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ABSTRACT

Composite materials have been increasingly utilized for ballistic armmor,
which they aresubjected to high strain rates. The porosity of the composite as well as
fiber-resin interface plag/a key role in dissipating energwhen subjected tdigh
strain rates. This dissertatidevelops a suite of modelling tools capabl@mdicting
the resin configurationwithin fiber towsacross multiple length scales=iber tows
consists of thousands of individual aligned fibers bundled together. Fiber tows are of
the order of millimeters whereas the fibers are of the order of microns

On the micrgcale,utilized model is develope predictthewetting dynamics
of resin on an individual fiber and within unit cells containagious arrangements of
fibers. The model predictthe spreading of the resin between the fibers within the unit
cell and can calculate tlwontact area between the fibers éimelresin This model is
used to characterizéhe averagecapillary pressure of resifor various packing
arrangemerstand the influene of imperfections and different surface treatments on
the capillary pressure.

A novel mesoscale model that accounts for capillary pressure characterized
from our microscale model to describe resin impregnation into fiber tows is
developed. This model can account forumiformly spaced fibers within the tow.

The mesoscale model allows for a stochastic fiber distribution which predicts

XX



formation of many ncrovoids within the tow as observed in manufacturing as

opposed to the single void located in the center of the tow for traditional models which
assume spatially uniform capillary pressure. The influence of air evacuation time,
hybrid fiber tows, and calfary forces is explored with this model. The mesoscale
model is extended to predict the wicking of finite resin volumes into a fiber tow,

which allows for the design of composites with controlled resin distributions within
individual fiber tows. The natel should prove useful to optimize and tailor composite

properties on a tow level for desired applications.
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Chapter 1

INTRODUCTION

1.1 Overview of Composites Minufacturing

Composite materialknown for their extremely high strength to weight ratio
are omprised of fibers embedded in a matrix material (resin). The load transfer
between the matrix material and the fibers is what causes the synergisticoaffect
composite properties One of the advantages of using composites is that one can
design parts ith location dependent properties based on the fiber and matrix materials
chosen and the orientation of the fiber®ne of the majorfocussesn composites
manufacturings ensuring that the resin is properly distributeithin the part. Any
porous areawithin a preform not saturated with resin are known as voiisds are
caused by entrapment of gases due to the resin flow front dynamics during the
manufacturing process. The prediction and control of voids is a very active area in
composites researghi 4]. Most of the previous resin flow dynamics work has been
focused on minimizing voids because porous areas within a composiseareas
initiation of failure sites Void removalin composites processing & complicated
problem becausthe preformarchitecture behaves lika dual scale porous medium.

When the applied pressure driving the resin flow is very high, resin moves fast and



fills the regionsbetween tows of the preform before it saturates the torvesiting
voidswithin the tows. If there waso applied pressure, the resin flow rate would only
be driven by capillary forces pulling resin into the tows, which would result in a large
number of voids between tow3.here has been wodone in determining an optah
range of flow rateto minimize void contenfli 3]. The capillary number, a ratio of
viscous forces to capillary forces includitige effect of contact angle, isiconsidered

to be crucia[1]:

. O (1.1)
#AFAUO
Her e, ¢ and o9 are the viscosityaemngg surf a

flow velocity. Capillary number is found to play a crucial role in weather the fiber
tows will saturate beforéhe regions in between the tows or visa versa which can
allow one to address the problem of void formafidh Micro-voids dominate the
void volume percentage in systems with capillary numbers abaviical valueand
mesaoscale voids dominate systems with low capillary numfigrsThe critical value

is system dependebecausdt does not include important parameters such as fiber
packing density. For example, gart wihosetows have ahigh fiber volume fraction
would have a lower critical capillary numb#ran onecontaining towswith a lower
fiber vdume fraction because the tow permeability would be much lower (

macroscaldlow front would need to be moving slower avoid microscale voids



Composites are used in ballistic armor, whstibjectsthe materialto high
strainrates. Composites for high strain rate applications are usually made using pre
impregnated fibers (prepregs) with low resin content concentrated between fabric
layers, orby liquid composite molding (LCM) in whichesinimpregnateshe towsin
liquid form [6,7]. Prepregs are fiber sheets with resin alreadysed between the
fibers. During processing, the prepreg is placed in the desired shape and orientation
and subjected to vacuum while heat is applied. The application of heat causes the
resin to become less viscous, flow, and eventually cure, while tueing sometimes
with the help of positive pressure being applied to the part, causes the resin to flow
and forces voids out of the prefof®]. In LCM, the fibers are placed as a preform
that is dry and the resin is then injected or infused into the tow using techniques such
as resin transfer molding (RTM)nd vacuum assisted resin transfer molding
(VARTM) respectively{9]. RTM utilizes arigid mold on both sides of the preform to
maintainits shape while resin is injected into the part. VARTM uses a vacuum to pull
the resin through the preformander the pressure gradient of one atmosphere
Overviews of these processes are shown in Figure Composites are sometimes
manufactured using thermoplastic partitiat are inter dispersed between fibers and
fiber tows When thepreform is heatedhe thermoplastic powder become a liquid
drop and infuses the space ietWween the fibers and the fib&ows of the fiber

preform
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1 — Preform is compressed 2 —Resin is injected into preform

.
BN ~ ==

4 — Part is demolded 3 —Resin is cured

Resin transfer molding process (RTM)

Clamp % Vacuum bag

[ Preform J

1 — Preform is consolidated under vacuum

4

2 — Resin infuses part after clamp is removed

4

3 — Part is cured and can be removed

Vacuum assisted resin transfer molding process (VARTM)

Figure 1.1: Schematic of RTM and VARTM composites manufacturing processt



1.2 Background and Motivation

Composite materia utilized in high strain rate applications will typically need
to have both structural integrity and energy absorptive capabiliiescontinuous
fiber composites, energy @ssipated through friction between neighboring fibére
collapsing of micovoids, fiber breakage, matrix deformation and cracking,
delamination, fiber pullout, and fib@natrix debonding10]. These mechanisms are
dependent on the constituent and fiesin interfacial properties.There are two
possible avenues we explore for increasing energy absorption while maintaining
structural integrity: hybrid resin tows and tows designed to have a porous resin
structure.

Hybrid composites are composite materials comprised of multiples tgpe
fiber or resin materials. Typically, glass fibers are able to absorb more energy than
carbon fibers, but at the cost of a decrease in stiffness and strength. It has been show
that commingling glass and carbon fibers within a composite can resulétifiness
and strength greater than glass fibdaus energy absorption higher than if only carbon
or glass fibers were utilize[d1]. The reason for this is because as the brittle carbon
fibers breal(theycontribute to energy absorptigrihe ductile glass fibers are still able
to carry a load, resulting in a higher strain to failure than just the carbon l@bne
larger stiffness than glass alon€ontrolling the resin distribution within tows will
allow for the creation of hybrid resin composites (with a high stiffness resin and a high
strain to failure resin) which can be optimized for energy absorption in extreme

dynamic environmentsThese hybrid resin compositare traditionallynanufactured



using ®©-injection resin transfer molding, in which both resins are injected into a
fibrous preform separated by a barsemultaneoushy12]. For example, aesulting
hybrid compositemay containa specified number of glass fabric plies impregnated
with epoxy for structural integrity and polyurethane for energy absorpti®n It

was shown that hybrid resin compositesth more pdyurethane infused plies
dissipated more energy than plies only impregnated with edmxyat the cost of
structural integrity{13]. If one were to control where thegh strain to failureesin

was located within tows, it would allow for an additional level of optimization for
composites in higltrain rate appligtions.

In small percentages, voidgp to a certain concentratidmave been shown to
increase the energy absorption capabilities of composites undeldaidgimg rates
[14]. The ability to control the mation and size oficroscalevoids in composites
presents a new frontier for one to design parts that will absorb maximum amount of
energy under high loading rateg\lthough Foley was able to show experimentally
that there appears to be an optimal vaaaentration for energy absorption in high
strain rate applicationd 4], understanding the influence of processing parameters on
the location and size of the voids kit a fiber tow will allow for composites to be
designed withpre-determined porositydistribution within the composite This
additional level of design can lead to creation of composites with even more tailored
properties. The optimization d¢fie microsructural topology incompositeswith the
goal of increasing energybsorption, has been studied and is important in

understanding the role of porosity and resin distribution in energy absoffp&gn



Fiber Fiber Resi
Fiber
97 Resin ( Symmetry_planes
K utilized
Air
Fiber ﬂm Fiber in

Figure 1.2: Schematic of composite with thermoplastic resin fibers (red)
commingled with glass fibers (purple). A representative unit cell is showi
(bottom left), along with variation including symmetry planes (bottom
right) to further decrease computational time.

The microstructures are representative of thermoplastic polymer fibemnninghad
with glass fibers, shown iRigure1.2. When heated the polymer fibers will melt and
impregnate the region in between the fibers. Coupling the resin diginbwith
mechanical modelone canpredict the influence of processing and geometric
paraméers on energy absorptiaas outlined in Figure 1.3 [15]. A sample of the
optimization scheme is shown Figure 1.4, which found there to ba significant
increase in energy absorbed per unit mass forpteusunit cells with designed

mircostructuresvhen compared with the fully infused baseloaseg15].



Both experimentaJ14] and numerica[15] results show that porosity can be
manipulated to increase energy absorption of composites in high strain rate
applications. This holds true both on a nesnd micro scale Previous models
predicting resin distribution between fiberns the micro scaland within towson the

meso scalare either insufficient or neexistent.  Understanding the roslation

Start with initial resin
configuration and Predict resin flow and
processing parameters final distribution

. between fibers

Processing Parameterg

Resin distribution input to mechanical
model to predict energy absorbed

Figure 1.3: Solution methodology for predicting energy absorbed in a
microscale unit cell, given theresin distribution within the unit cell. The
initial resin configuration is input into a micrcoscale flow model. Resin
flow is predicted and serves as an input inta mechanical model to predic
the energy absorbed by the unit cell[11]

between geometripfocessing parameters and resin distribution Iwillow the
developmenbf materials with architectures designed for optimal performancer
high strain rates, similar to the aforementioned microscale unit cell. This dissertation

seks to develop muliscale modelling techniques capable of predictitg



distribution of resin between fibers and within fiber towW$e results of this work can

be utilized in conjunction with a mechanical model to open up a novel avenue to
designinnovativecomposite materialslt is written such that each chapter ¢anread

as a stan@lone body of work or as paot the overall storyas such some equations

and references will appear in multiple chapters
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Analysis of strain data from mechanical model leads

Predict to new initial placement of resin within unit cell
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Energy Absorbed per unit mass

Saturated

controlled

—
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ener Ap lied F‘ressu e (M :’3'
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Figure 1.4: Optimization scheme for determiningthe resin configuration in the
unit cell that will result in maximum energy absorption starting
with an initial configuration of resin placement. The initial
location of resin placement does not influence the methodology,
but can reduce the number of iterations before a satfactory
result is developed11l]
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1.3 Objectives and Dissertation itline

The primary objective of this research is to understand the flowfioite
volume ofresin around fibers and inside fiber tows as a function of the fiber and resin
properties as well as the interaction between the fiber surface and resin. Potential
ways by whichthe desired enount of resin can be introduced is schematically shown
in Figure1.5. The final distribution of the resin dependot only on the volume of
resin and wetting propees, but alsmon how the reas is introduced. Predictinthe
correlation between processing parametersrasoh flow will resultin the ability to
manipulate resin flovbehavior inside the fiber tow to create desired void distributions

within a fiber tow This will allow the user to create composites that absorb the

Figure 1.5: Schematic of some possible ways to introduce finite amount of
resin (red) into a fiber tow (blue), the methodwill influence the
final resin distribution. From left to right: a drop of resin is
placed on a fiber tow, resin fibers are commingled with
structural fibers, a resin film is placed on a fiber tow, and a tow
is surrounded by an infinite volume of resin

maximum amount of energyithout sacrificing nechanical properties. ti@tegic
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infusion of a tow with a finite volume of resin would result in a porstagcture this
structure could be left porous or infused with a secondary regiich could be
optimized for energy absorption under high loggiates.

This dissertation focusses ogsinf | ow on the micro (order
(order of mm) scalelt will start with microscale models to predict resin flow between
individual fibers andcharacterizing averageapillary pressure within unit cells
containing fibers. It will then bridge scales to include the microscaperage
capillary pressurdased on fiberreangement and contact angle of the resin with the
fiber surfacan mesoscaléber tow filling simulations.

The second chapter will begin with a microscale model, which will explore the
flow of resin particles on individual fibers and within unit cetisntaining fibers
packed in common fiber packing arrangements. Predicting-thmgensional resin
distribution between fibers is unique to this work.

The third chapter will modify the microscale model in an effort to calculate the
capillary pressure exied on resin moving through unit cells containing hexagonally
packed fibers. The influence of processing parameters and imperfections in packing
arrangements will be explored.

The fourth chapter will incorporate the microscalearacterized average
capillary pressure into a mesoscale model to predict the impregnation of fiber tows
surrounded by an infinite volume of resin and is summarizeBigare 1.6. This

modelwill be the first to introduce stochastic fiber distributions infdar tow filling
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model. It allows for one to manipulate geometric and processing parameters to obtain

a desired size and distribution of microscopic voids within a tow.

found V- 5 VP =
O 0
o
| Microscale Models Mesoscale Models >

Figure 1.6: Overview of solutionprocedure and multi-scale interactions The
transverse capillary pressure (B and permeability (K) are calculated
on the microscale. They are then included in mesoscale tow filling
models to predict resin flow within a fibertowu s i ng Dar flow
through porous media. Note here the permeability tensor could be
anisotropic

The fifth chapter takes the approach developechipter four and extends it to
three dimensions towdy the wicking of resin drops into a fiber towhis will result
in a porous tow that can be infused with a second resin to create a hybrid resin
compositewith both resin types throughout the entire part.

The final chapter will summarize the importdimdings and conclusions and

list the original contributions of this work.
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Chapter 2

MICROSCALE FIBER WETTING BY A FINITE RESIN VOLUME

2.1 Background
The partial wetting of cylindrical surfaces by a finite volume of resin is an
important phenomenon in many industriapplcations such as composites
manufacturing, MEMS, and textile engineering. A constitutive equation governing the
partial wetting of a finite volume of liquid on a flat plate has been formulated and
reported[16]. The equilibrium shape of resin on single fibers has also been studied in
depth [17120]. Carroll was the first to develop an analytical solution for the
equilibrium shape of a resin drop on a single f{d&4. A drop at rest on solid fiber
surfacewi | | either conform to a fibarrel d geom
fiber, ol oageolmz&msiyelin which the fiber re
wrapping around it. A phase diagram predicting which of these configurations a
particular drop will adopt has been construceed is presented in Figu2e [20].
Wu and Dzenis later developed an analytical sotuto this problenusing an
energy approacfl9]. Both of these solutions assume an axisymmetric shape. The
equations necessary to determine the maximum height of the drop on the fiber and the
length of ontact between the fiber and resin are giverjlin19] and reproduced
below:
U U p EOEid (2.3
@ 10&mM U%EBEm (2.2
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Figure 2.2: Phase diagram of drop shape on a single fiber. Drop will ada
barrel or clamshell shape regardless of initial drop
configuration for some combinations of fiber radius, drop
volume, and contact angle. In the bistable region, the final
result depends orthe initial resin configuration. Figure used

with permission from [20].

L

Figure 2.1: Schematic of the final position of aesin drop on a fiberin the barrel
configuration, graphically describing the variables in the analytical
model. Recreated from[19].

Here x is the location on the axis of theefibmeasured from the center of the

15



drop, and y is the height of the drop, measured from the axis of theafib®¥en in
Figure2.1. y,is the maximum height of theap, measured from the axis of the fiber
and r is the fiber radius. E(k, G) and F(

the second and first kind respectively. elerand k ae defined as follows:

UAIfOO
U OAfl O 23
E ] o
P U (2.4)
Here, d is the static contact angle bet wee

The final wetted length, L, which is also defineddm, can be calculated using

theknown volume V oncegyis solved for withEgs.(2.3) and(2.4) evaluated at y ¥y,

along with
., ¢lo&m U % Em (2.5
6 CA by 19 AU AO
U U U 10 ’ (2.6

o is found through settingy = 0 in EQ.Y),

There have also been other investigations with resin spreading within multiple
fibers, for example final resigonfiguration between two parallel fibers has been
studied with relation to static contact angle, filament spacing) kedume, and fiber
diameter[21]. The axial wetting of a single fiber from a reservoir of resin has been
experimentally examined and constitutive equations have been devétogesribe
this phenomenof22]. Thedynamics of a finite volume of resin spreading on a single

fiber has yet to be explored andaisiovel elemendf thiswork.
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Liquid is evaporated, then
tow is heated to melt and
cause particles to spread

Particles suspended in liquid are
infused into tow

(=

Simulate resin flow

Create unit cell model

Figure 2.3: Overview of particle impregnation process and methodology for
predicting resin distribution in resulting composite

A numerical model is formulated to study the movement and spreading of a
finite volume of resin on any planar or curvilinear surface. The method and accuracy
is verified by comparing the model results witkperiments conducteslith a dropof
resin spreading on a flat plate. The method is then used to describe the wetting
dynamics of a finite drop of resin on a single fiber. The model is further extended to

investigate the flow of finite volume resin withmulti-fiber unit cells representing
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square and hexagonal fiber packing arrangememtese models can be utilized to
predict the resin distribution in fiber tows impregnated through particle impregnation
as outlinedin Figure 2.3. This investigation should prove useful in tailoring the
interface properties between fibers and resin as a function of the resin and fiber

surface propétes and the fiber arrangement.

2.2 Methods

2.2.1 Model Setup

The numerical models were developed using COMSOL Multiphysics and the
Microfluidics Module to investigate the dynamics of wetting over a single fiber and
within unit cells of multiple fibers with a finite volume of resin and are present
below[23]. A model was also constructed of a drop spreading on a flat plate with the

goal of experimentally validating the solution method.

2.2.1.1 Axisymmetric Single Fiber Model

Figure 2.4 shows the axisymmetric single fiber model. In this model, a
spherical drop of resin is initially enveloping the fiber. This simplifies the resin
movement to be along the fiber surface ia #xial direction. An axis of symmetry is
utilized to increase computational efficiency. The axis of symmetry is the center of
the fiber with a full slip condition (symmetry condition), which sets the derivative of
the tangential velocity equal to zerorg the axis.The no slip boundary conditios i
applied along the walls shown Figure 2.4 where the velocity is set to zerdlhe
results would not change if the slip walls were given a slip condition because the
walls only come into contact with air. The air density is orders of magnitude lower

thanthe resin density, meaning small changes in the air velocity profile will have no
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effect on the resin flow.The pressure is set equal to zero, the reference pressure, at a

single point to ensure that tpeessure solution is uniqyi24]. This is needed because

Wetting Wall
(Fiber Surface) — Air \

Axis of Symmetry

(full slip wall) —_
<— No Slip Wall
Resin
Wetting Length
A
/ / P = 0 Point
Interface (described 1/

by level set function)

Figure 2.4: Axisymmetric drop spreading on asingle-fiber model

the NavierStokes equations only solve for the gradient of pressure. The wetting wall
is thesurface of the fiber along which the resin moves and employs a slip length and
the final static contact angle to drive the wetting and sprgaaf the resin, both of
which will be discussed in a later section. The fiber diameterovasen to b&
micrometers. These baseline values, showhahle2.1, wereselected based on resin

and fiber systems used in composites processing.

2.2.1.2 Three Dimensional Single Fiber Model
The three dimensional representation oésindrop spreading on a single fiber
is depicted irFigure2.5. The resin drop diameter to fiber radius ratio in this ehexl

intentionally large. This is because we desire the equilibrium position of the resin to

be in the fAfiner radiub of 3 mitraneters,e si n vol ume of

2 -

and contact angle of 15 degrees were selected to ensure the final shapdiib ar r el 0
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guided by the sulies performed by Eral et §0]. Using the baseline radius would

P Air
P = 0 Point
T |
//’ ./’ J
\} Fiber Surface =
> /
T i / S_ym ey
/ m
y P lanee ty | S"“?\‘\“as\e

Figure 2.5: Three-dimensionalmodel to predict the wetting of a fiber
by a resin drop. The model on the right is the highlightec
portion from the figure on the left side, utilizing symmetry
planes to reduce computational time. Resin initially
begins in a clam shi configuration. Parameters are
selected to ensure the resin ends in a barrel configuratiol

cause the drop to become much to large to be realistic for a composite sy$tem.

other important properties are the same as the baseline values described 2ilTable

Table2.1: Baseline properties utilized for single fiber and unit cell models
Property Value

Resin Densityg/cnt) 1.17

Resin ViscosityP a)A s 0.95

Static Contact Anglédegrees) 30.00

Resin Surface Tensid0.07 J/m) 0.07

SIlip Lenmth [Db] ( 0.10

Fiber radiusg m 450

2.2.1.3 Unit Cell with Square and Triangular Packing Arrangements
The square antriangular fiber packing arrangement unit cells are shown in

Figure2.6. Flow in each unit cell is simplified through use of symmetry planes to
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increase computational efficiency. The four fiber unit cell has three planes of
symmetry due to the assumption that gravity is negligible, which will be discussed
later. The fiber surfaces are wetting walls and walls other than fiber surfaces and
symmety planes are no slip wallsAs mentioned previously, the choice of slip or no

slip for these walls has no significant influence on resin flow, so either would yield
similar results. Both models also include a point where the pressure is set equal to
zera The pressure is set equal to zero at a reference location, to ensure that the
pressure solution is uniqueThe fiber radius was.g micrometers. e baseline

values for the resin and interaction parameters caaurelfinTable2.1.

Symmetry Plane

Figure 2.6: Schematic of three and four-fiber unit cell models, with symmetry
planes shown. Three and four fiber unit cells represd hexagonal
and square fiber packing arrangements respectively.

2.2.1.4 Resin Spreading on a Flat Plate

Figure 2.5 shows the schematic of the initial drop along with the boundary
conditions modeled using COMSOL to predict the spreading drop of glycerin
The spreading dynamics were then compared with an experiment we conducted and

recorded The glycerin properties were found using traditional characterization
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techniques, described and reported in the experimental methods section. The
properties for the aiphase were taken from the COMSOL material libraffe two
dimensional model takes advantage of the axisymmetric property of the process being

modeled.
No Slip Wall

Axis of Symmetry
(full slip wall)

Interface (described
by level set function)

Drop Length ’[ \

) P=0 Point
Wetting Wall

Figure 2.7: Schematic ofdrop spreading on a flat plate axisymmetric
model, which will be utilized to compare numerical and
experimental results for a drop spreading on a flat plate.

2.2.2 Assumptions

The Reynolds number in this problem is on drder of 1C, thus it can be
assumed that the inertial forces aegligible relative to the viscous forces and the
NavierStokes equations can be reduced to Stokes flow. The ratio of gravitational to
capillary forces, represented by the bond number, is on the ofd®®, making it

acceptable to neglect gravitipetermination of Reynolds and bond numbers are found
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in Eos. 2.7 and 2.8 For the axisymmetric model, due to the geometry being

symmetric ) )
ey pp)(lEH—C'OQJTII—O v T
2A = EC PBP T (27)
T8O U
e ppx,—EFﬁguﬂJpl—)— vP T
I = TP 29

G

about the fiber axis and our assumption of no gravity, the flow is considered
axisymmetric about the axis of the fiber. It is assumed that the resin used does not
cure during the wetting process, allowing us to maintain a constant viscosity value

during the flow. It is also assumed that the fibers are rigid and do not move as the

resin flows.

2.2.3 Governing Equations
The governing equations (Egg.7 and2.8) in the model are the Stokes and
continuity equations. The interface between the two fluidsaskéd using the level
set method25]. The level set method creates an interface with a finite thickness,
described by the |l evel set varOitealatress (G) w

the interface[25]. These equations (EqR.9)), modified to account for the stdte

assumptions, are given [B6]:

mJl nad (o€ (2.9
NIl T (2.10

i TN nORIN N n il
I I r ] np i 31_7\5 (2.11)
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Whereu is the velocity vector, the subscript denotes the partial derivative with
respect t o t hatcosityaRis thebpressurersgis thedorce dueto v i s
surface tension, O is the reinitializatio
thickness, andh is the level set variable. To minimize computational cost, the
interface thickness is set to one halftio¢ largest elemenehgth[26]. Thedensity
and viscosity within the interface between the resin and aifoared using rule of
mixtures[26]:

M M M M n (2.12

t 1 { { n (2.13

2.2.4 Fiber and Resin Parameters

The properties of the resin and the fipesin interactions play an important
role in the wetting of the fibers by the resin. The viscosity of the resin has a large
impact on the rate of wetting, but not a significant effect on the final shape of the dro
The bond number is the ratio of surface forces to body forces, providing a good
indication if the resin flow is driven by surface forces or gravity. This study focusses
on flows with low bond numbers. The contact angle between the fiber and resin,
largely impacted by the surface tension of the resin, represents the principle force
driving wetting at the micro scale. The fiber diameter will & important
geometrical parametewhen investigating drops spreading on the fiber surfaces.
When the modeis extended to include multiple fibers, the fiber spacing and packing

arrangement will influence the wetting dynamics.
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2.2.4.1 Static Contact Angle between Fiber and Resin

Wetting describes the spreading ofiguid on a solid substratf27]. The
wettability of a substratby aliquid is quantified by the static contaangle, a force
balance at the line of contact between the fiber surface (solid (s)), resin (liquid (1)), and
air (vapor (v))ands gi ven by Y[@ngds equation

Rifo ——
r (2.19

| n Youngo s regrepents the surface epnergy at thenterface. As
shown in equation2(12), the final staticcontact angle takes into account both the
resin surface tension and the difference in interfacial energies of thevapbd and
solid-liquid interfaces. The soldapor and solidiquid surface energies can be
manipulated by modifying the fiber sizingjhich is a coating that is applied to the
fiber surface. The final static contact angle of the resin on the fiber surface has been
shown to have a direct relationship with the interfacial shear strength of the resulting

composie [28].

2.2.4.2 Resin Viscosity
The viscosity of the resin does not affect the final position of the resin on the
fibers since it is assumed to be constant. As Stokes solution is linear, the time it takes

to wet the fiber surface will be directly proportionathe viscosity of the resin.

2.2.4.3 Slip Length
There are stress and velocity singularities at the 4bin@se contact line when
solving the Stokes equations with aslgp cordition at the solid surfag9]. A way
to handle this boundarsyl icpoon dciotnidoint iiosn ttoo nac

a distance b (slip | ength) bel oawintthee s ol i
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region between thwall and the no slip plarf{80]. The frictional force at the wall is
scaled with the slip lengtf26]. Not unlike viscosity, changing the slip length will
influence the wetting rate, but not the finaltdisution and configuration of the resin
on the fiber surface. The slip length is a parameter that models the interactions at the

fiber-resin interface.

2.2.4.4 Fiber Volume Fraction and Packing

The fiber volume fraction is an important property of compositesnwhe
considering their strength and stiffness. The fiber volume fraction will be controlled
in this study through manipulating the distance between fibers, measured from axis to
axis. Two common packing arrangements for fibers are square and hexagonal
packing. The hexagonally packed fibers are modeled with a unit cell in which lines
connecting the center of each fiber would form an equilateral triangle. The
relationship between the fiber volume fraction;),(fiber radius (r), and distance
between fiber ees, (d), will be: )

O A 'EA) (2.19

for fibers in a square packing arrangement. For fibers in a triangular packing
arrangement, the relationship will be:

Mo O

O 1% (2.16

2.2.5 Experimental Setup and Procedure
The experimental setup, shownkigure 2.9, includes a substrate on which a
drop of liquid can be deposited by using a thin wire and a camera to capture time

stamped images of the process.
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This experiment was performed by depositing glycerin drop on alidas
substrate. Glycerin was used as the test liquid because it has similar properties to the

epoxy ultimately being used in tlirop spreading experent. The surface tension

Thin wire to
place resin

I .

Figure 2.9: Schematic of the experimental setup to record spreading o
a resin dropon a flat plate. A thin wire is utilized to deposit
the resin onto the glass substrate.

measured with a dynamic contact analyzer to be 0.07 N/m. A BrookfiekE DV

vi scometer measured the viscosity of the g

Placement t=0.000 seconds t=10.550 seconds

t=1.099 seconds t=4.119 seconds t=27.481 seconds

Figure 2.8: Experimental results depicting spreading of the resin drop as a
function of time at selected time steps. The results will be used to
verify the numerical model.
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glycerin, measured using a precision scale and flask, was 1.236 ggample images
of the drop spreading are shownFigure 2.8. The static contact angle between the
glass and glycerin, measured using image analysis software on the drop in

equilibrium, is 28.5 degrees.

2.3 Results and Dscussion

First experimental and analyticakhdation of the model used will be provided
in the next section before parametric studies are conducted to investigate the dynamics
of resin spreadinf23]. The capillary number, described in Eq.,lislcalculated to be
6.9x10" for the baseline case with sia properties given in Table 2.1 and a
characteristic velocity of 44m/s which clearly indicates that the capillary forces

dominate in the process

2.3.1 Validation of the Numerical Model

The physicdnvolvedin the preceding models is multiphase fluid flosth a
high surface to gravitational force ratio. A model of a drop spreading on a flat plate
was developed to experimentally verify that the governing equations could predict an
acceptable numerical solutiondmultiphase wettingynamics dominated by surface

forces.

2.3.1.1 Comparison between Experimental and Numerical Results

Two experimental trials were conducted of a drop spreading on a flat plate.
The first experiment was used to determine the valllewdiich defines the resin fiber
surface characteristics. B value of zero would correspond to the case where the
liquid will not wet the substrate and an infinite value would describe the scenario

where the |iquid would reach its final
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Figure 2.10: (a) Explanation of slip length and omparison of numerical model
and experimental data for a drop of volume(b) 0.057 mn? and (c)
0.140 mnt
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real systems will fall between the preceding cased can be determined
experimentally by comparing the numerical and experimental solutions using a range
of b values. As b is increased or decrea
will become higher or lower. Thevalue that describes thigjliid-substrate system is
found by adjusting thé value until the dimensionless length, defined as the drop
length at time t divided by the final length of the drop, matches the experimental
results. This experiment used the resin volume of 0.057. mhe b value for slip
length from this case was determined to be 6.25. The experi ment al
results for thisb value are shown ifrigure 2.10 along with an inst that describes
di stance b (slip | ength) below the solid
region between the wall and the no slip plane.

Having determined thie value, the next experimewias conducted with a drop
volume of 0.140 mrh The dimensionless length of the COMSOL simulation is
compared to the experimental dimensionless lengthFigure 2.10 using the
characterizedb value. Comparinghie results verify the numerical model used to
describe the dynamics of resin spreading on a surface for a large surface force to body

force ratio.

2.3.1.2 Mesh Refinement Study

A mesh refinement study was performed to ensure that the numerical results
converged ashe number of elements in the mesh was increased. Wetting length, as
shown inFigure2.4, will be used as the characteristic output parameter studied for the
axisymmetric model of resin wetting a single fiber. The area of the -fib&n
interface will be used as the characteristic output parameter for the three dimensional

model of resin spreading on a single fiber. Comparing the four solutions for each,
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depictedin Figure2.11, confirms that the numerical output converges and the lowest
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Figure 2.11: Mesh-refinement study for the axisymmetric @) and three-
dimensional @) drop spreading on singlefiber models

mesh density used provides an acceptable result.

2.3.1.3 Comparison of Final Drop Shape with an Analytical Solution
The equilibrium solution for the axisymmetric modelregin spreading on a
fiber was compared to the resin configtion predicted by Carrofl17]. In the

numerical solution, resin volume, fiber diameter, and final contact angle are all
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known. These values were substituted into EBs3-§) and then substituted into
Eq.(2.2-6) to create an equah with one unknown, allowing one to solve fgr YOnce

Yo is known, it ca be substituted back into EgR.1-4) to develop a parametric
equation for x and vy. d was varinad for
interface shape at the yptare is solved by using this method and is compared to the
numerical solution irfFigure2.12. The closeness of the two solutions provides further

validation of the numeézal model.

y (um)

Analytical Solution
®  Numerical Solution
= = Fiber Surface

Figure 2.12: Comparison of the analytical and numeric&solutions for the final
shapeof the resinair interface

2.3.2 Parametric Study of Axi-symmetric Model
The wetting physics in the axisymmetnwodel was influenced by the static

contact angle, slip length, fiber and resin geometry, and viscosity.
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2.3.2.1 Static Contact Angle between Fiber and Resin

The evolution of nordimensional wetting length over time is shown in Figure

1.9
ED 1.8 /_
T s e e ar—r
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,—=, 1.4
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812 L 15 Degrees | |
.g = .« =30 Degrees
= 11 60 Degrees
210 45 Degrees |—|
0.9
0.00 0.05 0.10 0.15 0.20

Time, t (s)

Figure 2.13: Time-dependent nordimensional contact length for
selected contact angles

10 for a range of static ntact angles.The baseline valuggiven inTable2.1, are
used for all other properties. Here, the ulimensional wetting length is normalized
by the initial wetting length. Fibeesincombinationsvith high contact angles reach
their equilbrium positionfasterbecause the residoes not travel very far. As the
wetting properties are increased, evidehbg a lower contact angle, the amount of
the fiber surface covered by the resin increadé® trends found in the contact angle
study can be translated to changes in the surface energy of theesolidsolidair, or

resinrair through Equatio.12.

2.3.2.2 Fiber Radius
The nondimensional wetting length, as a function of time for various fiber

radii is depicted irFigure2.14. The baseline values are used for the fdoed resin
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propertiedisted inTable2.1. All of the initial wetting lengths were slightly different

due to the radius of the resin drop changing slightly to keep the resin volume constant
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Figure 2.14: Evolution of contact lengthover time for selected fiber radii

for a varying fiber radius. At low times, the resin moves at a similar rate for all trials.
With increasng time, the resin reaches equilibrium on the smaller fibers first because
it has to travel less and the capillary forces are stronger. The final wetting length
increases as the fiber radius was increased due to the resin trying to minimize its

surface area.

2.3.2.3 Slip Length

With the exception of the slip length, all properties were equal to their baseline
values for this study. Thslip length, which characterizes the resin fiber interface
property, did not impact the final wetting length of the resin on the fiber. It did impact

the wetting rate as shown kigure2.15. As one would expect, the system reached
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equilibrium at a faster rate when the slip length was increased due to the increase in
slip velocity at the fiber surface. The slip length found in the experimental validation
of the phics would fall close to the middle of the values studikanethodology for

determining the slip length for a fibeesin combination is detailed in the following

chapter.
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Figure 2.15: Evolution of non-dimensional wetting length over time for selecte
slip |engths, b

2.3.3 Three Dimensional Single Fiber Model

In the three dimensional model, resin wets the top of the fiber faster than it
wets around the circumference of the fiber, depictdéignre2.16. The curvature of
the surface slows the rate of wetting on the outside of a concave surface because more
resin surface area is created per unit length traveled. The wetted length on the top of

the fiber decreases slightly after the resin begins to slead) the bottom of the
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fiber, the time of which is indicated by the plateau of the circumferential spreading

curve.
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t=0.00seconds t=10.08 seconds

t =0.14 seconds t = 0.44 seconds

Figure 2.16: Three-dimensional spreading of a finite volume of resin on a
single fiber. Resin is shown in red, air is represented by blue,
the interface between the resin and air is shown by the others
colors. The fiber is represented by the three horizontal lines,
near the center of the model vertically.
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2.3.3.1 Square and Hexagonal packing Fiber Unit Cells

t = 0.00seconds t = 0.00seconds

t =0.09 seconds t=0.07 seconds

t = 1.47 seconds t =0.38 seconds

Figure 2.17: Spreading of resin inside triangularpacked (eft) and square
packed (ight) unit cells at selected time step&esin is shown in
red, air is represented by blue, the interface between the resin
and air is shown by the otherscolors.
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The spreading of a finite volume of resin within a three (hexagonal packing)
and four fiber unit cells (square packing) with a fiber volume fraction of 30%, static
contact angle of 30 degrees, andder r adi us o fFigdre2eddin Tler e s h o
interface is described by the level set function, described by the scale bar where a
value of one represents pureBsin. The resin spreads axially and circumferentially
along the fiber. The four fiber unit cell spreads and reaches equilibrium at a much
faster rate (0.38 seconds) than the three fiber unit cell (1.47 seconds). This is a result

of there being an ineased fiberesin contact area in the four fiber unit cell.

2.3.3.2 Fiber Volume Fraction

For this studythe base parameteround in Table 2.1, were usedand the
spacing between fibers was variedhe normalized fiberesin contact area is the
calculated fibefresin contact area multiplied by the fiber radius divided by the resin
volume. The effect of changing fiber volume on the fitvesin contact area increased
as the fiber volume fraction was decreased, as showigure2.18. As the volune
fraction is changed for the three and four fiber unit cells, the spacing between fibers
changes at differemates, described iequations(2.15 and (2.16. The change in
fiber spacing governed by equatior{2.15 and(2.16), for the two types of unit cells
causes the capillary pressure to change, which can be modeled using tlge Youn
Laplace pressurequation[27]. At larger fiber volume fractions, the capillary
pressure increases at a much faster rate, leading to an inonedtatiarea. At lower
fiber volume fractions, the rate of change of capillary pressure is not as high, resulting
in similar increase in wetted area for both types of unit cells. The triangular packing

arrangement had a larger fib@sin contact area pdiber, thus it would be the
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preferred packing arrangement if one were to create a network of resin micro drops

within a fibertow with the goal omaximizing fiberresin contactarea.
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Figure 2.18 Final fiber-resin contact area as a function of fiber volume
fraction

2.3.3.3 Static Contact Angle

The static contact angle had a large effect on the final-fégsn contact area.
The contact area was linear with the cosine of the static contact angle, stéigurén
2.19. A | inear i n&es sease becawse tha finasuwts shalvh arana
with a fiber volume fraction of 30%. It is clear that for a given fiber volumsifna,
the square packing arrangement is preferred for increasingréibier contact area.
For this particular combination of resin volume, fiber volume fraction, and fiber size
the ratio of fibefresin contact area for the triangular and square paekiaggements

ranged between 1.07 and 1.11 for the given static contact angles. The static contact
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angle did not have as significant of an impact on the resin spreading as the packing
arrangement did Resinwent from its initial to finalposition inside sjuare packed

fibers about five times faster than with the triangular packing arrangemerttis
indicates that when the same volume of resin wets fibers in a square packing
arrangement, the resulting composite will have a higher-fé®n contact area and

faster processing time when compared to a triangular packing arrangement.
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Figure 2.19: Equilibrium fiber -resin contact area for threefiber triangular
and four-fiber square packing arrangements

2.4 Limitations of the Model

A limitation on this model is imposed by the assumption of a microscopic
lengh scale. This is because when the diameter of the fiber or the volume of the resin
is increased by a large amount, the inertial and gravitational forces are no longer
considered negligible. This would invalidate the axisymmetric assumption in the

axisymnetric fiber model. In the four fiber model, one would no longer be able to use
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the symmetry plane orthogonal to the direction of gravity. The trends seen in these
models may not hold for models with extremely large contact angles because they

onlyexamie t he case where the liquid will wet

2.5 Summary

Numerical models describing the partial wetting of a finite volume of resin on
a single fiber and in triangulaand square packed unit cells wereesented and
validated. The static contaahgle affected both the rate of axial spreading as well as
the final fiberresin contact area. Both the wetting length and final {ibsin contact
area increased with increasing fiber diameter. This claim is only for the case when the
resin is in a bael shape around the fiber as the clamshell shape was not investigated.
The slip length had a defined effect on the rate of wetting, but did not impact the final
fiber-resin contact area. This indicates that the slip length will not impact the
compositeproperties. Fiber volume fraction had a significant impact on-fibgin
contact area, being more influential at higher fiber volume fractions. The final fiber
resin contact area was larger for square packed unit cells than triangular packed unit
cells In unit cells with triangular or square packing arrangements, the static contact
angle had a large impact on the final fipesin contact area. The effect of static
contact angle on wetting rate was small compared to the impact of packing
arrangemenbn wetting rate. These models can be used to predict the impact of
manipulating fiber and resin surface properties, interaction, and geometry on the
wetting of fibers by a finite volume of resin.

This chapter emphasized the final configuration of resithiwiunit cells
containing fibers. The following chapter will utilize a numericadel of resin

flowing between fibers taharacterizéhe microscale capillary pressure. The model
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will be employed to explore unique scenarios which have not previoustydtedied,
including the effect of packing imperfections amalws containing fibers subject to
different surface treatments. An analytical capillary pressure model will also be
developed with the goal of rapidly being able to compute the average gapillar

pressure of resin moving between fibers.
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Chapter 3

CHARACTERIZATION OF AVERAGE CAPILLARY PRESSURE FOR
RESIN FLOW BETWEEN FIBERS

3.1 Introduction
Composite materials are comprised of fibers embedded in a resin matrix. The

resin is usually introduced into tfibrous preform in the liquid form. During liquid
composite molding (LCM), a pressure gradient drives the flow of resin into the
preform. These preforms are a dual scale porous medium in which the resin will
usually fill the macroscopic pores betweerefitows much faster than it saturates the
microscopic pores inside the fiber tows for most composite applications (although it is
possible to fill the tows first depending on the capillary nunaiel flow front
velocity) [31,32] In addition to the applied pressure gradient, the microscopic flow of
resin into fiber tows, especially in regions far from the inlet, is driveth&gapillary
pressure. The influence of capillary pressure on composites processing is an active
area of researd83i 36]. Increasing capillary pressure will result in less microscopic
voids inside of fiber tow§l,37]. This will increase the fibanatrix interfacial area
and improve the mechanical properties of the resulting composite because it will
eliminate many stress concentratregiors. On the other hand, presence of
microscopic voids can increase energy absorption of the composites by dissipating the
impact energy through friction between fibers witthe tows devoid of resif38].
Hence by understanding the role of capillary action within fiber tows at the
microscopic level, one can tailor the composite properties for the desired application.
The capillary pressure ishé pressure differential across the interface of

immiscible fluids. It is dependent on the shape of the interface and can be found by
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examination of the radii of curvature of the surface and the surface tension, using the
YoungLaplace equabin [27]:

p P

The radii of curvature of the interface besm the immiscible fluids are given
byRirandRando i s t he s The fadiare measunedsin ootimogonal planes
and considered positi vetheiiquid[27h 8ayram and|l e 0 s ¢
Powell used EqB.1 along with geometric quantities and the contact angle between the
fibers and resin to derive an equation to descthe capillary pressufd9l:
AT [C )
Op AlNC A

(3.2)

Here o9 i s the surface tension, d is the
resin, r is the fiber radius, d is half thfe gap between fibers, aftls the directional
body angle (which is described laterfigure3.6). An average value of the capillary
pressure is used for a practical way to simulate mesaséiogpi within a fiber tow
because using the exact capillangssure values between fibers would require the use
of numerical methods and would not be solvable in a reasonable time due to the
extremely large number of elements that would be necessadetermine the
microscopic motion of the fluid between three to twelve thousand fibers in a single
tow [14,40]

With the assumption that the fibers are either packed in a square or hexagonal
packing arrangement, the only parameter describing capillary presstrehémmges
during resin flow between fibers is the directional body angle. Foley integrated this
capillary pressure as a function of directional body angle to obtain an average capillary
pressure ternfl4]. The approximation for the maximum and minimum directional
body angles were found by setting the capillary pressure equal to zero and taking the
first positive and negative value respectively. An alternative approach was formulated
by Neacsu et al., whichses a more compgilated weighting functiofd0,41]. Ahn et
al used an equivalent pore diameter as nipati radius for Eq3.1 and calculated the



average capillary pressure for transverse flow betwestegonally packed fibers

using[42]:

0 r O Alfo

This approximation does not take tmécroflow details into account. Trepproaches

by Neacsu et g40] and Foley[14] only examine flow between two fibers, without
taking into account the influence of other neighboring fibers. The capillary pressure
contributons have also been determined utilizing experimental methods, but these
only find the average capillary pressure, and do not allow for the capillary pressure to
be a funcon of location within a tovi43].

It is desirable to develop a methodology to calculate the average capillary
pressure of resin moving through a unit cell representing the common hexagonal
packing within the fiber tow. This calculated average capillary pressure could then
serve as inputtahe resin flow front for a mesoscale model of tow filling. Td@stion
introduces a method to numerically calculate the average capillary pressure for a resin
as it fills a unit cell. In addition, afaster method, using the analytical expression for
capillary presare in EQ.3.2, is also developed and compared with the numerical
method. The average capillary pressure for both of these is found using the same
concepts that Foley et &las shown to be acceptaljliel]. The influence of fiber
packing as well as utilizing different sizings on the fibers within the unit cell will also
be investigated in thishapter In both the numerical and analytical magldiber
surface roughnessill be neglected. This assumption is valid as long as the surface
roughness is much smaller than both the fiber diameter and the gaps between fibers.
Utilizing atomic force microscopythe surface roughness for-Z glass fibers was
found to be on the order a0 nm (1000 ordersf magnitude smaller than the fiber
diameter)
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3.2 Model Setup

3.2.1 Numerical Capillary Pressure Model
A multiphase lbw model was developed to describe the flow of resin between

two fibers and through a unit cell containing fifibers which is a more common
/ Periodic Wall \
r

Inlet: P= Ry 2T WetingWalis | O1Het Pour™0

Periodic Wall

Initially !
air '
Inlet: P=P, !
\ ' Outlet: P, = 0

Fiber sujfaces:
wetting walls
[

ité** Unit cell

(®)

Figure 3.1: Schematic of (a) two fiber and (b) five fiber unit cell capillary
pressure numerical models. Blue and grey are the resin and air
initial positions respectively. In (b), the dotted lines outlinghe five
fiber unit cell.

arrangement of fibers within #ber tow, as shown irFigure 3.1. The geometry is
simplified to two dimensions and resin flow is only considered across the fibers because
the resin flow between two fibers is assumed to be uniform in the axial direction. The

slight curvature in the axial direction will be orders of magnitude less than the curvature
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of the flow front across the fibers. Thuwsdin Eq.3.1 is decided by the very small-in
plane radius of curvature across the fibers compared to the axial radius of curyature R
which will be very large. The flow is assumed to be Stokes flow diis smnall scale
andthe low Reynolds number, allovgrthe effect of inertia to be neglected. The walls
are periodic because the unit cell is geometrically repetitive and hence the flow pattern
will be repeating. The wetting walls describe the partial wetting of the fiber surfaces by
the resin. To avoidirsgularities at the contact line, where there is a triple point, the
model uses a slip boundary ciion at the fiber surfac9]. This is done through use
of t he s |Thepsliplvedonity dnhhe fibér surface is expressed as the product of
the slip-length and the local velocity gradient normal to the surface (the Naiggr
The naslip condition, instead fobeing applied at the fiber surface, is assumed at a
di stance b below the fiber surface :and
"I 1 1+t , withT 4 being the namal vector on the fiber surfaf®0].

The interface between the resin and air is described) the level set function
[44]. The level set function creates an interface with a finite thickness, defined by the
signed distance functio¥ The smearedut delta function is then defined by the level

set function[25]:

1 No NN p N (34)

The delta functioris later integrated to introdueesmeared Heaviside function to change
from O to 1 across the interfaaes is done similarly with the volurad-fluid method to
differentiatethe resin and aj25]. The equations governing the resin flow, implemented
usingCOMSOL Multiphysics, arg25,26}

M MO A 'l MH é (35)
nOl T (36)
nn
N 13N IMORN nNp N — (3.7)
dng

Hereui s t he v e l*isthe Visgosity eisthe aansityP és the fluid pressure,

g is the gravity vector, anBy is thedistributed bodyforce over the interface, which is
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represented by the divergence of the interfacial stees®rT due to interfaciatension
(.e.,3 nid . The reinitialization parameter for the interfack, s set to the
approximate maximum interface speed. The interface thickness is gitenby A v al ue
0.077 &m, one half of the | argest el ement
pressure solution was unchanged upon further refinement of the mesh, thus this is an
accept abl E&gs.8mdndB6 arethe Stokes and mass consermatiquations
respectively. E¢3.7 describes the level set function, which is utilized to define the-resin
air interfacial movement. There are multiple ways to formulate the level set method, this
form was available in COM3L and is effective in solving this problem as we are
dealing with creeping flow at low Reynolds number also evidenced by the validation of
our method. The viscosity and density are interpolated by the Heaviside function
according to the regime where tiflaid material is present: i.e., resin or.aifThe
reinitialization has been introduced to normalize the distance function property of the
levelset function.

We remark thathe force from capillary pressure, acting on the resin interface,
is assumed to be equal in magnitude as the traction force on the surface of the fibers,
shown inFigure 3.2, since the interfacial teims that always acts in the tangential

— >
— 7>

N\

Figure 3.2: Diagram depicting capillary pressure and the application of
traction force. The location of the resin is given in red and on
the right side blue represents air. The other colors on the rigl
side indicate the different steps of the interface, where the lev
set function is continwusly changing from 1 (resin only) to 0
(air only).



direction will be cancelled along the interface, except for the contact. pdine
continuoussurface stress tensor of the resinregon the fiber surface [¢5]:

A rg 7110 (3.8)
The traction force ithin 0.5 Ufrom the solid surface, denoted Hy, is given, using
the normal vector on théiber surface 1 and assuming tha ti AlfGn
equilibrium with the normal vectd~ on the interface:

TRl ring & 1111 ran@ 1 TAIfO (3.9)
The force due to the partial wetting the integral of the traction forcd, , over the
fiber surfaces in the flow direction{direction). The average capillary pressure is then
computed by integrating th8 component in the flow direction along thHiber
surfaceand dividing it by the interface length. Th& component in thdlow

directionis given by:
g rp 1T 1T 3 1A (3.10)

The interface length between the resin and air can be obtained easilyiritgghating
the smeared delta function over the domain.

3.2.2 Numerical Model Validation
The contact angle between a fiber and resin can be found experimentally using a

contact angle analyzer and geometric parameters may be measured, but the slip length is
a parameter based on interactions between the fiber surface and resin that istdifficult
determine. We propose a methodology to determine the slip parameter as follows; the
slip length introduces a slip velocity at the contact surface in the numerical model. The
slip length parameter is determineg compaing the resin flow front movemenmtith a

simple channel flow between partially wetted parallel plates, whose analytical solution is
known An analytic solution that can predict the wetted length as a function of time for

flow betweerparallel plates is given 6]
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(3.11)
o1

Here L is the distance traveled by the flow front along the length of the plates (wetted

length) and h is the distance between the two plates. The surface tension of tgadluid,
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Figure 3.3: Wetted length versus time for resin moving between parallel plates
for an analytic solution with a contact angle of 30 degrees in Eq.(11
I n the numeri cal model , sl itftfot
that contact angle. (a) broad range (bjine tuningof ( b) t ¢
analytic solution.
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known and to relate the contact angle to the slip parameter, thersliptleh ( b) ¢
found through fitting the numerical and analytical solutions for the flow between parallel
plates, an example of which is shownFigure 3.3 for a cortact angle of 30 degrees.
Figure 3.3-a shove a broad range of slip lengths to approximate the slip length. In
Figure 3.3(b), this approximate solution is fine tunéol find a more precise value
($0. 125 em), as determined by comparing
slip length is dependent on thentact angle and fiber curvature but is not a function of
fiber spacing. The slip length found using parallel plates can be converted to the slip
length fora fiber with radius r usinp#7]:
P P
r

: (3.12)

P
O
I is the slip length found using parallel plates since the radius of curvature for a flat
plate is infinite. To confirm this method, the slip length found usiigyre 3.3 was
input into Eq. 12 to determine the slip length for a fiber with a radius of 4 micrometers
(other parameters listed in Tab&1l). The results for capillary pressurund
analytically using Eq3.2 and numerically using the model describeéfigure 3.1-a and
Eq.3.10, as a function of directional body angle ahown inFigure3.4. The curves in
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Figure 3.4: Comparison between numerical and analytical solution for
capillary pressure (eg. (2)) as resin moves between two fibers
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Figure 3.4 are norsymmetric because the cliguy pressure, defined by Eg.2, is not
symmetric about a directional body angle of zero. The analytical and numerical results
for capillary pressure match very closely, indicating that this method can accurately
predict the capillary pressure of resin moving between fibEne capillary numér for

this flow is 23x10”, indicating it is dominated by surface forces.

Table3.1: Baseline properties uséar capillary pressure prediction

Property Value
Fi ber Radius (¢4
Fiber Volume Fraction 0.6
Surface Tension (N/m) 0.07
Contact Angle { ) 30

3.2.3 Analytical Capillary Pressure Model
It is desirable to develop a methodology for calculating average capillary

pressure without the computational effort required to solve the Stokes equations for
micro flow within a unit cell. An alternate method will analytically predict capillary
pressureof resin moving within a unit cebased on Eq3.2. Foley et ahveraged the
capillary pressure as a function of the directional body angle for resin flow between
two fibers[14]. Averagingthe capillary pressure as a function of the totattedfiber
surface area yields the same result as averaging it as a function of directional body
angle. With this in mind, when including more than two fibers, the capillary pressure
will be averaged as function of total wetted fiber surface area. The analytical
method will yield a matrix of capillary pressure values and the corresponding total
fiber surface area wetted by the resin. The fiber surface area wetted, dergtedll by

be equal in valu¢o the wetted length along the circumference of the fiber since the
length of the fibecanbe assumed to be unifiyr simplicity. The analytical method is

outlined inFigure3.5.
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Figure 3.5: Characterizing average capillary pressure solution methodology

The total fiber surface area wetted by the resin will be increased by specified
increments from zero until all dhe fiber surfaces in the unit cell are wetted by the
resin, with the capillary pressure being recorded at each increment. The capillary
pressue will be calculated using E&.2, which wi | be mul tipli
the flow is not in the xdirection because we are only interested in how the capillary
pressure is driving the resin flow in thediection (resin flow will be at an angle of
"/ 3 wi ttbthe xessp aMhen this value is then included as an input into the
homogenized unit cell, it will accurately represent the flow dynamics. The unit cell

will be broken into sections; a new section is created when a new surface is contacted
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Bottom Right

Figure 3.6: Unit cell model for analytical model with the expected flow
front shape shown in a different color for each section. Resir
will start on the left side of the unit cell, and wet the fibers as
moves acoss the unit cell. The equations utilized to calculate
the capillary pressure and directional body angle in each
section are given inTable 3.2.

or when a surface filly wetted, as shown ifigure3.6. The directional body angle,

U, which is a function of §{ I[Tevequationofort |
capillary pressure, which is a piecewise continuous function over the €eotinain,

and directional body angle gach section is given ifiable3.2. The directional body
angle calculations will be dependent on which section the flow isnirsection B, the
directional body angle is the angle of the flow front with respect to the line connecting
the centers of the top left and center fibers. The equation for directional body angle
must include 4~ /6 term to account for the fact that tivee connecting the centers of

the top left and center fibers is at an angle’ob .
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Table3.2: Calculation of capillary pressure and directional body angle for each section

Section Capillary Pressure Directional Body Angle
r AT O | l
0.{ =3
A - -
Ob Ai P % 1 o)
Al G e
8 01 29 0] 52 OE® , — 2
P ATO 3 cO o
Al €
c 01 M 4 P ] | A
) ~ e 2 A 1 —_—
p ATO 3 ¢O ¢
Al G e
5 01 29 01 okt L L
PpALOD 5 ¢cO o
AT £
E 04 &° £ A Jp— —
P ALOD 3 O q

The end condition for each section, which signifies that the flow front is in the
following section, will be different for each of the five sections. Section A and C end
when the resin contacts the center and far right fibers respectively. The resin is
considered to be in Section B when the flow front contacts the center fiber. The end
condition for section A, derived utilizing the geometry of the hexagonally packed unit
cell and curvature of the resin flow front (whicmdae determined utilizing Eq8.1

and3.2), is when the directional body angle satisfies:
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The smallest positiveircctional body angle from E&.2 can be converted to total

fiber surface area wettes|,using the definition ifable3.2 corresponding to Section

A. The end condition for Section B will be when the fibers on the left side of the unit
cell are fully wetted by resin. The resin will transition from Secfioto Section D

based on Ed3.13(same as A to B). The end of Section D will be signaled when the
resin has fully wetted the center fiber. The algorithm will end when all of the fiber
surfaces in the unit cell are fultpvered by resin.

The transition between sections is important to define. When the resin fully
wets or first contacts a new surface, the flow front configuration will be effected. The
two transition types seen in this unit cell are (i) when the resitacts a new surface,
seen when the resin transitions from Section A to B as well as C to D, and (ii) when
two resin flow fronts collide, such as the transition from Section B to C and D to E.

The transition from Section A to B will be utilized as #wample for how to
handle resin contacting a new surface. The first assumption made is that the two
fibers on the far left side have identical wetted surface areas. The additional condition
that should be met is that the total surface area wetted whihianit cell is conserved
during this transition. The final assumption made is that the directional body angle,
measured between the resin flow front, center fiber, and top left fiber, is the same for

both the center and the top left fiber. These astonmgplead to the following three

57



equations respectively, which will be employed to solve for the three unknowns
@ hi hi ):

@) 0 Al @ 0 (3.14)
i i 1
(3.15)
i i { i
) o) o) ™ O
@) c R (3.16)
()
Here, O is the incremental increase of surface area wetted during each
iteration. O andO are the surface areas wetted of the two fibers on the
left side before the transitionO 10) hand O are the surface areas

wetted of the center and two left fibers after the transition. The @o%fithe resin

!
S Bottom Left

SBottom Left

Figure3.7. Par amet ers wutilized to describ
in Egs.3.14- 3.16
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flow front before and after the transition along with necessary geometric terms is
shown inFigure3.7. It may be noted thad IS not includedn Eq. 3.15 because
there is no resin wetting the center fiber before the jump. This jump will also occur
between sections C and D.

The transition occurring whetwo resin flow fronts collide, using the jump
from Section B to C for example, is more straight forward. The equations governing

this transition are:
o o Al @ o yYe) (3.17)
o o o o AO o 0 (3.18)
This transition will also occur between Sections D and E.
The algorithm will end once all of the fibers in the unit cell are fully wetted.
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Figure 3.8: Comparison between our analytical and numerical solutions for
non-dimensional capillary pressure as a function of wetted fiber
surface area
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The output will be a matrix of total wetted surface area values, increasing in user
defined increments, and the corresgiog capillary pressure values.

The results for capillary pressure as a function of wetted area sgasionably
good agreement between the numerical and analytical models, shdwgure 3.8,
especially when considering that the average capillary pressure is what will be used in

process models when addressing flow at the macro scale.

3.2.4 Averaging the Capillary Pressure
It has been shown that taking the average value of the capillary pressure as a

function of directional body angle curve is an acceptable inputBmzroscale flow
simulations[14]. The capillary pressure, aaged as a function of fiber surface area
wetted, yieldsthe same result. In this dissertatidhe capillary pressure will be
averaged as a function of fiber surface area wetted. This allows the calculation of an
average capillary pressure as resin nsafeough a unit cell containing any number of
fibers; in this chapterwe present results for five fibers. The trapezoidal rule will be
used to integrate the capillary pressure function and an average capillary pressure will
be obtained using:

p

0 3 3

0r 0 30 (3.19)

Yol he)

Here, s is the fiber surface area wetted. The maximum anonorm permissible
surface area wetted in the unit cell is given byx&nd S respectively. The number

of data points in Pversus s dataset is represented by n. The output from the analytical
(Table3.2) and numerical capillary pressure models previously presented will be used
to calculate the correspondingfBr a finite number of s values. These valudsbe

the inputanto Eq.3.19.
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3.3 Results
3.3.1 Influence of Applied Macroscopic Pressure on Capillary Pressure

The independence of capillary pressure from the applied pressure gradient
across a multfiber unit cell has been assumed but werified in literature[14,40].
This leads to the assumption that the average capillary pressure also is independent of
applied pressure in macroscale flow. It is not intuitively obvious that the capillary
pressure should be independent of applied pressure because the shape of the interface
will deform based on the applied pressure, which may affect the capillary pressure.

The influence of applied pressure gradient across a hexagonally packed unit
cell, with properties givenin Table 3.1, for selected pressure gradients was

investigated by ggying a positive pressure at the inlet and keeping the outlet pressure

o e No Applied Pressure
- Inlet Pressure 15 kPa
172
ot 20 | Inlet Pressure 50 kPa
a.
>7T - . |nlet Pressure 101 kPa
29
3§ 15 1\
O o
SE
gg 10|
v S~
§ <
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[ =
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zZ

0.0 ! - =
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Non-Dimensional Wetted Length (s/2xr)

Figure 3.9: Influence of externalpressure gradient on the capillary pressure
as resin moves through a unit cell.
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equal to zero for the unit cell utilized in the numerical model, showigre 3.1-b.
Compaing the capillary pressure as a function of fiber surface area covered for
selected applied pressures is showrkFigure 3.9. The capillary pressure is indeed
independent of the applied pressure. There are some deviations when there is an
applied pressure of 101 kPa, but they have an insignificant effect on the average
capillary pressure and that large of a pressure gradient over a few micron unit cell
would not be epected in a practical situation. Capillary pressure is a pressure across
an interface between two fluids that is driven by the surface tension between the two
fluids. The pressure across the resininterface is driven by the surface energies of

the fibers and resin as well as the fiber radius and packing arrangement.

3.3.2 Effect of Fiber Arrangement

Capillary pressure, being dependent on the curvature of theaiesirierface,
is greatly influenced by fiber packing. The fibers are packed much closer with higher

fiber volume fractions, which lead to a lower radius of curvature for the-a@sin
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Figure 3.10: Comparing average capillary pressure for presented and
previously developed methods in éiber unit cell
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interface. The volume fraction is varied by changing the distance between fibers,
while still maintaining the hexagonal packing arrangement. The influence of
decreasing the radius of curvature is seen irSEgand @n be quantified utilizing Eq.

3.2. The effect this has on the average capillary pressure can be $eguareB3.10.
Figure3.10 also compares the numerical and analytical solutionavierage capillary
pressure to thasfound in literatur¢l14,40,42] There is not a significant difference in
average capillary pressure fawer fiber volume fractions. For higher fiber volume
fractions, the average capillarpressures from our analytical and numerical
approaches amauch higher than the ones found in literatuféis is because Foley et

al [14] and Neacsu et dU0] did not include the effect of neighboring fibers on
capillary pressure and Ahn et Bl2] did not consider the shape of the resin
interface or the direction of the resin flow between fibers. The influence of
neighboring fibers on average capillary pressure is very significant, particularly when
the fibers are clady packed. Without including neighboring fibers, the capillary
pressure would approach zero as the flow front moved far enough (d&gnne3.4).

When the fibes are packed closely and neighboring fibers are included, the resin flow
front will contact and wet the next row of fibers before the capillary pressure is driven
down towards zero. The capillary pressure is driven up when the resin contacts the
next rowof fibers, causing there to not be a large portion of the capillary pressure
versus surface area covered curve that is very low, showigure 3.9. With the
fibers are packed further away from each other, the capillary pressure will approach
zero before the next row of fibers is contacted, showfignre 3.8 where a new row

of fibers is contacted between Sections A and Bhe average capillary pressure
increased at a higher rate as the fiber volume fraction approaches its maximum limit

for the packing arrangement because the effect of neighboring fibers cuts off more of

t hewdirl oportiono of the capillary pressur

(corresponding t digweB4. hi gher U values i
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3.3.3 Effect of Imperfect Fiber Arrangement

Previous work has been aimed at predicting capillary pressure for resin moving
within a hexagonally packed unit cell. In real systems, the fibers will not be packed
perfectly in a hexagonal arrangement, making it important to understand the effect of
impefections on the average capillary pressure. To predict the influence of fibers
shifting away from perfect fiber packing arrangement, the center fidggume 3.1-b
was moved to different locations along the x and the y axis.

When the location of the center fiber is changed along {ves the average
capillary pressure is significantly affected, depictedrigure3.11-a. As the fiber is
moved further to théeft, the capillary pressure is increased due to two reasons. The
fibers are packed closer on the left of the unit cell which causes a large increase in
capillary presure due to decreasing the resininterface radius of curvature. The
fibers being packed closer on the left side of the unit cell increases the capillary
pressure by a more substantial amount than the capillary pressure is decreased on the
right side lecause the capillary pressure does not linearly change with fiber spacing.
This drives up the average capillary pressure. The second reason is that the
Anei ghboring fibero effect, di scussed
neighboring fiber movesloser. The increase in average capillary pressure is much
higher as the fiber reaches its maximum allowed displacement because thenequati
for capillary pressure (Ed.2) is not linearly related to fiber spacing. As seen in
Figure3.11-b, changing the center fiber location in the direction perpendicular to the
flow direcion does not significantly influence the average capillary pressure. As the
center fiber is moved up and down, it moves closer to the top and bottom two fibers
respectively. This results in an increase in capillary pressure, but due to the geometry
of the unit cell, this increase is mostly seen in thdirgction because that is the
direction of the flow. In the calculation of average capillary pressure, only the
capillary pressure driving flow in the-direction is considered since that is the flow
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pathand the end goal is to determine the average capillary pressure driving the resin

througha unit cell.
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Figure 3.11: Average capillary pressure for case where center fiber is moved
along the (a) xaxis and (b) yaxis
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The average capillary pressure will be used in macede flow predictions,
making it useful to calculate the effect of fibers not perfectly placed in fiber packing
for various fiber volume fractions. Only moving the center fiber inxtdeection will

be considered because it was shown that moving the center fiber wditteetiyon had
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Figure 3.12: Normalized capillary pressure as a function of the yoffset of the
center fiber for selected fiber volume fractions calculated with the
analytical model.

a negligible influence on the average capillary pressure. To study the influence of
these variations, the average capillary pressure will be normdlizdate capillary
pressure for a perfectly packed unit cell and the offset of the center fiber will be
normalized by the maximum offset allowed by the geometry of the unit cell. The
normalized capillary pressure as a function of the normalized centerofiset was
shown to be independeat fiber volume fractionFigure3.12). This is a key result

because a fiber tow will consist of a statistical distribution of fiber volume fractions as
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well as deécts in packing arrangements. A single curve can be utilized in conjunction
with the average capillary pressure as a function of fiber volume fraction curve to
predict the capillary pressure of resin moving through a unit cell with variations in
packing arangements for any fiber volume fraction.

3.3.4 Capillary Pressure for Unit Cells with Fibers with Different Sizings

The average capillary pressure of resin moving through a unit cell containing
fibers can be manipulated by having different sizings on tleedibUtilizing different
sizings on fibers within a tow will result in fibers with different surfasergies;
therefore they will have different contact angles when wetted by resin. The unit cell
shown inFigure 3.13-a contains fibers with different sizings, half of the fibers are
sized such that they will have a contact angle of 30 degrees and the other half will
have a contact angle of 60 degrees. Hmamerical model was utilized to determine
the influence of varying the surface treatments on the average capillary pressure,
shown by the hybrid sizing valueskigure3.13-b. The average capillary pressure for
the hybrid sizing tows fall between those of the uniformly sized tows with 30 and 60
degree contact angles. This is because the wettability of the hybrid unit cells falls
between that of the two uniform cellsausing the capillary pressure fal as well
since the geometry of the cells are identical. Fiber tows with differently sized fibers
would be useful if one sizing was optimized for bonding with the resin and the other
increased the saturation leveltbé tow. They could also be utilized to manipulate the
capillary pressure in a manner that results in the tow being filled with a desired

volume of resin during LCM processes.
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Figure 3.13: Unit cells with hybrid sized fibers (a) model setup and (b)
influence on average capillary pressure

3.4 Summary

Novel computationalmethodsto predict capillary pressure of resin moving
through a fiber unit cell was presented and validatgti analytic methods The

analytical and numerical predictions agreeell with those found in literature and
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were able to account for presence of neighboring fibers which was neglected in
previous efforts. The capillary pressure of resin moving between fibers was shown to
be independent of the pressure gradient applied to the unit cell and increase with fiber
volume fraction. The influence of arrangement imperfections within a hexagonally
packed system of fibers was explored. The effect of these imperfections on average
capillary pressure of resin moving through unit cells containing fibers was found to be
dependent on the direction the fibers were offset, which was previously unreported.
These results can be utilized to develop models of resin flowing into fiber totvs wit
statistical distribution of fibers. The influence of including fibers with different
surface treatments within a unit cell was studied. It was found that the capillary
pressure of these unit cells will fall between that of unit cells uniformly siztd

each individual sizing. Developing a methodology to quickly and accurately predict
the average capillary pressure of resin moving between fibers allows one to include
more accurate average capillary pressures in macroscopic tow filling simulations.

The next step is to include this capillary pressure in a mesoscale tow filling
model, which will be the focus of the next chapter. A methodology will be developed
to include capillary pressure in modelling the infusion of tows with stochastically
spaced ibers. This will allow prediction of microvoid formation and distribution
within the tow. The microvoid distribution will depend on a number of factors
including fiber spacing wetting properties, and how long the preform waseun

vacuum before infusiobegins
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Chapter 4

CAPILLARY DRIVEN FLOW OF AN INFINITE RESIN VOLUME INTO
FIBER TOWS: ROLE OF FIBER PACKING AND AIR EVACUATION

4.1 Introduction
Most composite manufacturing processes impregnate the fiber preform by

driving the resin to flow and saturate the open spaces between fibers. The resin flow is
induced by a pressure gradient comprised of an applied pressure, capillary forces, or a
combiration of the two. The empty spaces between the fibers that are not occupied by
the resin after impregnation are called dry spots or voids. Voids are caused by the
entrapment of air or volatiles due to the resin flow front dynamics and filling patterns

during the resin impregnation process as showirigure 4.1. Voids are usually

Mesoscale pores Mesoscale pores

Resin flow front approaches Intermediate time: Resin Later time: Resin has filled
fiber tows impregnates the regions outside the areas around the tows
the fiber tows first and slowly and partially infused the
starts to flow into them due to tows, leaving microvoids
the dual scale permeability of inside of the tows
the preform

Figure 4.1: Schematic of void formation in a dual scale fibrous preform.
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viewed as negative becaubey cause stress concentration regigmsn being loaded,
which reduces the strength and stiffness of the resulting composite. The prediction
and control of voids is a very active area in composites resgart/48]). A partwith
more than 2% void content is often discarded in the aerospace industry, which has
significant financial consequencif].

Preforms ardiber tows either wovemwr stitched togetherEach fiber tow will
have 1K to 24K fiber filaments bundled together. Preforms are considered dual scale
porous media because the spacing between the fiber tows is usually one to two orders
of magnitude largethan the spacing between the fibers. Due to the dual scale pore
sizes, resin will flow around fiber tows much faster than into fiber 0% The
resin will continue to impregnate the tow and compress the void until the gas pressure
inside the void is equal to the sum of the applied and capillary pressures. The
compressed gas within the tow, if unable to escap#&thewill become a microvoid
in the final composite part. The void size and morphology will be a function of the
fiber tow geometry and the distribution of the fibers within tows. Hence there is a
need to develop a methodology capable of modeling riegimegnation into fiber
tows that may contain nemniformly spaced fibers, which will more accurately
predict the formation of these microvoids. It is also desirable to determine the
correlation between the duration of time a part is subjected to a vacuewacuate
the air before impregnation and the microvoid concentration within the tows. The

novelty of this work is that it will account for the role of capillary forces and vacuum
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hold times on the void formation and distribution within a fiber tow Wias a non

uniform fiber distribution.

4.1.1 Previous Work
The impregnation of fiber tows has been the subject of many research efforts, a

review of which compares some of the prominent db&é$ The outer surfaces of
tows are usually surrounded by a volume of resin significantly larger than the empty
space between fibers, making it justifiable to assume that an infinite resin source is
available to impregnate the tow. This problem can be simplified by ignoring
gravitational forces since they are negligible when compared to the applied and

capillary pressurs. The infusion of resin into fiber tows has been modeled using

Darcyog45dawDbDarcyds Law and the coffJservat.i

:
| T 20 (4.1)

nJdl om (4.2)

The resin pressure is given by P,is the resin viscosityK is the anisotropic
permeability of the porous media expressed in a tensorial formy anthe volume
averaged resin velocity. The impregnation of cylindrical tows with resin has been
assumedo be one dimensional when the fiber volume fraction is constant throughout
the tow. Resin is introduced from the circumference of the fiber tow under a constant
pressure and the tow permeability and capillary pressure are assumed to be uniform
throughouthe tow[40,52] Darcyod6s Law is invoked to

porous tow. Foley validated her model, incorporating an average capillary pressure
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term, experimentally by measuring the weight change over time of a tow submerged in
resin[14]. A closed form solution correlating a rdimensional time and flow front
radius was developed by Neacsu et@l.r&dial flow into a cylindrical fiber tow with
uniformly spaced fiberpt0]:

zZ p R p GIR (4.3)
Here the nordimensional flow front radiusr’) is normalized by the tow radius and
the nondimensional timeZ) is written interms of the pressure difference between the
towds surface 30nd tasihlowsdoninty O ¢c) ,
tow radius 2 ), and tow transverse permeability{{{40]:

T+ 30

2 1p © #4

Z

Neacsu et al. provided experimental support for their model by constructing a
very large fiber tow with a pipe in the center and flow monitoring sensors along the
radius to determine when the flow front reached predetermined loci®nsAfter
the tow was fully saturatk the mass flow rate through the pipe was measured to
determine the radial permeability of the t¢®8]. This analytical model will be
utilized to validate our novel method of including capillary pressure at the flow front.

Necessary inputs for E¢4.4) include the tow permeability and the average
capillary pressure of resin moving between fibers, which are included in the pressure
difference. It would be expected for this equation to underestimate tow fill times
because it does not take into accour #ffect of air pressure within the tow. A

constitutive model for the transverse permeability of the tow,cEn be expressed as
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a function of fiber radius;sp, and volume fractiony;, using the Gebart equation for

hexagonally packed tow54]:

. A
r 2% — p (4.5)

The methodologypresented in Chapter(Fable3.2 and Eq.3.19) will be employedo
calculatethe transversecapillary pressure associated with the fiber properties and
arrangement in each element.

Another important parameter in tow filling is the amount of air evacuated from
the tow during the application of vacuum on the mold cavity prior to injecting the
resn. Cender et al. developed a procedure to calculate the air pressure remaining
within a fiber towby satisfying continuity equation that accounts for compressibility
in porous media with t he [556]0oAsuhmgaslbevomesaged I
rarified acorrection can be added to the intrinsic permeability i{iKorder to extend
the validity of Darcyods Law bbywhicmhas oduci n
units of pressure. Power law models have been successful at predicting b &sin K

only dep@ds on the porous structUgb]:

A 18T WY (4.6)
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Here, n is its porosity. The Klinkenberg parameter corrects for the intrinsic

permeability througl55]:

4.7)

ol >

For our purposes, we calculate b << P and assume perfect vacuum pressure at the end

of the part, which allows the pressure at any location to be predictefb®jth

0o o W

el 8
0 p®pdUp © “48)

Here, 0 is the initial pressure at the inlet at t=0 which usually is the atmospheric
pressure, par is the part length, and L is the distance from the inlet, as shown in
Figure4.2. The nondimensional time, expressed as a function of part length, is given

by [56]:

30
e o 4.9)
nt,

Here, ®@P is the pressure difference bet wee
The influence of air compression and capillary pressure has been examined in

onedimensional flow into cylindrically shaped toyw0,52,57] Capillary driven flow

into tows without air compression has also been studied numerically and

experimentally{58]. Kang et al. showed that voids were larger in tows farther from

the inlet location58]. None of the papers surveyed in literatureuded capillary

pressure and air compression on the impregnation of elliptical tows. Another large
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gap in literature is that no models were found capable of including location dependent

Papp + 5 APy Flow front

Inlet

Figure 4.2: Tow filling model schematic, shown at an intermediate time step in

which resin is still entering the tow and the macroscale flow front has yet to reach

the outlet. Red and grey represent the saturated portion of tow and preform
respectively, with blue representing tle unsaturated regions of each.

fiber volume fractions. This is of interest because neither the capillary pressure nor
permeability of unit cells is linear with fiber volume fraction, thus using their average
values will lead to less accurate resultseakstic fiber tows have been shown to
exhibit a stochastic distribution of spacing between fijee§. This dissertation
utilizes a novel methodology to address the filling of elliptical tows with-non
uniformly spaced fiber volume fractions, whigkcludes the effect of both capillary
and air pressure. The inclusion of a statistical distribution of fiber spacing allows for
the prediction of multiple microvoids within the tow as opposed to predicting one

large void in the center, which is consistemth experimental result$60]. A

micrograph ofvoid distribution in fiber tows is shown figure4.3. Correlating void
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content within tows with air evacuation time has yet to be explored boipsriant

for manufacturing applications, particularly in the aerospace industry.

Figure 4.3: Multiple voids (black) distributed within a fiber tow, with a
thickness of ~0.2 mm [Adapted fron{77]].

4.2 Methods
The resin flow modeling software used tcsdebe resin infusion into fiber tows

was Liquid Injection Molding Simulation (LIMS). LIMS is a finite element software
that uses a control volume approach to simulate resin flow in a porous d@ifin
The presure distribution within the porous domain is calculated by combining

Darcyodos Law with the d&dnservation of mass

:
1030 (4.10)

The pressure gradient and Darcyés Law are
node and advance the flow front. This is repeated at each time step until the end
condition is satisfied. LIMS allows the modification of both material properties and
boundary conditions in each node and element after each time increment. This model,

like the aforementioned models, simplifies the tow filling to a two dimensional

geometry, represented by the cross section of the tow. One of the advantages of this
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modelis that it can be employed to predict filling on any realistic tow shape and is not

limited to a cylindrical or elliptic geometry.

4.2.1 Solution Methodology
As the tow permeability is orders of magnitude lower than the permeability

between the tows, it is jtiBably assumed that the fiber tow is surrounded by the resin
before it impregnates the tow. Hence in the simulation it is assumed that the resin will
enter the tow from the entire perimeter, as shown with necessary parameters at an
intermediate time stem Figure4.2. Here By is the applied pressure on the tow
where x = 0 (center of the towpP i s t éagradignt aeress the tow, andif

the voidpressure.Depending on the preform structure, it is possible that tows may be
in contact with each other. This model may be employed to predict filling in such
scenerios by only classifying nodes that are not part of theadewontact asniets.

The tow location and resin flow front location in the part, measured from the inlet are
given by Low and Lg(t) respectively. The air pressure in the unsaturated region of the
tow is denoted by Bq4. The shape of the flow front iigure4.2 is not elliptical like

the fiber tow because the fiber volume fraction changes as a function of location in the
tow. Elements with higher fiber volumeattions will exhibit lower permeability and
higher capillary pressures, causing some elements to fill at a much faster rate than
others. The tow initially does not contain any resin as this model is utilized to predict
microvoid formation due to resindiiv front dynamics. The perimeter of the tow is

modeled as inlets with a specified pressure boundary condition, which is linear with
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respect to x as the resin flows from the inlet towards the vent under a constant pressure
gradient. The initial void presse will be calculated from Eg4.8), which depends on
how long the preform was under vacuum before introducing the[B&gin

The end condition for the algorithm is when the pressure in every void is
higher than the surrounding respressure plus the corresponding average capillary
pressure and the resin flow front has reached the end of the preform. The latter
condition is necessary because if the resin flow front has not reached the end of the
preform, the applied pressure expeced by the tow will continue to increase, further

compressing the void.

4.2.1.1 Applied Pressure Boundary Mndition
The pressure in the resin surrounding the fiber tows will change with time as

the flow front moves from the inlet towards the vent. This walliticorporated into

our model by defining a time dependent pressure boundary condition around the
circumference of the tow. By assuming a linear pressure gradient across the part from
inlet to the flow front, one can calculate the time dependent resssyyee applied

along the surface of the tow at x=0 as a function of the tow location within the part

(LTow):

0 02 n Op—o (4.11)

The flow front location at a given time(t), is given by:
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o) (412

Here, K preform IS the fabric permeability in the flow direction. When the flow front
reaches the end of the part, the applied pressure will become constant with respect to
time.

However,while the flow front is moving towards the vent, the applied pressure
will change as a function of thelacation of the tow and the flow front location
because there will be a pressure gradient across the tow. The change in pressure

across the tow is taulated by:

yo 01— (4.13)

assuming that the pressure at the flow front is perfect vacuum. Hgrées the half
length of the ellipse axis parallel to the flow direction. Combining Egk14.13)
yields the equation governing the applied pressure boundary condition along the
perimeter of the tow in our model:

~ - Yo

This equation will determine the applied pressure at each inlet node around the surface
of the tow until the flow front reaches the end of the preform, thus introducing the
macro resin flow coupling with the mesoscale level of fiber tow filling. Noteitha

a one way coupling where the external fluid pressure influences the tow filling

behavior but the tow filling does not influence the change in macroscopic pressure.
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As our goal is to study the tow filling and not the macro filling of the mold, eeé f

our assumption is justified.

4.2.1.2 Inclusion of Capillary Pressure and Air Compression
The capillary pressure, which LIMS is unable to accommodate, is usually

direction and location dependent. Hence, a novel multiscale method has been
developed to includéhe microscopic capillary pressure in a mesoscopic tow filling
model. This method modifies the permeability of elements on the flow front of the
fiber tow to account for the capillary and air pressures acting on the flow front. The
flow front velocity $iould be conserved, which will insure that our methodology does
not incorrectly influence the flow front movement. The resin velocity within a tow at

the flow front can be expressed as:

+ T + 0 0 O

— 41
t NFO t FO (413

Here, r is the radial direction as definedrigure4.2. To account for the capillary and
void pressure at the flow front, we modify the permeability of the flow front elements

at each time step as follows:

N (4.16)
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Elements that were part of the flow front in the previous time step but become

completely filled will have their permeability values reset to the original vahsethe

Mesh and permeability information
provided to MATLAB

!

-
Capllla..ry DICSSIE information is MATLAB assigns permeability and
input into MATLAB capillary pressure values to all elements

v

MATLAB calculates void pressures

«| adjusts permeability values on flow front

elements to account for capillary and

\_ void pressure

s L N
MATLAB creates input file for LIMS with

modified material properties

~ S

v

LIMS solves for pressure in the domain
and updates flow front location

End of
¢ simulation

p
MATLAB reset the original permeability T

f

values in the flow front location

- s

v
- (_[ Is end condition met? ]_>

Figure 4.4: Methodology for including capillary and void pressure during
resin flow into fiber tows.

flow front progresses, the void within the fiber tow may split into multiple part¢alue

the nonuniformity of element permeability and capillary pressure values. The
pressure in each void will be tracked and updated individually. A void is defined as
any region containing one or more elements that is not fully saturated by the resin.

The algorithm will identify each void and assign the void pressure for the next time
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step accordingly; more detailb@ut this process are described latén outline of the

iterative solution methodology is shownFkigure4.4.

4.2.1.3 Validation
To validate our numerical approach, we confirmed that the solution was mesh

independent as well as it agreed with the analytical solution for the simplified case.
The simplified case had full vaam inside of a cylindrically shaped tow (pressure at

the flow front is zero). The results of this, compared with the analytical solution in

1.0 ¢ LIMS 140 Nodes [ 1.0 \

o] .

3 - LIMS 518 Nodes i \ ,,,,,,, 37 Nodes

- 0.8 - . LIMS 1991 Nodes [| = 0.8 I

ks) . . s) 9 —==-101 Nodes

= —— Analytical Solution - p

Té 0.6 T:a 0.6 g 353 Nodes

2 -2 1313 Nodes

é 0.4 é 0.4

£ 3

= =

s 0.2 0.2

Z z S e
00 | | O R

0.0 Non-dimgnSSional Time 1.0 0 2 Time (s) 1 6
(a) (b)

Figure 4.5: (a) Comparison of analytical and MATLAB + LIMS solution for a
cylindrical tow, not considering void pressure and (b) mesh
refinement study for elliptic tow including void pressure.

Eqg. (4.3), are shown inFigure 4.5-a. This verifies that the manipulation of the
permeaddity of nodes on the flow front is an acceptable method to include pressures
acting at the flow front. In addition to addressing the capillary pressure applied at the

flow front, we use the same method to account for the change in the void pressure,
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resuting from the compression of air within the tow. It is necessary to ensure the
solution is mesh independent when considering an ellipsoid tow shape and accounting
for change in the void pressure due to compression of the tow, which is shown in
Figure4.5-b. Each element in all meshes employed is comprised of three nodes. The

1313 node mesh was selected to be utilized in the parametric studies.

4.2.1.4 Compressed Air Ressure
The algorithm employed in this work can keep track of which elements

represent void regions, record the change in size of each void at every time step, and
update the air pressure in the void for the next time step. The iniiiaisvoomprised
of the porous region in all of the tow, with pressure calculated frordiBy).

At subsequent time steps, the void region is track&dguthe fill factors
associated with each node and corresponding elements. If the fill factor is less than
one, that element is associated with the void region. With time, the void region may
change size, split into multiple void regions or multiple gaiday coalesce depending
on the movement of the resin flow fronts. For example, void splitting results by two
flow fronts meetings and cleaving a larger void into multiple smaller ones. Resin
surface tension is not included in predicting these eventubedhe fibers make the
resinvoid interface have many discontinuities.

To allow us to determine the state of each void, a comparison of the state of the
elements and their connectivity is queried at each time step. The algorithm will check

to see if anyof the constituent elements from each current void were constituent
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elements in any voids from the previous time step. A similarity matrix is constructed
to track which current voids have elements in common with previous voids. If current
and previous eids share the same element, the similarity matrix for the corresponding
voids will have a 1. An example of this matrix is showrFigure4.6. Examnation
of this matrix can tell us which of the three classifications the void will be:
1. A void in the current time step having elements in common with multiple
voids from the previous time step indicates that the two voids have coalesced
2. Multiple voids in he current time step having elements in common with the
same void from the previous step signals that the void from the previous time
step has split

3. If a void in the current time step and previous time step only have elements

Previous Time Step Void Number

5 1 2 3 4 5 6
£ 1 1 0 0 0 0 0 | Multiple in same

= 2 0 <1 0 > 0 0 “| row: Coalescence

= 3 0 0 0 0 1 0

(o] . .

= ) 0 0 0 0 0 @—?| Only in row/column: changed size only
g 5 0 0 1 0 0 0 R

‘3 6 0 0 0 0 1 0 “| Multiple in same

column: Splitting

Figure 4.6: Sample similarity matrix. A 1 indicates that the current void
and previous void have elements in common, whereas a 0
indicates that they do not.

common with each other, then it is known that the void has simgiggeul
size between the two time steps
Once the voids have been grouped and any major events (coalescence,

splitting, only size change) have been identified, it is necessary to calculate the
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pressure in each of the voids at the current time step to senvpus for the next

time step.The ideal gas law is utilized to govern pressure changes within vdibds.
resinvoid boundary is a series of fiber surfaces connected by small menisci ef resin
void interfaces. This breaks up thesinvoid boundary ito many small boundaries,

thus the surface tension of the resin is only relevant in deriving the capillary pressure
term. Without the fibers breaking up the reainboundary, the pressure compressing
the void due to resin surface tension would needetmmbluded as a function of void
size. The gaseous or void area in each void is calculated by summing the void area in

each element:
! B ! Fp Oy E (4.17)

Here, f is the average fill factor of all of the nodes that comprise element j. The
pressure change is predicted utilizing the ideal gas law, which for the case when the

void only changes size can be simplified to:

e !
!

(4.18)

For voids splitting, it is assumed that each of the new voids has the same pressure at
the time step immediately after the split and therefore the pressure in each of the new

voids can be calculated:
0 — (4.19

When voids coalesce, the pressure in the resulting void is given by:

86



(4.20)

B 0 ' &
!

The resulting R.wfor each void will be used for the void pressurgisPn Eq.(4.16).

4.2.1.5 Fiber Volume Fraction Distribution
The baseline case of fiber volume fraction distribution follows a Gaussian

curve, with an average fiber volume fraction of 0.6 with a standard deviatiod.of O
The linear distribution of fiber volume fractions defines the fiber volume fraction as a
function of y location within the tow. The fiber volume fraction at y = 0 is equal to
the maximum fiber volume fraction for a hexagonal packing arrangei®;~* § and

at other locations can be described by a linear relationship:

L .. OAN . .~
CU & & U (4.22)

Here,C is the average volume fraction. The derivative of fiber volume fraction with
respect to y location is set to ensure that the average value of the volume fraction is
equal to the inputC, which for the basline case is 0.6 he random distribution
assigs each element a random fiber volume fraction, but the overall average is the
input average fiber volume fraction. For the baseline case, the upper bound of the
random number generator was set to the maximum fiber volume fraction for
hexagonal packing (807) and the minimum bound was set such that the mean of the

bounds is equal to the average fiber volume fraction.
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4.2.1.6 Parametric Study and Baseline Properties
In addition to including both void and capillary pressure in elliptic tows, this

work also explorg the role of nowniform fiber distributions within a tow on tow
filling and void formation. Neither permeability nor capillary pressure are linear with
fiber volume fraction so using average values for both in tow filling leaves room for
error, in parttular with regard to the formation of multiple microvoids. A correlation

is developed between the duration of time a part is under vacuum before infusion and
the microvoid content within fiber tows. We examine the relationship between tow
location withina part and the tow impregnation. The role of fiber wettability and
diameter in microvoid formation is also explored. A parametric study is conducted to
examine the sensitivity of various parameters on void formation and size. The baseline
properties fothese studies are providedTiable4.1 and are all reasonable values for
composites processing.

Table4.1: Baseline popertiesutilized in tow filling model
Fiber diamet g9

Contact angle (degrees) 30

Fiber volume fraction (tow) | 0.6

Tow aspect ratio 8
STow (mm) 2
Po (kPa) 100

Resin viscosio0.95

Resin surface tension (N/m) 0.07

Air viscosityl.8PA1
Lpart(cm) 30

Ltow (cm) 15
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Time under vacuum before .
infusion (seconds) '
KL,Preform (mz) 8 Aﬁ.o 0

4.3 Results
One of the novel elements of this methodology is the ability to predict the

formation of multiple voids within the fiber tow.Figure 4.7 compares the void
distribution between a tow with a Gaussian fiber volume fraction distribution and one
with a constant distribution. THalue regions represent microvoids and red regions
are fully saturated with resin. With a constant distribuiteigure4.7-b), there is one
large voidin the center of the tow. In the Gaussian c&sgufe 4.7-a) the smaller
voids are due to one or more tow elements having high fiber volume frsctibhe
larger voids have a jagged shape because the elements will fill at different rates due to
the nonuniform and varying permeability and capillary pressure values. Prediction of
formation of multiple voids and nesymmetric large voids are both rewoutcomes

of this methodology. The voids size and distribution within a tow is attributed to the
nonuniform fiber distribution. For Gaussian and random fiber distribution within a
tow, the quantity of small voids is much greater than that of largés\as seen in
Figure 4.7-a, which is consistent with experimental res{#8]. The random fiber
distribution (Figured.7-c) has a similar void distribution to the Gaussiastrdiution.
Increasing the staandard deviation of the fiber volume fraction distribution in the

Gaussian case would not have a large influence on the void distributios @mdom
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caserepresents the upper limit for standard deviatod yields similaresults. The
smaller voids found in tows with statistical fiber distributions are likely to diffuse into

the resin before curing. Also seenFigure4.7, many of the voids for the tow with a

(®)

(@

Figure 4.7: Void distribution (blue) within tows with (a) Gaussian (baseline)
(b) constant fiber volumefraction distribution , (c) a random fiber
distribution, and (d) a linear fiber distribution .

Gaussian fiber distribution are very close to the surface of the tow as opposed to the
constant fiber distribution where the void is located in the cesftethe tow. This
indicates that the voids in the tow with the Gaussian fiber distribution have a higher

potential to escape the tow than the constant fiber volume fiber distribution. Thus, the
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final composite part would be expected to have less midevii a tow with a
statistical fiber distribution.The capillarynumberfor this flow, with a characteristic
velocity of 056 cm/s and resin properties givenTable 4.1, i8.710°. The velocity

was calculated wutilizing the preform prope

4.3.1 Fiber Volume Fraction Distribution
When the macroscopic flow front is very close to the tow, the applied pressure

experienced by the tow is very small as the pressure at the macroscopic flow front is
close to vacuum pressure. This results in low initial resin flow rates inside the tow
which translates into slow void reduction rates as seen to varying extents with all of
the fiber distribution types irFigure 4.8, with one simulation shomv for each
distribution type. At later times when the tow experiences higher pressures due to the
macroscopic flow front moving further downstream, the rates of filling and hence the
void reduction rate increase dramatically. The tow with a linear fibleime fraction
distribution fills at a faster rate initially due to the higher permeability of the tow in the
outer region compared to the inner regibifferent packing arrangement also caused
the voids to form in different locations. The constant ameblr packing arrangements
featured a single void in the center of the tow, whereas the random and Gaussian
distributions had larger voids near the center of the tow and other smaller voids,
distributed throughout the tow.

Although the final distributiorof void sizes may be a function of how Ron

uniform is the fiber distribution within the fiber tow, the final void content is not

91



1.0 - Constant Distribution ||
S o~ . e
z DS D N s Linear Distribution
2 0.8 ‘."'-._:\. == - (Gaussian Distribution
:> "h‘ \ ----R d D b .
= 06 . andom Distribution
: N
= \
5 A
£ 0.4 A
= "3
: . R~
So2 b TTrreee..., e =
z Y-z AL T T e i -
0.0
0 10 20 30 40 50

Time (seconds)

Figure 4.8: Influence of the type of fiber packing arrangement on tow filling.

significantly influenced by the fiber distribution. The void will stop compressing
when the air pressure is equal to the kay pressure acting on the void plus the
applied pressure acting on the tow. At the end, each void is assumed to have
approximately the same final pressure. In accordance with the ideal gas law, the
summation of the void volume times pressure for eaml is set to a constant,

resulting in the total volume being similar for each distribution type.

4.3.2 Effect of Air Evacuation Time
The duration of time for which the fiber preform is under vacuum has a

significant influence on the amount of air removed from the fiber tows, calculated

using Eq.(4.8). The amount of air removed from a tow is linearly proportional to the
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Figure 4.9: Influence of air evacuation time before introducing the
resin on the resulting void content in the tow.

initial void pressure in the tow. Lower initial void pressures correspond to higher tow
saturation levels, which is shownkigure4.9. Under perfect vacuum, the tow would
saturate completely. Leaving the part under vacuum for a longer period of time before
introducing the resin corresponds to a higher cost oflymtion. There will be a
tradeoff between the cost of part production and production rate (influenced by
vacuum time) and quality of the part (tow saturation). Charts suElgase 4.9 can

be utilized to determine the optimal time under vacuum which will yield the best

combination of tow saturation and production time.

4.3.3 Influence of Tow location within the Rart
We define the nowlimensional location within a part as the distance from the

inlet to the tow location divided by the length of the part. The applied pressure, as
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seen ly the tow, is much higher in areas near the inlet than near the end of the part, as
is the pressure gradient across the tow at early time steps. This leads to higher rates of
void compression and convectiorfrigure 4.10 shows the va volume fraction as a
function of tow location with and without the inclusion of capillary pressure. The

inclusion of capillary pressure has a large influence on the resulting void volume

0.18
0.15 ¢ Including Capillary u
g 7 || Pressure
5 0.13 || mNeglecting Capillary
E Pressure
o 0.10 -
g O
= [ |
= 0.08 -
-
= 0.05 ¢
o
~0.03 o« & o @
0.00

0 0.2 04 0.6 0.8 1
Non-Dimensional Location

Figure 4.10: Non-dimensional void area as a function of tow location from
the inlet, with and without the inclusion of capillary pressure.

fraction, particularly for areas close to the vent. This is because the ratio of the
capillary pressure to the applied pressaret i ng on the towés surf
the tow location is closer to the vent. The void content near the inlet is smaller

compared to that at the vent as the applied pressure experienced by the tow near the
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inlet is higher enabling it to compress thad to a larger extent, which is supported

by experimental resul{$2]. The void ompression rate follows a similar trend.

4.3.4 Influence of Wetting Properties
The wettability of a substrate by a fluid is quantified using the contact angle between

the two. Low contact angles indicate better wetting properties. For fibers, the contact
angle can be manipulated by changing the sizing on the fiber. Lower comjées a
correspond to higher capillary pressures thus increased tow saturation. The influence
of fiber wettability on the resulting void volume fraction within the fiber tows is
exhibited inFigure4.11. The void volume fraction is driven up at a faster rate as the
contact angle approaches 90 degrees because the dependence of capillary pressure on

contact angle is nelinear and contact angles above 9@ aonsidered deetting.
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5 0.08
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S 0.03 - | |
=
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Figure 4.11: Effect of wetting properties on the void
volume fraction.
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The influence of wetting properties is much more critical at areas far from the inlet as

the capillary pressure is the driving force.

4.3.5 Effect of Fiber Radius
The fiber radius varies based on the type of fiberzatliand how the fiber is

manufactured Higher fiber diameters yield increased microvoid content because the

capillary pressure is lower for larger fiber diameters, which can be séeguie4.12.
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Figure 4.12: Effect of fiber radius on microvoid content in a fiber
tow. Fiber tows with two different fiber radii show that
smaller diameter fibers in the center as compared to or
the outside result in lower void content.

There are cases, such as hybrid composites, where there will be two different fiber
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types packed within the same tow. We explore two cases of tows packed with
different types of fibers. In the first case, the inner half of the tow contains @b2rs

em radius (common for carbon fibers) and t
radius (typical for glass fibers). In the second case, they are switched. There is less

void content with the smaller fibers in the center because the cemt&insthe

| argest voids and a | arger capi |l lragiusy pr es s

fiberswill compress the void further

4.4 Summary
A novel methodology was presented to include the influence of fiber spacing,

air evacuation time, and capillary pressure on tow filling. It also allows for a realistic
time dependent applied pressuo@dtion on the surface of the tow. This model was
validated using an analytical solution for a simplified geometry. The elliptic model
represents a realistic fiber tow geometry. The time a part is left under vacuum before
introducing the resin has a sténtial effect on tow saturation. This is because the
more air removed from a tow before initiating resin flow, the easier it is to saturate.
The location of a tow within the part was shown to have a large influence on the final
saturation of the towThe capillary pressure was also found to significantly influence
the tow saturation, particularly at locations farther from the inlet. More importantly,
being able to apply different capillary pressures at iiffelocations within the tow,
resulting fom thenon-uniform fiber distribution allowed us to model the formation of

multiple smaller voids within the fiber tow, which has been observed experimentally.
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This understanding can be useful to create distributions of fibers in a tow that will
result invoids more along the periphery of the tow making it easier to flush them out
of the system during processing.

The predictionof microvoid formation during the infusion a fiber tow by an
infinite volume of resin is the first hatif the mesoscale modelgjrobjectives. In the
next chapter, a thred@imensional model of tow impregnation by a finite volume of
resin will be developed. The directionally dependent capillary pressure will be
included in this model through modification of the permeability tefmoelements on
the flow front. This model would be necessary to develop a process model to predict

resin distribution in tows with multiple typed resin.
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Chapter 5

PREDICTION OF CAPILLARY DRIVEN FLOW OF A FINITE RESIN
VOLUME INTO A FIBER TOW

5.1 Introduction

5.1.1 Motivation
Additive manufacturing is utilized to create complex structures while

minimizing wasted material. Fuse deposition modell{#PM) is an additive
manufacturingprocess in which a material in the liquid form is deposited onto a
substrate by a 3D priet[63]. This allows for the precise placement of material, layer
by layer, creating a complethreedimensional structure. M has begin to be
utilized to manufacture composite materials, whose strength and stiffness are much
higher than parts comprising of the polymer without reinforcerfijt

There are many applications for composite materials whesdesirable to
have multiple types of resin systems, such as ballistic protection as well barriers for
smoke and toxins, which are of particular importance in military environnjésks
These hybrid resin composites can be manufactured ustitgection resin transfer
molding, in which both resins are injected into a fibrous prefemmultaneously,
separated by a barrigt2]. The resulting compositeontainsa specified number of

glass fabric plies impregnated with epoxy for structural integrity and polyurethane for
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energy absorptiorfl13]. It was shown that hybrid resin -cgected composites
dissipated more energy than plies only impregnated with ei&ty

A novel avenue for designing composites can be developed by additively
manufacturing hybrid resin composites. Impregnating tows within a fibrous preform
with a resin utilizingFDM will result in a partially impregnated preform. This
preform can thete impregnated with a second type of resin to create a hybrid resin
composite with controlled resin topography. This process, descrilfédure5.1 for
the case oh single fiber bundle, utilizes a 3D printing hdaddispensealrops with a
specified drop size and spacing. The size and spacing can be conbylled
manipulating the size of the nozzle opening, flow rateesin througtthe nozzle, and
velocity of thepreform/printing headdepending on which has a fixed locadiorhe
first advantage of this method is that it does not require a layer dividing the part found
in traditional ceinjection resin transfer molding proces466]. Elimination of the
separation layer allows for a continuous boundary between all plies, thus decreasing

interply issues. This manufacturing technology would also allow for tailoring of resin

‘F low rate \

Figure 5.1: Diagram of process for depositing drops of resin onto a fibelow
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content within tows to improve shear performabgeallowing interlocking between
resins, shown ifrigure5.2. Interlocking has been shown to incretise strength of
composites througthe hook and loop interlocking found inH a3B-F a b r [67¢. s O
This work develops a methodology for predicting the influence of processing
parameters on how resin drops will be distributed within a tow. We will examine the
roughness of the resin distribution as a nseahquantifying interlock between resin
types. It will also explore how utilizing resin films instead of drops will affect the

resin topography.

Resin A Resin A

(a) (b)

Figure 5.2: Boundary between two different resin types for (a) smooth
and (b) interlocking interfaces.

5.1.2 Background Information
Flow through porous media, including flow into fiber tows, is traditionally

predicted ut i [40,22] whigh isDyaven evighdhe cohsarvation of mass

equation below9]:
e Yo (5.1)

nJl m (5.2)
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The velocity of the resin flow front is given lyand the pressure and viscosity of the
resin are given IKysthe peameabilitg tensoe, sipch ieprasents | y .
t he porous me dlow pagsage @ bquid through itt d&Jndembient
conditions, the resin will flowuk to a pressure gradient createe to capillary forces
between the fibers aritie resin. Gavitational forces are neglected because they are
much smaller than the capillafgrces shown in Eq5.3, with the characteristic length

being the initial resin drop radius for the baseline case

NG ppx,—EFPCufﬂJp'c—) e T T

" @31 @pT1t (5.3
Necessary i nput s for Darcyods Law c

methodologies. The permeability of a hexagonally packed fiber bundle can be

described for axial (along the fiber direction) and trarsy@&ow (perpendicular to the

fiber direction)[54]:
., X e C (54)
A Q
T
+ PPa RS (55)
w Mo ¢WoC

Here, v is the fiber volune fraction within the bundles, is the radius of the
individual fibers,and c is a geometrical constantFor flow through arequilateral
triangle pipethe Darcy friction factor, c, is 53These equations are valid for fiber

volume fractions greater than 0.35. The axial and transverse components of capillary
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pressure, which is the primary driving force of the resin into the tow, can also be

determinedanalytically. The axial capillary pressure as a function of resin surface

tension (2) and the contact ang[l2g bet ween

Y CAIfO

Ahn etal [42] utilize an equivalent pore diameter in their description of axial capillary

pressuren Eq. (5.6), which is applicable because the cross section is constant in the

axial direction. In the transverse direction, flow is more complicated due to a location

dependent pore size and the flow froohtacting new surfaces as it moves, thus an

equivalent pore diameter approach is not suitable. Yeager et al employed this

equation as part of a methodology to predict the average capillary pressure of resin

moving through a unit cell containing fibenshich is presented in Chapter[88].
This method will be utilized to predict the transverse capillary pressungs chapter

similar to the methodology usé&d Chapter 4

5.2 Methods

The flow of resin into a three dimensional tow with directionally dependent

properties cannot be sealg analytically Liquid Injection molding Simulation
(LIMS), a control volume based finite element software, was selected totpesiic
flow in our porous domairji6l]. LIMS solves for the pressure distribution in the

domain through combination of [BA]rcyods

;
1030 m (5.7)
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Once the pressure gradient iI's calcul ated,
flow rate at each node and advance the flow front. LIMS is an ideal choice because it
allows the user to modify material properties and boundary conditions at each node

and element ateachtime increment. The model presented in this chapter will
investigatethe flow of finite resin volumes into fiber tows, taking into account the

directionally dependent permeability and capillary forces.

5.2.1 Model Setup
A model was developed to predict the spreading of drops with selected volumes

into a unit cell, as depicted igure5.4. The simulation is initiated whethe first

Symmetry plane s

Figure 5.3: Description of unit cell for resin spreading into fiber tow at
initial time step
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drop contacts the tow within the unit cell. Each node where the resin and tow contact
each other will be set as an inlet, with the pressunend the flow equal to the
average capillary pressure of all the inlet nodes. After a specified amount of time,
which is influenced by the flow rate of resin through the nozzle and the surface tension
of the resin, a second drop will be introduced itite unit cell. This allows us to
include the effect of neighboring drops in our model. The spacing between drops will
depend on the time between drops and the speed at which the nozzle is moving with
respect to the tow. A setup of the geometric and thaynconditions in the unit cell,

at the instant the second drop is released, is shoWwigume5.3. The frst drop will
continue to permeatie tow until its entie volume is inside of the tow. The size of

the drops and corresponding inlet nodes will change over time as the drop becomes
smaller as describad section5.2.1.1 The volume of each drop is tracked separately

by computing how much resimmpregnatedthe tow at the current time stepy
multiplying the flow rateswith the time ste@t the inlet nodesThe end condition for

the program is when there is no resin remaining outside of the tow. There is a no flow

condition across the symmetry planes. The baseline properties are ghades. 1.
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VD rop 2

VDl‘op 17 Vin tow

Figure 5.4: Geometric and boundary conditions, shown at the time the
second drop is introducednto the system

Table5.1: Baseline properties utilized fdrops wicking into townodel

Fi ber di amet ¢9

Contact angle (degrees) 30

Fiber volume fraction (tow) | 0.4

Tow aspect ratio 4

arow (Mm) 2
Resin viscosiO0.95

Resin surface tension (N/m) 0.07

Resin to porous volume rati{ 0.20

Gap between drops (mm) | 2.5

5.2.1.1 Determining Tow-Drop Contact Area
The inlet nodes are defined as nodes on the surface of the tow, within thestow

contact area. The tovesin contact area is influenced by the wetting properties

10¢€



between the tow anithe resin,the remainingvolume ofthe resinoutsidethe tow,and

the tow dimensions. It is assumed that the radius of curvature of the resin drop is
equal in the xy and yz planes. This assumption is common for wetting scenarios on
small length scales because the surface tension of the resin is stronger than
gravitationalforces. The resin can be treated apherical capesting on top of the

fiber tow, with the sphere having radius r and centat x = 0 and y = yasdepicted

in Figure5.5. The center of the sphere in the axial direction will be dependent on the
unit cell dimensions, as already explainedrigure5.3. The ylocation of thecenter

of the sphere, which theesin sphecal cap is a part ofczan be calculated with the

following equations:

) N n Ao OFT1 1 @
]
| O OFir | o T 0FT] U U (58)
_Z 0l x 59)
U AOT x

Here the slopes and unknown angles are describEdjime5.5. The ylocation as a
function of x and y can then be dstituted into the following two equations to solve

for the two unknowns @xand y):

AR AN (5.10)

B ——— ~ Q s as
6 T ¢ ¢ L u A op Y AUAg@ (511

V is the volume of the resin drop that has yet to impregnate the tow. The dimensions

of the towresin contact area are utilized in conjunction with the known center in the z



directionto determine which nodes on the tBwsurfacecan be denoted aslets.
The towresin contact dimensions are recalculaggdeach time step as the resin

impregnates the tow.

(%2,¥2)

Figure 5.5: Description of parameters necessary for calculating the resin's radiu
of curvature

5.2.1.2 Inclusion of capillary pressure
This model is designed such that the directionally dependent capillary pressure

may also be location dependent. The previous chagescribped and verified a
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methodology for including capillary pressure in tdioectional flow through
manipulating the permeability of nodes on the flow fro@incethe flow frort fills the
elements withmodified permeability valugtheir permeability value was reset to the
original value. We modify the governing equation of this method for the case where
capillary pressure is the only driving force. The new governing equations, with

permeability modified in the transverse and axial directions independently are:

+ Op
+ R 0 (512
+ Op (5.13

Here Pc,ave is the average of the axial and transverse capillary pressure over all of the

elements.

5.2.2 Quantification of I nterlocking
One of thenovel elements of this work is that it allows for the prediction of the

distribution of a finite volume of resin within a tow. As describedrigure5.2, the

interlocking will be quantified by the roughness of the resin flow front shape. The

Figure 5.6: Schematic of final resin distribution within tow. Resin flow front
position is given in white and described by y=f(z). The standard
deviation of this function, std,, will be utilized in quantifying
roughness.
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results for the flow front location from the LIMS results will be mapped into a finite
number of points to reconstruct the flow front shape at thglgrze, shown connected

by line segments ifrigure5.6. The average and standard deviation,f$tdm the set

of y data points are calculated, representing the depth of infusion and roughness
respectively. To ascertain a more meaningful quantity to describe roughness, we

introduce the nomlimensional flow front roughness as:
Cox - OOA
21 OCEI %—eo (5.14)

Where g, is the depth of the tow (maximum distance the resin can infuse).

5.2.3 Mesh Refinement $udy
The final distribution of resin within the fiber tow should be mesh independent to

be considered a valid solutiorkigure5.7 shows the results for the flow fronteghe

0.5 | & 7432 Elements
gx Ve m 12776 Elements
03 A 25587 Elements
£ » 42377 Elements
= =—Tow Limits
g
= *
o]
. A 1§
=,
A
;‘ x‘Q X ¢ X
-0.7
2.5 -1.5 -0.5 0.5 1.5 2.5

z Location (mm)

Figure 5.7: Mesh refinement study for the flow front shape on the yplane
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over a number of meshes with different element sizes, confirming that the solution is
mesh independent as the number of elements is increased. -plamgavas selected
for this because it shows both axiatdjzection) and transverse -@irection) flow.

The baseline properties were utilized for this study.

5.3 Results
One of the novel elements of this work is the ability to predict the distribution of

multiple resin drops, placed at different times, within a fiber tdvgure 5.8 shows

Figure 5.8: Impregnation of a unit cell which represent half of a tow due to
symmetry with two drops of resin (red) at (a) the initial time step,
(b) after about half of the first drop was insidethe tow, (c) right
after introducing of the second drop, (d) while both drops are still
spreading into the tow, ar (e) at the end of the simulation after
both drops have completely impregnated into the o
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this infusion process at selected time steps. It is noted that the second drop spreads in
faster because there is a larger flow front area. The second drop also has a larger
infusion depth, which is because its flow front reaches the first dimpdront in the
axial direction and therefore has less space to axially spread. For an increasing fiber
volume fraction, the ratio of axial to transverse capillary pressure decreases and
permeability increases. These effects negate each other sinces fielated to the
ratios multiplied by each other, as seen
fraction, for a given resin to pore volume ratio, does not have a large effect on the
resin distribution. The capillarynumberfor this flowis 1.6x10°, with a characteristic
velocity of 01 mm/s and resin properties givenTiable5.1.

Verification that the mapping function is properly implementgith the LIMS

results is shown in Figui®9.

din‘ﬂmc_ R, . ‘ § ../A\\'Cl‘;‘.lL‘C :

Figure 5.9: Mapping of the LIMS results on the yzplane into a finite number
of points (y,z) Purple represents the resirocations, red
represents porous regions, and intermediate colors are utilized t
show partially saturated regions. In the bottom picture, the
mapping to calculate roughness is shown in white.
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5.3.1 Influence of Drop Sacing
The spacing between the drops, which can be influenced by the resin flow rate and

the rate at which the nozzle and tow are moving with respect to each other, plays a
large role in resin distribution. As shown kingure5.10, for lower resin to porosity
volume ratios, less spacing between drops will lead to decreased roughness value
because the flow fronts from each drop coalesce and smooth out fEtsteresultsaan
optimal resin to porosity volume ratio for each drop spacing studied when the goal is
to increase roughness, shown Rigure 5.11. For low ratios, the drops do not
penetrate deep in thedjrection, leading to low roughness values. As more resin is
added, each drop penetrates deeper and deeper irdifextyon, leading to a gater

difference in depth of infusion on the sides and right below where the drop is placed

(b)

Figure 5.10: Comparison of resin distribution for (a) 5.00 mm
between drops and (b) Z0 mm between drops
(purple represents resin, red represents porous area
other colors indicate partially filled nodes)
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and higher roughness values. Afteifficientresin has been added, the resin reaches
the bottom of the tow, and the resin flow front begins to flatten out, lgatin
roughness values decreasing with increasing volume. The optimal resin to initial
porosity ratio @ not depend on thgap between dropsalthough more resin is

required to reach the optimal roughness when the drops are spaced farther apart

0.35

030 X X B Drop spacing: 2.50 mm
_ Drop spacing: 3.75 mm
E 02 R - D ing: 5.00
= & m m <Drop spacing: 5.00 mm
2020
2
= 0.15
%“ 0.10
M .

|
0.05
0.00 B
0.0 0.2 04 0.6 0.8 1.0
Resin to porous volume ratio

Figure 5.11: Roughness as a function of resin to tow porosity ratio fo
seleced drop spacings

5.3.2 Effect of Packing Arangement
If one were to desire a uniform spacing without the flow front reaching the bottom

of thetow, they would have to deposit many drops per millimeter which is unrealistic.
With permeability and capillary pressure both being dependent on fiber volume

fraction, it would stand to reason that one would be able to manipulate fiber volume
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fraction asa function of location within the tow to achieve a smooth flow front of a
desired depth. Tension or pressure on the fibers can be utilized to vary fiber spacing
as a function of location within the tow. If the fiber tow were to be packed more
tightly in the center than near the edges, the flow front shape vimddme more
uniform asshown inFigure5.12. The resin fills the areas with lower fiber volume
fractions frst because they are much more permeable. The roughness, as one would
expect, decreases drastically when the fiber spacing is changed from constant to linear

in the ydirection foughness reduc&s22 to 0.03 fodrops that are spacdb0 mm).

[ I S [ D
041 0.41 0% ' 100%
Fiber volume fraction Resin Fill

" Fiber volume fraction Resin Fill

Figure 5.12: Fiber volume fraction distribution and flow front shape for (a)
constant fiber volume fraction distribution and (b) linear fiber
volume fraction distribution
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5.3.3 Charge Type

An alternative methodology tmtroduce remm into a fibertow with a finite
volume of resin would be to strategically plaesinfilms on the surface instead of
drops. This is desirable when dealing with viscous thplasticresins which can be
formed into films and then melted to impregnat tibw. The resin distribution within
the tow can be manipulated by utilizing films with different dimensions [(@ag thin
films, short fat films, etc.). The inlet dimensions were assumed to be constant for
predicting theimpregnationof films into fiber tows. Figure5.13 compares thdinal

resin distribution for when eesin charge is placed on a tow in the fornfilofis of

Top view of tow Bottom view of tow Internal Mid-plane Views

Resin placed as film covering 50% vertical and 50% horizontal direction when looking from top view

o - P

Resin placed as film covering 80% vertical and 50% horizontal direction when looking from top view

.i

Resin placed as film covering 50% vertical and 80% horizontal direction when looking from top view

H o

Resin placed as drop on the center of the tow when looking from the top view

Figure 5.13: Influence of charge type and film aspect ratio offinal resin
distribution within a tow (shown are the top view, bottom view, and
two cross section views of the resin distribution)
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varying dimensions; all scenarios contd the same volume of resin. Film
dimensions can be manipulated to create more even resin distributions in the axial or
through thickness direction of the tow, based on whichever yield more desirable

properties for the particular application.

5.4 Summary
A novel model was developed to simulate the wicking of a finite volume of resin

into a fiber tow. This process model can predict the final distribution of resin
deposited on the surface of a tow via 3D printing. The influence of tow fill percentage
on resn surface roughness was explored. It was found that there was an optimal
amount of resin that could be added to the tow to increase resin roughness for a given
tow geometry. This work showed that the roughness could be influenced through
introducing a dcation dependent fiber volume fraction. The form (film or drop) in
which resin was introduced was also shown to influence the configuration of resin
within the tow. This work will be useful to anyone interested in developing hybrid

composites with aortrolled resin distribution.



Chapter 6

CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK

6.1 Conclusions

This work focused on developing a suite of models capable of predicting resin
flow between fibers and within fiber tows spanning from the micro to meso scale.
Emphasis was placed on the influence of processing parametene dimal resin
configuration.

First, the dynamics of wetting individual fibers was examineith an
experimentally verifiechumerical model. This provided insight into the rate at which
a drop would spread on an individual fiber as well as how far along the fiber the resin
would spred before reaching equilibriumrhe model was then extended to unit cells
containing multiple fibers to study the influence of packing arrangement and
neighboring fibers on the wetting process. Three and four fiber models represented
the common square arigexagonally packed fiber arrangements. Parametric studies
were conducted to gain insight into the relationship between processing parameters
and resin configuration for the selected packing arrangements. This knowledge will
allow for the design of comgdes with novel microstructures to achievdesiredset
of mechanical properties.

In addition to predicting microstructure, microscale unit cell models are also
critical in predicting properties such #se transverse capillary pressure resin will
experence during infusion of fiber tows. The microscale unit cell numerical model

was modified to predict capillary pressure of resin moving between fibers. This model
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showed that capillary pressure was independent of applied pressure. It was also
utilized  validate an analytical model for predicting the average capillary pressure of
resin moving through a unit cell containing fibers. These models were utilized to
examine the effect of packing imperfections on capillary pressure. The effect of
including fibers with different surface treatments was also studied. A method to
rapidly predict the average capillary pressure of resin moving through a unit cell will
lead to more accurate mesoscale tow filling models.

Then, a novel methodology was developed iimcluding the microscale
capillary pressure ia twodimensionaimesoscale tow filling simulations. The model
developed was capable of predicting void formation in fiber tows with stochastic fiber
volume fraction distributions.The formation of multiplesmaller voids wagredicted
as observed in practiceThe ability to predict microvoid formation within a tow is
important because smaller voids will dissolve into the resin and voids located near the
edges of tows are more likely to escape during praegssiThe influence of air
evacuation time, capillary pressure, and location of different fiber types for hybrid
tows on microvoid distribution wastudied. This understanding is important for
anyone desiring to control microvoid size through manipulatitgr surface
treatment, arrangement, or the time a preform is under vacuum before infusion.

Finally a model was developed capable of predicting the -tfireensional
wicking of a finite resin volume into a fiber tovirhe process model can be utilized to
predict the distribution of resin within a tow for resin drops or films deposited on the
surface of the tow. Parametric studies were conducted to examine the influences of

resin volume and spacing between drops on the configuration of resin within the tow



This work is useful to anyone designing hybrid resin composites with controlled resin
distribution within tows.

The suite of models developed in this work can predict the distribution of resin
within tows over multiple length scales. The result woddilporous composite, with
porosity dependent on the selected process and processing parameters. In some cases,
the porous part will have the desired set of properitesthers the porous structure
will be infused with a secondary resin to meet thegitespecifications.These models
can be employed in conjunction with mechanical models to study the interplay
between processing parameters and mechanical performance and optimize composite
materials for selectedpplications Experimentssuch aghe quasstatic punch shear
test andmpacting the part with a projectimuld be utilized to quantify the energy

absorbed by the composites.

6.2 Contributions

This work yielded unique contributions over multiple length scales, which are
summarized below.

On the micoscale, this is the first work to study the dynamics of a finite
volume of resin wetting an individual fiber. The thhw@imensional mdel was the
first to predict the final rein configuration within three and four fiber unit cells, packed
in common fibepacking arrangements.

Second, this work was the first to predict the average capillary pressure of
resin moving through unit cells containing hexagonally packed fibers. The model is
capable of determining the influence of neighboring fibers on capilessure
because it includes the case where the resin contacts new fiber surfaceas

determined that capillary pressure is not influenced by an applied pressure gradient,
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which has been assumed but cohfirmedbefore. This model allowedor examning

the influence of imperfect packing arrangements on capillary pressugdso was
utilized to analyze the capillary pressure between fibers with different surface
treatments. Developing an analytical model which can rapidly (much less than a
secom) calculate the average capillary pressure of resin moving through a unit cell
with a given arrangement and surface treatment is extremely useful when modelling
tows with stochastic fiber volume fraction distributions.

A novel methodology was developed itaclude the microscopic capillary
pressure in mesoscale tompregnationrmodels. The manner in which this is done
permits location and direction dependent capillary pressures to be incorporated into
the models. This allows for studying the formationnailtiple microvoids in tows
with stochastic fiber volume fraction distributions, which is representative of what
occurs experimentallyThis work studied the influence of air evacuation time, hybrid
fiber tows, and capillary pressure on microvoid formatio

Finally, a novel threglimensionamodel was developed to predict the wicking
of a finite resin volume into a fiber tow. This was the first of its kind and is able to
predict how drops and films of resin spread into fiber tows, with the user bein able
control material, geometric, and process parameters. This opens up a novel ability to

control the distribution of resin within a tow in hybrid resin composites.

6.3 Future Work

The following are opportunities for expanding upon this work in the future.
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6.3.1 Including Fiber Movement inMicroscaleM odel

The microscale model of resin moving between fibers presented in Chapters 1
and 2 assume that the fibers are fixed in space. As the resin moves between fibers, the
capillary pressure applies a force on therbahich may causiber rearrangement
thatin turnwill change the capillary pressure. This coupling between capillary
pressureand fiber movement has yet to be explored and quantibedeloping a
multiphysics model (mechanical and fluid flow) woukéd to increasedccuracyin
predicting resin distribution between fibers on a microschesuch a model, resin
movement, the capillary pressure, and fiber position could to be calculated at each
time step.It also must be considered thhe time scke for each event (resin
reconfiguration, fiber movement, etc.) may render it unnecessary to recalculate both
fiber position and resin configurati@eachtime step For exampleif the resin
reaches equilibrium in 0.1 second and it takes the fibercdhds to move to its new
location, it could be possible to do the model in sequence as opposed to coupling the

physics).

6.3.2 Manufacturing and Testing of Composites with Optimized Mcrostructure

This work has developed a process model capable of predicting resin
distribution in unit cells containing a small number of fibers. The numerical model
can be utilized irconjunctionwith a mechanical model to determine which processing
parameters are raged to manufacture microcomposites tailored for specific
performance applications. These composites would then need to be manufactured.
Once the process parameters are determined, the first challenge would be to determine
a methodology for placing filog in desired location with respect to each other, which

is a complicated problem due to the static forces between individual filaments. One
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would also need to either find a resin pump capable of dispensing extremely small
drops or develop a method forspending individual solid particles of resin between
fibers. This would allow for the creation of microcomposites with-datermined
microstructures.

Another opportunity to advance this work would be to use the process model to
drive particle sizes foparticle impregnation methodsThis problem has the added
complexity of determining how to get the optimal concentration of particles inside of

the tows.

6.3.3 Determination of Capillary Pressure for Different Microstructures

With framework for capillary presse,the numerical model could be extended
to study a variety of different cases relevant to composites processing. In
experimental results, the fibers are not uniform in the axial direction; they intertwine
as a function of location within the tow. Themerical capillary pressure model could
be modified to calculate the capillary pressure of resin moving between fibers as a
function of tortuosity. This would allow for three dimensional models of resin
spreading into tows, and a correlation betweenrawmd distribution and fiber

misalignment.

6.3.4 Twisted Tows

In addition to a three dimensional void formation model, it would also be
useful to include void dissolutiomn the model. An approximation for void
concentration is given in Appendix B, but this model does not include resin curing or

the effect of concentration changes in the resin due to neighboring voids dissolving. It
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would also be worthwhile to examine howidting the tows in the direction

perpendicular to the axis would influence microvoid formation.

6.3.5 Hybrid C omposites

A mechanical model could be developed with the output from the model
presented in Chapter 5 as an input. This could be utilized to detemficé
processing parameters yield the best composite tow. Once identified, tows could be
manufactured with these attributes and compared to the fully infused baseline through
the quasitatic punch shear test. A 3D printer could then be utilized te pifee
desired volume of resin, with the selected spacing between drops, on a single glass
fiber ply. The ply can then be impregnated with a secondary resin, the order of which
would be determined utilizing a mechanical model. These plies could then be
impacted with a projectile to compare performance in high strain rate applications.

Some of this preliminary work has been done and presented in Appg&ndix
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ANALYTICAL MICROSCALE MODELS

A.1 Drop of Resin between Four kbers
The numerical model works well for resin spreading between four fibers, but is

computationally expensive. Similar to the capillary pressure model, it is desirable to
have a rapid methodology for predicting the final resin configuration of a drop wetting
fibers packed in a square packing arrangement. This will allow for the development of
stochastic models in the future.

The particle of resin wets the fibers in both the axial and transverse direction.
The main assumption in this model is that the degzines an equilibrium state when
the capillary pressures in thgial and transverse directiane equal.In the transverse
direction, the capillary pressure can be calculatgieen the fiberas[39]:

AT [C |

- R bl S Al
O Op AT€ A A1

The pressure across any-luid interface can be calculated with tMeungLaplace

equaton[27]:

p p

Utilizing geometry to derive an equation for the radius of curvature in the two orthogonal
planesselectedthe capillary pressure in the axial direction can be found as:
rAlfO

Ck

(A.3)
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This assumes that the angle of contact between the resin and the fibers is the static
contact angle. The orthogonal planes selected to derive Eq. (A.3) were the two diagonals
of the square, extended in the axdakction. The maximum fiber volume fraction for
square packed fibers ig4, so there is not a plausible scenario where there could be a

negative number inside the radical of Eq. (A.1).

Aresin,Cross-section

2r +2d + 2r sino

Figure A. 1. Cross sectiornview of resin wetting square packe
fibers

Now, the task is to see how far the resin will spread arourfibérs. To do this,

the capillary pressures in both directions are set equal to each other, leaving one equation

13¢



and one unknown (the directional body angkesalibed in depth in Chapter 3). After
algebraic simplification, the directional body angle barfound from:
AT JC | BR[O
N VA (A.4)

AT 0

NIO
of>

Being periodic, there will be multiple solutions for this equation. Since the resin is only
assumed to begin in contact with the fibers at one point per fiber, it is assumed that the
lowest positives ol ut i on for the directional body
uniform in the axial direction (this will introduce a small amount of error since the ends
of the resin have some curvature, but the error is negligible except for the casg of ver
low wetting lengths). With this assumption, the wetted length (L) in the axial direction
can be computed:

6
" 1 C A OOfT A T1JC TCORI

(A.5)

Here, 2d is the gap between fibeidis does take into account the curvature of the+esin
air interface in the cross section perpendicular to the axial direction. Finally, the contact

area between the fibers and resin can be calculated:

¢hn P.b6

! ——— - —— A.6
OotrC A OOEI A 110 1COHRI (A-6)
The nondimensional contact area, as presented in Chaptegi8eis by:
e

6
To validate this analytical model, the ndimensional contact area between the fibers
and resin is compared over different fiber volume fractions, showigureA.2. This
allows the rapid prediction of resin distribution between fibers for a range of fiber
volume fractions and resin particle sizes, which is critical in the development of

stochastic maoels including thousands of unit cells with unigueperties.
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Figure A.2: Comparison between the numerical and
analytical models for resin wetting a square
packed unit cell

A.2 Commingled Hexagonally Packed Unit @Il
Commingledfiber tows have thermoplastic resin fibers dispersed throughout
the fiber tow. Upon heating, the resin fibers will melt, wet the structural fibers, and
cure to create a composite. This problem is assumed to be axially symmetric since
the fibers are undirm in the axial direction. In this case, the resin will reconfigure
itself as it wets the surface of the fibers, stopping when the directional body angle
satisfies:
5 e 1A O AIC OOGECCE
(A.8)
¢/ OAj O oC — ¢y
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The initial area of the resin fiber can be calculated by multiplying its radius squared by
pi . The directional bod¥igueAd.lTeefigal) , d, ar

fiber-resin contact area can then be calculated:

N
| "
SRS ~NE (A.9)

Sample results from the numerical model are showngareA.3, with the percent

error between the numerical and analytical model being 2.98%.

Figure A.3: Numerical results for commingled resin fiber
wetting hexagonally packed glass fibers

A.3 Hexagonally Packed Cell with Resin Coating on Centeriber

A surface treatment, known as a sizing, is commonly applied to fibers during
processing. In addition to a surface treatment, if some fibers had a thermoplastic resin
applied to their surface during processing, that resin would melt and wet other fibers

upon heating. Hexagonal packing is assumed, with the center fiber having a
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