be considered. The strength and stiffness and
hygrothermal properties of the laminate depends on elastic moduli, stacking position,
thickness, angle of orientation, coefficient of thermal expansion and coefficient of
moisture expansion. In order to facilitate the analysis, some assumption will be done
neglecting some of these parameters. So, only the parameters that will be used in the FEA

will be covered afterwards.

2.5.1 Stacking Position
As previously mentioned, single layers are bonded through thickness direction. To
identify a layer some parameter has to be known. These parameters are location, material

and angle of orientation. An example drawing of a laminate is presented in Figure 11.

Fiber direction

S

y

Figure 11: A Drawing of a Laminate [29]

Each lamina is represented by angle of ply and separated by each other with a slash sign.
The sequence of the plies goes from top to the bottom. Some special notations can be

used. Some examples are provided below:

[0/-45/90/60/30] is the code for a laminate that involves five plies. Each plie has different
angles to reference x-axis. It also shows plies are of same material and with same
thickness. The laminate can also be showed with [0/-45/90/60/30]. Here subscript show

“total laminate”.
Another example is presented to show how the symmetry in the laminates are. If we

examine the [0/-45/60]s laminate, it involves six piles with [0/-45/60/60/-45/0]

configuration.

13



It can be interpreted that, the material orientation, material and thickness are same which
makes the laminate symmetric. So. “s” written as subscript denotes written plies are

repeated in reverse order.

2.5.2 The Relations for Stress and Strain

Before driving the equations for stress and strain for laminates, “Lamination Theory”

should be presented. This theory has four basic assumptions that are:

» Laminate is thin and wide (can be interpreted as its width is much more than the
thickness)
» Many of the laminas has perfect interlaminar bonds between them

Strain distribution for transverse direction is laminar

A\

» All laminas are macroscopically homogeneous, and they all show linearly elastic

behavior

A laminate geometry is presented in Figure 12. Referring to strain distribution in the

thickness direction being laminar, the equation below can be derived:

Exx = E;X + ZKxx (2-9)
Eyy = S;,y + Zkyy (210)
YXy = y;y + kay (211)

Where z denotes the distance from the midplane in the thickness direction
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Figure 12: A Laminate Geometry [23]
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2.5.3 The Relations for Forces and Moments in the Laminates
A schematic for the laminate resultant forces and moments acting on a laminate is given
in Figure 13. These resultant forces and moments are related to the strains and curvatures

by the equations below:
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Figure 13: Schematic for the Laminate Resultant Forces and Moments Acting on a
Laminate [23]

Nxx Exx kxx
Nyy t = [A]{ &y { + [B] { %yy (2.12)
Ny Yy Kxy

and
M, E;x Kxx
Myy b = [B] { &yy ¢ + [D]4 Kyy (2.13)
Mxy y;y kxy

The elements in the matrix [A], [B] and [C] are calculated from the equation below:

Amn = 271 (@mn)i(hi-hj1) (2.14)
Brin =5 X1 (Qrn)i(h?-h7-,) (2.15)
Dimn =2 Xy (Qr)i(1-hi ) (2.16)

Here, n denotes the total number of laminas.
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3. MICROVASCULAR CHANNELS IN COMPOSITE MATERIALS

3.1. Area of Utilization

As mentioned in the previous chapters, from defense industry, aerospace etc. the
composite materials are frequently utilized. To enhance capabilities of composites
various studies have been going on. [30]-[32] In recent years, functionalizing the
composite materials via implementations of optical fibers [1], [33], using shape memory
polymers and its alloys [4], [5], [34] incorporation of piezoelectric materials and sensors
[35], [3], using nanoparticles have been studying [6], [7], [36]. In addition to these
implementations, to augment utilization and functionality of the composite materials,
several studies have been done in this field recently. One way to increase the functionality
is, introducing fluid into the microchannel. The fluid in the microchannel can be selected
to according to the aim to be achieved. Functionalities previously mentioned, may be
sorted as self-healing [8]-[13], active cooling [14], [15] and better damage visibility [16],
[17] and sensing [18], [19].

3.2. Manufacturing
There are three main manufacturing methods to obtain microvascular channels in
composites, which are vaporization of sacrificial components, removable solid cores and

non-removable hollow cores.

3.2.1 Vaporization of Sacrificial Components

VaSC in short, is commonly used for 3D woven materials. In this manufacturing process,
portion of the fiber tows that are in the woven preform, are replaced by catalyst-
impregnated polylactide acid (PLA) sacrificial fibers. Then the impregnated preforms
infiltrates epoxy. During heating, sacrificial fibers evaporates and evacuates to form
hollow microchannels. The advantages of this manufacturing method are, offering
different size, shape and microvascular structures, providing smoothness at the surfaces
and providing good control on size of the microvascular channel that is aimed. On the
other hand, the disadvantage of this method is, needing operator skill to form the
microvascular channels and also the requirement for the high temperature resin. The
diameter of the microchannel that can be obtained with this method has a range of 20 um
to 500 pum.
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The microchannels that are produced by this method can be used for active-cooling,

biotechnology, micro-electro-mechanical systems, chemical reactors [37]-[47].

3.2.2 Removable Solid Cores

In this process, metal or polymer removable cores positioned on dry fabric layers. Then,
resin curing and permeation are done to form laminate. After removing the cores, the
hollow channels are obtained. The microchannel diameter can vary for wires made of
different materials. For instance, for straight non-woven polymer wire is used, the
diameter ranges from 280 pm to 1.2 mm and if metallic wire is used the range varies
between 80 um to 710 um. The advantage of this method is, reduction the effects of the
microchannel to improve mechanical strength. A disadvantage for this method is, not
being suitable for thermal applications. Another one is being limited to straight channels.

This method of production can be used only for self-healing as of now. [20], [48]-[55]

3.2.3 Non-Removable Hollow Cores
In this method, a metal bundle, glass, polymer hollow tubes can be used. These materials
can be introduced center of the fabric layers. During the curing, these tubes works as
microchannels. The most common non-removable hollow cores are hollow glass tubes
(HGT) and hollow glass fibers (HGF).

3.2.3.1 Hollow Glass Tubes

The hollow glass tubes’ diameters range between 0.3 mm to 3 mm. The benefits of HGTs
are being compatible with various composite types, easy positioning, obtaining smooth
surfaces and higher structural strength. Respect to these advantages some researchers use
this type of microchannels. [56]-[62]. The disadvantages of this process are reducing the
mechanical properties of the composite when applying a large tube dimension. Also,
similar to solid cores, only straight alignment can be used and not convenient for heat
transfer applications. These tubes can be used for self-sensing and self-healing

applications.
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3.2.3.2 Hollow Glass Fibers

The hollow glass tubes’ diameters range between 5 pm to 60 um. The advantages of this
method are: enabling the utilization in woven laminates, being compatible to most of the
composites, effecting the mechanical properties less. The disadvantages of this methods
are like hollow glass tubes: being limited to size and shape of microchannels, not being
convenient for heat transfer applications. Hollow glass tubes used composites are most
commonly used for better visuals for internal damage applications and self-healing. [63]—
[66]

3.2.4 Manufacturing of Sample Specimen

The analyses were performed for cross-ply glass-fiber composites with two
configurations, [0/90]zs and [90/0]ss. 12 plies for both configurations are prepared with
glass fabric of areal weight, 350 gr/m?. The thickness of each ply was 4.5 mm. Taking the
density of glass as 2.5 gr/cm?, the fiber volume fraction was calculated as approximately
37%. The diameter of micro-channel to be manufactured was determined as 1 mm based
on the maximum channel diameter with respect to the laminate thickness suggested in

order not to encounter manufacturing issues.

The specimens were manufactured via removable solid wires technique. First, fabrics
were cut and placed in an aluminum mold. The specimen length is 280mm, height is 205
mm and thickness is 4 mm. As for solid steel wires the diameter is 1 mm and the length
IS 290 mm. Four solid steel wires are used to introduce the microvascular channel to the

laminae.

Wires were coated with a thin layer of mold release and then located in the middle layer
with the distance of 50 mm from one another. In order not to have any axial runout, the
both ends of the wire is attached tightly to the mold surface. After the mold is closed,
epoxy resin were introduced to the mold by VARTM. The epoxy’s properties and curing

cycles are given in Figure 14.

Epoxy composition Curing Temperature Curing Time
Aradur 564: Arvaldite 2954, | 80 °C 1 hour
100:37 wt.%, Huntsman

160 =C 4 hours

Figure 14: Epoxy Composition and Curing Information
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Following the cure, solid cores (wires) were pulled out and then composite plate was
trimmed around the edges. Finally, the specimens were cut to the dimensions suitable for

micro CT scanning (10 mm X 4 mm).

3.3. Mechanical Behavior

Since being inserted into composite laminates, the microvascular channels create stress
concentration fields. For this reason, this application effects the mechanical strength of
the structure. Inserting a HGT into the laminates, creates resin rich pockets/regions. In
this region, ply undulations occurs and volume fractions increases as a natural
consequence. To analyze the effects of microchannels on the composite structure, the
composite structure with HGT is researched and it is found that the microchannels effect
the compression and tension moduli, tension and compression strength, fiber volume

content inside the structure. [66]

There are numerous tensile, compression, impact, fatigue short beam shear and cantilever
beam tests are done. [1], [2], [30], [35], [56], [67], [68] Coppola et al, found that for
GFRP with microchannels created VasC method, for in plain and tensile moduli are less
than 10% for longitudinal and transverse tensile load. Huang et al. [20] researched the
influence of microchannels applied to CFRP composites. The obtained results show a
reduction in compression strength 13% to 70 % varying according to the diameter of the
microchannels. The main cause of this reduction in compression strength is fiber

waviness and resin rich regions.
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4. FINITE ELEMENT ANALYSIS OF VASCULARIZED
LAMINATE

It is found out that various researchers used FEM to study the effects of microchannels
for the structures of composite materials. And among the researchers some of them used

plane strain model [20] and orthogonal stacking configuration [69].

Huang et al.[20], researched a FEA for crack initiation and failure under load. Instead of
using whole length, just a quarter of the geometry is used due to geometric symmetry.
The meshing areas are divided into zones. Each zones has different mesh density. Plain
strain model is assumed. The dimensions are specified in a parametric manner to make
the comparison of the results easier. The curing effect is also introduced to the FEA. First,
the curing stresses and then the mechanical loads are analyzed. Three different number
of elements and nodes are tried and the optimum element and node number are assigned
for the model. Results obtained by the FEA is validated through mechanical testing with
high-speed photography [20].

Soghrati et al, used a method called IGFEM to model and design for actively cooled
microvascular specimen to minimize the temperature in the thermal fin, to optimize the

flow efficiency in the microchannel [40].

Hartl et al. [70], researched parallel and periodic microchannels. The impacts of channel
orientation, spacing and cross-sectional aspect ratio of channel are quantified for laminate
sequence for the aerospace structures that are commonly used. The primary aim of the
study is guiding the design of composite with microvascular channels by based on this
analysis. A general Representative Volume Element is analyzed with FEA for damage

approach.

Al-Shawk et al. [21], studied about GFRP composite materials with microvascular
channels to investigate stress concentration and failure behavior around resin rich region.
Different stacking configuration and vascule sizes are used in the study. The most
noticeable change observed is in UD 0 stacking configuration for changing microchannel

diameter. The elliptical channels are also studied and the effect of this parameter
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comparing to the circular ones results in reducing the stress concentrations. Stacking
configuration effects the failure in the resin pocket rather than the area around laminates.

Khargani et al. [71] studied the behavior of the butt-joints under 3-Point Bending. The
joints are made of steel and GFRP. Bolted and non-bolted joint connections are used.
Numerical calculations and experiments are done within the study. Strain gauges are used
to measure deflection and strain values. These values are also numerically calculated. 3D
FEM analysis is done via ANSYS software. Within numerical analysis, the input for the
3-point bending is specified. For steel, maximum first principal stress theory is used to
determine the failure. However, it is also stated that maximum normal stress or von-Mises
may be the other options for stress theory. Relation of load vs displacement and load vs
strain are sorted. The maximum strain value obtained is 0.47%. It is found that bolted
connections does not give too much effect on capacity and stiffness to the joint as a result.
[71]

Fan et al.,, [72] researched through static and fatigue aspects of 3D orthogonal
Carbon/Glass fiber hybrid composites. Two different hybrid composites are used, 3D
orthogonal and laminated ones. Failure and fracture propagation are observed via 3D
microscope. It is found that 3D orthogonal model shown better results comparing to the
laminated one. The main reason for this is 3D orthogonal one has threads in z-direction
(direction of the applied load). 3-point bending tests are done to analyze static test and
fatigue test. After the tests, images of fractures are captured by 3D microscope. [72]

Wu et al. [73] reserached the fatigue response of 3D braided composite under three-point
low cyclic bending. An FEM model is created (via CATIA software) to analyze
(ABAQUS software) bending fatigue behavior deformation and failure. To capture the
essence of the failure, stress distributions, stress hysteresis failure of the fibers and resins
among the composite are observed. Within the FEA, fiber yarns roller and these yarns are
hexahedral and since the resin has irregular curves tetrahedral elements are used.
Different mesh sizes are tried and mesh size is optimized. In addition, surface to surface
contact model is used. Tie contact is used between the support roller and resin. Master
surface is chosen as fiber that contacts the resin and slave surface is chosen as resin. The
supporting rollers are chosen as rigid bodies without DOF. It is found out that yarns at

the surface burden more load comparing to the inner ones. It is implied that crack forming
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and fatigue damages starts at early stages within the composite and afterwards this leads
to crack propagation. Finally, Wu et al, states that by changing the fiber tows orientation
angles, the mechanical properties of this type of composites may be enhanced even more.
[73]

Jia et al, [74] investigated the deformation and damage aspects of 3D orthogonal woven
composite materials. Composite is subjected to the 3-point bending analysis that is
analyzed via FEA. Crack failure modes and longitudinal and transverse ultimate strength
of the materials are obtained. Beam’s responses under 3-point bending, damage initiation
and propagation values are obtained. Afterwards, these values are compared with the
experimental ones. It is assumed that materials have maximum principal stress failure.
Micro, meso and macro scale analysis are done by different element sizes with C3D8
elements. 3-point bending analysis macro-scale cells are used. It is stated that, with the
obtained FEM may further developed to make deformation and damage analysis that can

be used in textile composites. [74]

4.1. About the Model

In this chapter, the models that are developed for the thesis are introduced. Huang et al.
[20]’s model is selected as reference due its similarity in configuration for validation
purposes. Huang et al. [20]’s model is re-drawn both with 2-D and 3-D geometry with an
assumed width and same loadings and all other configuration as kept same. After
obtaining the 2-D and 3-D analysis results, 3-D model approach is considered. The reason
to choose the final geometry as 3-D instead of 2-D is, with 2-D geometry different angles
for laminates cannot be studied and with 3-D model it is more flexible to study the loading
cases such as bending [21]. After validating the model, the model is generated with
different dimensions and loading. The model’s material properties are obtained from the
sampled that is produced, tested in UTAA’s Laboratory and the analysis are made on this
model are presented accordingly.

4.1.1. Finite Element Model Development of the VValidation Model
4.1.1.1. Defining the Geometry
Huang et. al. [20] selected the vascule diameter as 80um, 150 um, 200 pm, 310 pm, 400

um, 560 pm and 710 um. In order to have a result that is compliant with the test results,

22



400 pm circular vascule are presented. According to Huang et. al. [20]’s study, there are
four important feature that effects stress, Resin pocket length (Lrp), fiber disturbance
angle (8q), fiber disturbance height (hg) and resin pocket are (A). A schematic the

geometrical parameters are presented in Figure 15.

f)‘ hollow vascule
'
1
1
1
1
i 3
1
64 B hd
g L AW

resin pocket

Figure 15: Schematic for Geometrical Parameters [21]

The model and load that applied to the model are symmetric. Due this, instead of
analyzing the whole model, which will consume computational time, just the quarter is

modelled that can be seen in Figure 16.

Figure 16: Cutting Planes of the 3D Validation Model

Instead of using specimen length Huang et al. assumed the model length as 50r.

Into the length, thickness, length of resin pocket (Lrp), disturbance height is depends on
vascule diameter (r). The calculations for this parametric value are given below:

The vascule diameter = 400pum (2*r)

Length = X = 50 X r = 10 mm (due to symmetry,x = 5 mm)

Thickness = y = 3 mm (due to symmetry,y = 1.5 mm)
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Lrp=5.08 X r =5.08 X 0.2 mm = 1.016 mm

h¢=3.71 xr =3.71 X 0.2 mm = 0.742 mm

Lamina thickness = 3mm <+ 24 = 0.125 mm

Since Huang et. al. [20] have researched a 2-D plain strain model, there is no width value.

Therefore a width with 4 mm is assumed similar to study done by Al-Shawk et al. [21].

4.1.1.2. Defining the Materials

The materials and elastic and thermal material properties of Huang et al. [20]’s study are

given in Table 1.

Table 1: The Elastic and Thermal Properties of IM7/8552 Composite Laminates and
Hexcel 8552 Neat Epoxy [20]

Material Properties of IM7/8552 Composite Laminates &
Hexcel 8552 Neat Epoxy

IM7/8552 elastic properties

Eut 165 GPa
Eic 145 GPa
Ear 11.38 GPa
Exnc 10.20 GPa
Eaar 11.38 GPa
Easc 10.20 GPa
Gz 512 GPa
Gas 512 GPa
Gis 392 GPa
Vi3 1203
Va3 0487
Vi3 0.3

Hexcel 8552 neat epoxy elastic properties

E 4 67 GPa
Viz 0.35
IM7/8552 thermal properties
o1 6 X 107K1
(55 2.86 X 10-5K1
033 286 X 105 K1
o (neat resin) 50X 107 K1

4.1.1.3. Defining the Boundary Conditions and Load
Symmetric boundary conditions are assumed for x (y-z plane) and y (x-z plane)

directions. The pressure applied, oo, is 1.65 GPa, which is applied on the y-z plane at the
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edge of the model. The curing effect is applied for the model. The curing temperature is
selected as 150 °C and then the material is cooled down to 20 °C. The boundary
conditions and load that is applied to the 2-D and 3-D models are presented in Figure 17

and Figure 18.

x-symmetry BC Pressure

y-symmetry BC

Figure 17: Boundary Conditions and Loads for 2-D Validation Model

x-symmetry BC

.

Pressure ]
applied ——3

k y-symmetry BC
X

Figure 18: Boundary Conditions and Loads for 3-D Validation Model

4.1.1.4 Defining the Mesh and Element Types

In Huang et al.’s study [20] along with 2-D validation model, the mesh type that is used
is “plain strain quadrilateral elements (CPE8)”. The number of elements and number of
nodes that are used for these models are presented in Table 2. The validation model is
however 3-D and has the 8-node linear 3D elements (C3D8) in ABAQUS/Standard. Due
to be the area of interest, the region around microvascular channel is meshed more tightly
as it can be seen in Figure 19 to Figure 21.

Table 2: Comparison of Number of Elements and Number of Nodes in Huang et al. [20]
and 2-D Validation Model
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Number of Elements Number of Nodes
Huang et al. 3975 12240
2-D Validation Model | 4034 12423

Figure 19: A Display for the Resin Rich Portion of the 2-D Validation Model

Figure 20: A Display for the Resin Rich Portion of the 3-D Validation Model
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Figure 21: A Display for the Mesh of the 3D Validation Model

4.1.2. Finite Element Model Development of the Present Model
As explained in the section 3.2.4, prepared specimens are to be analyzed via FEM under
transverse tension, compression load and bending loads are investigated.

4.1.2.1 Defining the Geometry

Two samples are prepared in the stacking sequence of [0/90]ss and [90/0]ss. Micro-CT
analysis was used to investigate the internal architecture of the laminates. Then the
required dimensions for generating the model were captured through these images. The
micro-images that are taking via micro-CT is given in Figure 22. As it can be clearly seen,
the area of resin-rich pocket in [0/90]as stacking configuration has much more comparing
to [90/0]ss configuration. Similar outcomes are also obtained by [21], [51], [69].
Comparing to the studies in the literature, similar waviness trends are also obtained. [20],
[21], [58]. The dimensions for present model is presented in Figure 23. The width is 20

mm.

(b)

Figure 22: Micro-pictures of GFRP samples with 1 mm diameter for: a) [0/90]ss and b)
[90/0]3s
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Figure 23: The Dimensions of the Present Model for Transverse Loads

As for 3-Point Bending analysis, the dimensions of the specimen differs from the
transverse compression and transverse tensile analyses. The specimen dimensions are
specified accordingly to D7264/D7264 M 15 Standard [75]. The specimen dimensions
are presented in Figure 24. The load roller diameter 5 mm and the span length is 128 mm.

Figure 24: The Dimension of Specimen for 3-Point Bending

4.1.2.2 Defining the Materials
The material used in this study is presented in Table 3. The material properties for lamina

0 and lamina 90 are calculated via study of Tanabi et. al. [76] and presented in Table 4.
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Table 3: Material properties for E-Glass fiber and Aradur-564: Araldite 2954 with 37%
volume fraction

Material Properties of E-Glass fiber [25]
E (GPa) 73.35
v 0.22
Material Properties of Aradur-564 : Araldite 2954 [77]
E (GPa) 2.5
v 0.35

Table 4: The Material Properties Lamina 0 and Lamina 90 [76]

Lamina 0 Lamina 90
E: (GPa) 40.9276 15.0309
E, (GPa) 14.7607 42.6922
Es (GPa) | 13.3642 13.8058

912 0.0918 0.2688

913 0.0935 0.3078

923 0.3429 0.2818
G2 (GPa) 5.0676 5.3205
Gis (GPa) 4,99 5.1303
G23 (GPa) 5.0571 5.16

4.1.2.3 Defining the Boundary Conditions and Load

For transverse loads, symmetric boundary conditions are assumed for x (y-z plane) and y
(x-z plane) directions. The pressure applied, oo, is 50 MPa which is applied on the y-z

plane at the edge of the model. The display for boundary conditions are presented in
Figure 25 to Figure 27.

For 3 Point Bending analysis, according to ASTM D7264/D7264 M-15 [75] standard, the

displacement value is calculated through Maximum Strain Procedure A, assuming there
is a 0.5% displacement.

€.L?
o= —
6h

L=128 mm
€= 0.005 (0.5%)
h=4 mm
_0.005 (128mm)?)
~ (6)(amm)
0=3.41 mm
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In the above equation & denotes deflection; L denotes sport span, e maximum strain at

outer surface and h denotes thickness of the beam.

Pressure applied

Y

s x

- 5

y-symmetry BC ®-symmetry BC

Figure 25: The Boundary Condition and Load for Present Model under Transverse

Compression

Pressure applied

A Db A B

y-symmetry BC ®-symmetry BC

Figure 26: The Boundary Condition and Load for Present Model under Transverse

Tensile
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a4
No slip in y direction BC
u2=0

No slip in x direction BC
U3=0

No slip in y direction BC
U2=0

(b)

Figure 27: The Boundary Condition Present Model under 3-Point Bending a)
Displacement and No slip in z-Direction BC b) No slip in x-Direction and y-Direction
BC

4.1.2.3 Defining the Mesh and Element Types

The approach towards the meshing is quite similar to the validation model. The resin-
pocket region is meshed more tightly comparing the other regions of the model. In order
to define the number of elements for the mesh, analyses with different number of meshes
are done. The number of nodes, elements and the aspect ratio effect are studied. A
comparison of the number elements and number of nodes for finer meshes are presented
in Table 5 and Figure 28. After this study is the mesh is assigned. The number of elements
and number of nodes for the transverse loads and bending load are presented in Table 6.
The mesh for the whole model and the area of interest for the present model is presented
in Figure 29 to Figure 33. Mesh type that is used is for Present Model for Transverse
Loads is 8-node linear 3D elements (C3D8) in ABAQUS/Standard while Present Model
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for Bending Loads is 8-node linear brick and 8-node linear brick, reduced integration,
hourglass control (C3D8R). Due to the complexity of the vascular area mesh type of
C3D8R is used.

Table 5: Number of Elements and Number of Nodes in Present Model for Transverse

Loads
Present Model under Transverse | Number of Elements Number of Nodes
Loads
Attempt 1 12768 (C3D8R) 10880
Attempt 2 33900 (C3D8R) 37968
Attempt 3 61488 (C3D8R) 55700
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S, S11
SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)

Al

S, S11

SNEG, (fraction = -1.0), Layer = 1

(Avg: 75%)
5.300
-2.475
-10.250
-18.025
-25.800
-33.575
-41.350
-49.125
-36.900
-64.675
-72.450
-80.225
-88.000

b)

s, S11
SNEG, (fraction = -1.0}), Layer = 1
(Avg: 75%)

5.300

-2.475

-10.250

-18.025

-25.800

-33.575

-41.350

-49.125

-56.900

-64.675

-72.450

-80.225

-88.000

c)

Figure 28: Comparison of S11 Contours with Different Number of Meshes for the Present
Mesh in UDO Stacking Configuration for a) Attempt 1 b) Attempt 2 c) Attempt 3
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Table 6: Number of Elements and Number of Nodes in Present Model for Transverse
Loads and Bending Load

Present Model Number of Elements Number of Nodes
Transverse Loads 33900 (C3D8R) 37968
Bending Load 601510 (C3DS8R) 628800

Y

i

Figure 29: The Meshing of the Whole Model for the Present Model under Transverse
Loads

L.

Figure 30: The Meshing of the Area of Interest for the Present Model for Transverse
Loads



Figure 31: The Meshing of the Present Model for 3-Point Bending a) with Microchannel

b) without Microchannel

Figure 32: An lllustration of the Bent Model
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(@)

(b)
Figure 33: The Meshing of the Area of Interest for the Present Model for 3-Point Bending

a) with Microchannel b) without Microchannel
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5. RESULTS AND DISCUSSIONS

The results of the thesis study are summarized in two major headlines. In this manner, i)
Results of the validation model ii) the developed model. In the results of the validation
model, 2-D and 3-D generated models are compared to the Huang et al. [20]’s results.
After this part, results of the developed model, which is called present model, are
presented. The present model results start with transverse stress that is applied according
to ASTM 3039-D and continues with application of bending load according to ASTM
D7264/D7264 M-15. In the analysis, the stress contours that varies with distance and
stacking orders are given.

5.1. The Validation Model Results

Within the section, results of the validation model are given. The stress distributions along
resin rich region are presented in Figure 34 to Figure 45. A, B, C and D points are
illustrated in Figure 15 (in Chapter 4). In Figure 34 and Figure 35, the x-axis represents
normalized distance that is obtained by the dividing the x values by the total length and
the y-axis represents normalized stress are obtained by the average applied stress (1.65
GPa). The graph that are shown in Figure 36 and Figure 37, the normalized distance are
calculated from vascule center points (from point A) to the end of the model (point C).
Apart from Figure 34 to Figure 37, in Figure 38 and Figure 39 the normalized distance is

calculated from points B-D-A.

In Figure 34 and Figure 35, the normalized stress in the x-direction (ox) is shown, while
from Figure 36 to Figure 39, the normalized stress in the y-direction (ay) is shown. As it
can be seen, the trends of these graphs in Figure 34, Figure 35, Figure 37 and Figure 39
seem to be in line with Huang et. al. [20]’s solutions. In Figure 34 and Figure 35, the
longitudinal stress at resin pocket region are very low. And in composite region we can
see the increasing stress due to its material stiffness, and at the end of the model it reaches

to its maximum value, because the stress is applied at that point.
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Normalized Distance vs Normalized Stress
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Figure 34: Comparison of Normalized o along the x-axis for 2-D Validation Model and

Huang’s Plane Strain Model

Normalized Distance vs Normalized Stress
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Figure 35: Comparison of Normalized ox along x-axis for 3-D Validation Model and

Huang’s Plane Strain Model

Normalized stress distributions for gy is observed in Figure 36 and Figure 37. There is a
peak in plane strain model, which validation model does not have. This point is the
separation point, where the resin pocket regions is over and where lamina starts. As Al-
Shawk et. al. [21]’s also imply in their study, extremely distorted triangular elements are
present there. For that reason, the stress values at this point are not realistic and may vary
for different models. In addition, comparing to plane strain model which is a 2-D model,
validation model, which is a 3-D model, has different characteristics including mesh
numbers and element types that may result in varying results. The reason the normalized

stress does not reach to 1 from Figure 36 to Figure 39 is, the observed stress is being the
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transverse stress. And this results in, lower stress values comparing to Figure 34 and
Figure 35. Despite that, we can see that the trend is in with plane strain model. The results

are also in line with Shivakumar and Bhargava [78] as well.

Normalized Distance vs Normalized Stress
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Figure 36: Comparison of Normalized gy along the x-axis for 2-D Validation Model and
Huang’s Plane Strain Model for Point C to Point A
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Figure 37: Comparison of Normalized oy along x-axis for 3-D Validation Model and
Huang’s Plane Strain Model for Point C to Point A

In Figure 38 and Figure 39, the normalized transverse stress according to normalized
distance in BDA region are observed. At the end of the model we can see a gap in point

A, and this is because of point A being the separation point for resin pocket region and
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lamina causing different stress concentrations for different models as previously

discussed explaining Figure 35 and Figure 36.

Normalized Distance vs Normalized Stress
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Figure 38: Comparison of Normalized oy along the BDA for 2-D Validation Model and
Huang’s Plane Strain Model for B-D-A Points
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Figure 39: Comparison of Normalized gy along the BDA for 3-D Validation Model and
Huang’s Plane Strain Model for B-D-A Points

From Figure 40 to Figure 43, the stress and strain contours from Huang’s plane strain
model and validation model are presented. The results of the models show that, the
maximum longitudinal tensile stress and the maximum longitudinal tensile strain are
develop at point close to point B. While, the maximum transverse tensile stress and the

maximum transverse tensile strain are developed at a point that is close to point C.
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According to the results presented above, the validation model and plane strain model
give similar give similar outputs. Thus, validation model is validated and can be used for

different stacking configurations with different loads and boundary conditions.

In the previous chapters, Huang’s et. al. [20]’s study the curing effects was studied. In the
validation model, curing is studied as well. First, the curing temperature is selected as
150°C and then the material is cooled down to 20°C. The results for longitudinal and
transverse stress contours with and without curing cases are presented. As it can be
deducted from the Figure 44 and Figure 45, the curing effects the longitudinal and
transverse stress distribution for the area of interest with an insignificant amount.
Henceforth, in the present model the curing effect will not be included. In addition, by
excluding the curing effect, effects of the other parameters will be observed solely and

thus the coupling effects will be avoided.

S, Max. Principal
SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)
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(b)
Figure 44: Longitudinal Stress Contours for the Validation Model (a) with Curing Effects,
(b) without Curing Effects
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Figure 45: Transverse Stress Contours for the Validation Model (a) with Curing Effects,

(b) without Curing Effects

5.2 Present Study Results
In this chapter, the effect of different stacking sequences under transverse compression

and tension are presented.

5.2.1 Longitudinal Stress Distributions for Transverse Compression:

The longitudinal stress distributions for transverse compression are presented in Figure
46. The stacking configuration of UD90 has the highest compressive stress concentration
comparing to the other configuration and UDO has the lowest, whereas [0/90]ss and
[90/0]3s have stress concentration values that has in between those UDO and UD90. For
all the configurations, it can be deduced that, the stress concentration are focused on the

area between point B and point C.
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Figure 46: Longitudinal Stress Distributions for Present Model under Transverse
Compression for a) UDO b) UD90 c) [0/90]ss d) [90/0]3s
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If we take a look at the Figure 47 and Figure 48, it seems that, UD90 has the largest
normalized stress value in transverse compression and transverse tension through point

B- point A and point C to point A. UDO has the minimum transverse loads, whereas [0/90]
[90/0] stacking configurations have quite similar values, ranging in between UD90 and
UDO stress distributions. In Figure 47, the largest stress occurs at point B and in Figure
48, the largest stress occurs at point C. In both figures stress values decrease towards
point A. The volume of resin around point B or point C is much more comparing to the
point A. In other words, around point A, the compression loads are compensated by the

lamina.

Transverse Compression

0.4

—UD 0

—e—UD 90
UD[0/90]3s

——UD[90/0]3s

Normalized Stress (oy/0,)

-0.4
Normalized Distance (point B - point A)

Figure 47: Normalized ox Distribution for 1 mm Channel Diameter through Point B to

Point A under Transverse Compression

48



Transverse Compression

0.45

<
o

0.35

©
w

0.25 —e—UD 0

—e—UD 90
UD[0/90]3s

——UD[90/0]3s

©
o

0.15

Normalized Stress (oy/0)
=

0.05

[N

0.2 0.4 0.6 0.8
Normalized Distance (point C - point A)

o

Figure 48: Normalized ox Distribution for 1 mm Channel Diameter through Point C to

Point A under Transverse Compression

5.2.2 Longitudinal Stress Distributions for Transverse Tension:

The longitudinal stress distributions for transverse tension are presented in Figure 49. The
stacking configuration of UD90 has the highest tensile stress concentration comparing to
the other configuration and UDO has the lowest, whereas [0/90]3s and [90/0]3s have stress
concentration values that has in between those UD0 and UD90. For all the configurations,
it can be deduced that, the stress concentration are focused on the area between point B

and point C.
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Figure 49: Longitudinal Stress Distributions for Present Model under Transverse Tensile
for a) UDO b) UD90 c) [0/90]as d) [90/0]as

50



If we take a look at the Figure 50 and Figure 51, it seems that, UD90 has the largest
normalized stress value in transverse compression and transverse tension through point
B- point A and point C to point A. UDO has the minimum transverse loads, whereas [0/90]
[90/0] stacking configurations have quite similar values, ranging in between UD90 and
UDO stress distributions. In Figure 50, the largest stress occurs at point B and in Figure
51, the largest stress occurs at point C. In both figures stress values decrease towards

point A which is basically same reason with the transverse compression case.

Transverse Tension

0.4

—e—UDO
—e—UD 90
12
UD[0/90]3s
——UD[90/0]3s

Normalized Stress (oy/0,)

-0.4
Normalized Distance (point B - point A)

Figure 50: Normalized ox Distribution for 1 mm Vascule Diameter through Point B to

Point A under Transverse Tension
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Figure 51: Normalized ox Distribution for 1 mm Vascule Diameter through Point C to

Point A under Transverse Tension

5.2.3 3-Point Bending:
In order to compare the results of 3-Point Bending results of model with microchannel

and without microchannel, owing to there are many stacking configurations, only stress
contours for in S,Max, Principal is selected. In order to better see the results, y and z

planes are cut in the middle as shown in Figure 52.

(b)

Figure 52: Investigation of 3-Point Bending Model’s Cross Section a) y-plane b) z-plane

From Figure 53 to Figure 60, it can be deduced that there are no major changes in the
resin rich region’s stress distributions comparing to the model without microchannel.

Considering all the stacking configuration’s compression load distribution, the maximum
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compression load in z-plane is always more than the maximum compression load in the
y plane. The main reason behind this is, for y plane analysis, the model is cut in half of
its height (2 mm), which gets less effected from load roller’s compression loads. As for z
plane the model height is whole (4 mm) and the biggest stress contours appears to be on
the surface where the load roller applies compression loads. As for the y-plane and z-
plane in general, the difference in stress magnitudes and rates are presented in Table 7

and Table 8 respectively.

Table 7: The Difference in Maximum and Minimum Stresses of the Model with
Microchannel and without Microchannel for 3 Point Bending Loads with y-Plane and z-

Plane
y-Plane z-Plane
. . . . . . Without
With Microchannel Without Microchannel With Microchannel .
Microchannel
Stacking
Configura Maxim
tion Maximum Maximum | Maximum . Maximum ) Maximum | um
. . Maximum . Maximum .
Tensile Compress | Tensile . Tensile . Tensile Compr
. Compression Compression .
Stress ion Stress | Stress Stress Stress ession
Stress (MPa) Stress (MPa)
(MPa) (MPa) (MPa) (MPa) (MPa) Stress
(MPa)
[90/0]3s 1705 -1.4 175.6 -2.6 1705 -39.8 162.7 -26.4
[0/90]3s 204.4 -1.4 190.4 -3.5 204.3 -31 190.4 -19.2
uDO 200.9 -1.4 182.3 -4.5 200.9 -34 182.3 -20.2
uD90 81.5 -1.1 75.6 -3.2 81.5 -30.8 75.6 -19.2
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Table 8: The Difference in Maximum and Minimum Stress Rates of Model with
Microchannel and Without Microchannel for 3 Point Bending Loads with y-Plane and z-

Plane
y-Plane z-Plane

Difference in | Difference in | Difference in | Difference in
Stacking Maximum Maximum Maximum Maximum
Configuration Tensile Stress | Compression Tensile Stress | Compression

(%) Stress (%) (%) Stress (%)
[90/0]s -2.9 -46.2 48 50.8
[0/90]3s 7.4 -60.0 7.3 61.5
uDO 10.2 -68.9 10.2 68.3
uD90 7.8 -65.6 7.8 60.4

Figure 53 presents that, the model with microchannel for [90/0]3s stacking configuration’s
highest tensile loads are not located at the bottom part (the last stack) of the model but in
a lamina which is above the last stack. And this stack is Lamina 0 which is more fragile
in this direction comparing to Lamina 90. This statement is both valid for the model with
microchannel and without microchannel in y-plane and z-plane. Figure 54 denotes that in
the z-plane the resin rich region stress contours shows that the area around the
microchannel spread the compression loads comparing to the model without
microchannel. This is due to resin’s mechanical response to the compressive loads that
are created by bending. According to the Table 7 and Table 8, [90/0]ss stacking
configuration has 2.9% decrease in maximum tension stress and 46.2% decrease
maximum compression stress in y-plane. As for z-plane there is 48.8% increase in tension
and 50.8% increase in compression. This result is pretty good except for the increase

stress compressive load in the z-plane.
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(b)

Figure 53: S,Max, Principal Stress Contours for the 3-Point Bending Model with [90/0]3s
Stacking Configuration for y-plane Cut (a) with (b) without Microchannel
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Figure 54: S,Max, Principal Stress Contours for the 3-Point Bending Model with [90/0]ss
Stacking Configuration for z-plane Cut (a) with (b) without Microchannel
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Figure 55 shows that, the model with microchannel for [0/90]ss stacking configuration’s
stress distribution for the y-plane seems to be negligible. Figure 56 indicates that, for the
z plane, the stress distribution around the resin has more compression loads comparing to
the model without channel and below this resin rich region the laminate seems to have
lower stress values comparing to the model without channel. According to the Table 7
and Table 8, [0/90]ss stacking configuration has 7.4% increase in maximum tensile stress
and 60% decrease in maximum compression stress which are tension and compression

loads in y-plane. As for z-plane this values are 7.8% increase and 60.4% increase
respectively.

S, Max. Principal
SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)
205.000
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170.167
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135.333
117.917
100.500
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48.250 ) ]
30.833 X (0*oriented laminae)
13417 z
-4.000 |30* oriented laminae)

S, Max. Principal
SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)
205.000
187.583
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152.750
135.333
117.917
100.500
83.083
65,667 ¥
48.250 ) ]
30.833 X (0*oriented laminae)
13417 z
-4.000 |30* oriented laminae)

(b)
Figure 55: S,Max,Principal Stress Contours for the 3-Point Bending Model with [0/90]ss

Stacking Configuration for y-plane Cut for (a) with Microchannel (b) without
Microchannel
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(b)
Figure 56: S,Max,Principal Stress Contours for the 3-Point Bending Model with [0/90]3s

Stacking Configuration for z-plane Cut for (a) with Microchannel (b) without
Microchannel

Figure 57 indicates that, the model with microchannel for UDO stacking configuration’s
compression stress distribution around the resin region in the y-plane, has a slight
difference in magnitude which can assumed to be negligible. If we examine Figure 58
however, both for y-plane and z-plane, the maximum stress that occurs on the bottom of
the model has increased. The reason for this is, structural deformation of the UDO
laminates which has low strength due to its fiber alignment is in the transverse to its
loading direction. According to the Table 7 and Table 8, UDO stacking configuration has
10.2% increase in maximum stress and 68.9% decrease in minimum stress which are

tension and compression loads in y-plane. As for z-plane this values are 10% and 68.3%
increase respectively.
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Figure 57: S, Max, Principal Stress Contours for the 3-Point Bending Model with UDO

Stacking Configuration for y-plane Cut (a) with Microchannel (b) without Microchannel
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Figure 58: S,Max, Principal Stress Contours for the 3-Point Bending Model with UDO

Stacking Configuration for z-plane Cut (a) with Microchannel (b) without Microchannel
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Figure 59 demonstrates that, the model with microchannel for UD90 stacking
configuration’s stress distributions around the resin region in the y-plane, has lowered the
comparison load around microchannel but that difference may be neglected. If we
examine Figure 60 however, both for y-plane and z-plane, the maximum stress that occurs
on the bottom of the model has increased. According to the Table 6 and Table 7, [90/0]as
stacking configuration has 7.8% increase in maximum tensile stress and 65.6% decrease
in maximum compression stress in y-plane. As for z-plane this values are 7.8% increase

and 60.4% increase respectively.
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(b)

Figure 59: S,Max, Principal Stress Contours for the 3-Point Bending model with of UD90
Stacking Configuration for y-plane Cut for (a) with Microchannel (b) without
Microchannel
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(b)
Figure 60: S,Max,Principal Stress Contours for the 3-Point Bending Model with of UD90

Stacking Configuration for z-plane cut for (a) with Microchannel (b) without

Microchannel
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6. CONCLUSIONS

6.1 Summary

FEM is an impressive tool that a designer use to understand the physics and mechanical
behavior of the designed part before the part goes into production reducing the cost of
manufacture. In this thesis, a comprehensive literature scanning is done to review the
previous studies. Then, in order to research the stress concentration in the microvascular
channel diameter of 1 mm. is analyzed with various stacking configurations by the use of
ABAQUS/Standard FEM software.

The model geometry is obtained from the micro-pictures that is taken by micro-camera.
The thesis presents brief information about composite materials later narrowed down to
fiber reinforced composites. After this part, microvascular channels’ area of utilization,
manufacturing, mechanical behavior and modelling with FEM is presented. The
numerical model that is developed with FEM the results that is obtained from this model

IS given.

6.2 Key Findings and Outcomes
The key findings and outcomes of the thesis may be given as the following:

» A 2D and 3D validation model has been developed for 3-D microvascular
channels implemented to laminates. The results obtained are compared with
Huang et al.[20]’s findings. And as a result, the validation model has validated
successfully.

» The longitudinal stress distributions for transverse compression and tension,
UD90 has the highest stress concentration. This is due to UD90’s fiber orientation
being transverse to the loading direction, which makes it weaker

» The longitudinal stress distributions for transverse compression and tension, all
stacking configurations have the highest stress concentration located between
point B and point C. The main reason behind this may be because of the point B
is standing between the void and the adjacent lamina.

» [0/90]3s has lower stress concentration comparing to [90/0]ss configuration under
transverse loads.

» The normalized stress distribution for transverse tension is expected to somehow

differ from the results obtained from the transverse compression considering the
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general material behavior under tension and compression. This may be related of
the load approaches. The Al-Shawk et al [21] , used 1% displacement to create
reaction forces and then made the analysis for stress distribution. Meanwhile in
the thesis, 50 MPa of pressure value for tension (-50 MPa) and compression (+50
MPa) is used. Considering the normalization process and being operating in the
elastic region the solution may turn out like this.

> In the 3-Point Bending the results obtained from models with microchannel and
without microchannel are compared. It is found that [90/0]ss has the optimum
stacking configuration for bending loads reducing the maximum tensile stress
around 2.9% and maximum compression stress reduction around 46.2% in y-
plane. As for the z-plane these values are found to be 4.8% increase in maximum
tensile stress and 50.8% increase in maximum compression stress. The main
reason behind this is, [90/0]ss has 0° oriented laminate surrounding the
microchannel that can withstand the loads caused by the bending. Another reason
is, due to the 3 Point Bending’s nature, the largest stress concentrations mostly

occur at the bottom of the laminate which is also 0° oriented laminate.

6.3 Future Studies
Considering the results obtained within the thesis, some topics regarding the future
studies are proposed as following:
» Crack propagation under 3 Point Bending on FRP composites with microvascular
channels can be researched through.
» Different size of diameters for microvascular channels can be investigated to see
how the diameters of the vascules effect the stress concentrations.
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