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ABSTRACT

In the past few decades, composite materials especityomw fiber reinforced
polymes (CFRP) have been widely used as structural materials for its high sttength
weight ratio, tailorable properties, and excelent corrosion prepefpplications that
require better understanding tbe electrical propeds of CFRP laminates include
carbon fiber assisted heating during composites manufactusefggsensing of damage
of composite structures, integrated electromagnetic shielding, and lightning strike
protection. Accurate predictive model describing thetddad conduction behavior of
CFRP laminates is the kdy them to be used for suepplications.

Different approaches have been explotednodel the electricatonduction of
CFRP under various current conditor&.comprehensive lterature review revealed
that most methods used to model electrical conduction of CFRP fail to capture the
impact of micrestructure of CFRP, especially the fidfilxer contact, and resich
layer between plies, which can drasticallyamte the conduction pattern.

The aim of this dissertation work is to develop a model that cakéyre
electrical conduction mechanisms of CERMRich addresshe impact othe micro-
structure andyeometrical parametersThe model isconstructed in a modal fashion by
valdating the model with experimental valdation after the addition of each key
mechanism moduleFirst, the model constructs resistor network framework for

describing electrical conduction behavior of UD laminas and fiber solgcted d
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low DC currers. The model is validated with reported experimental results,bgnd
characterization of resistivity of dry carbon fiber tows.

The next moduleinvestigats the specific featuresf a multiply laminate such
as varying ply orientation, esience of resimch layer, and dependence geometric
parameterghat influence the locakesistivity. Amesescalefiber bundle model is
proposed tetrike abalance between the level of details modeled tamdomputatioal
cost.Influence of theresinrich layer is described with an intply connectivity term.
Expressionsfor estimating contact resistance from muiltiple sources including direct
fiber-fber contact and tunneling resistance across thin resin layartrackiced The
refined model is corpared against experimental results and finite element médel
parametric study is conducted to investigédte impact ofjeometrical parameters.

Finally, the dissertation work investigates the impact of high current density
both numerically and experimentally. Simplified analytical model examining the impact
of localized Joule heating revealed that current concentrations due to microstructure
constaints can introduce excessive Joule heating at contact $paoss. it isvital not to
underestimate the temperature rise at confamibts even at seemingly small overall
applied currens. Based on these analysis, the model is furtbéned with the
implementation of the module that introducésule heating. Both reversible change in
resistivity such as temperature dependent resistivity and irreversible change such as
thermal and electriclegradationof resin matrixis considered.

Electrical characti&zation under high current densiy carried out for dry fber
tows and cured compositexperimentally The contributions of reversible and
irreversible resistivity change are identified with carefully designed repetitive current

tests.lt is found thatfor dry fiber tows with sizing andfor cured composites, thermal
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breakdownof the thin resin/sizing layer contributes significantly to the nonlinear
conduction behavior under high current density. The developed! roagtires

important characteristics ahe electrical conduction behavisvshen compared with
experimental resultsPossible explanations are offered for cases and regions where the
model shows discrepancies with experimental results. This model should prove useful
to address and design and kdie composite components in which electric and thermal

conductivity play a key role in defining their functional properties.
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Chapter 1
INTRODUCTION

1.1 Background

1.1.1 CFRP used in aircraft industry

In the past few decades, compositaterials especially carbon fiber reinforced
polymer (CFRP) have been widely used as structural materials for its high strength
weight ratio, tailorable properties, and excellent corrosion piiepetin particular,
composites draw special attention fromcft industries, and the percentage of
composites omircraft has steadily increased in the past 30 years. According to a recent
NASA report[1], applications of carbon composites awtraft have shited from nen
critical parts such as stabilizer to critical structural parts such as main frame

The Boeing 78'has more than 50%arbon composites by weighivhich
includes major load carrying structureg\imost the entire outer surface of Boeing 787

uses CFRFas shown inFigure 1.1), and is subjected tdirect exposurdo lightning.
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Figure 1.1 More than 50% (by weight) of Boeing 787 is composed of carbon
composites in various fornig]

1.1.2 Lightning strike to CFRP used on aircraft structures

Commercialaircraft as wel as militaryaircraft are designed to safely fly under
various conditions including severe and extreme weather conditons such as lightning
strike. Itis reported3]-[5] that on average two lightning strikes happen to commercial
aircraft every year; for militaryaircraft this rateis even higher as they fiy under severe
conditons. Some cases of catastrophic aircraft accidents are directly attributed t
lightning strike[6], [7]. Lightning strike induced damages acraft andcan be
classified into two categories: direct damage, which issthetural damage caused by
heating and high edtric field from lightning strike; and indirect damage, which is the
electromagnetic damage caused to onboard etdceguipment even though there is no
visible structural damage.

To better understand lightning strike effects, Fagleral Aviation
Administration (FAA) defined lightning strike current waveform as showrrigure 1.2

[8]. Natural lightning current is characterizedoirfour idealized components



a. Waveform A, which is a pulse representing the first arc. Itihadargest
amplitude of all of the elementary lightning waveforms (200 kA) and a duration of
about 500 ps;

b. Waveform B is the intermediate pulse current waveform making the
slow transitionfrom the impulse waveform Aaround2000A to the constant C
wavdorm at a level between 200 and 800 A, on a timaglescanging from 500 ps to 500
ms

C. Waveform C is the intermediate pulse current waveform transiggon
between the wavefornB to waveform Don a time scale ranging frori5s to ¥;

d. The waveform D is another impulse waveform representing the second

arc with apeak currentequal to half of thgpeakof the A waveformon a time scaleof

500s.
COMPONENT A (Initial Stroke)
Peak Amplitude =200 kA +10% COMPONENT D (Restrike)
Action Integral =2 x10° A%s +20% Peak Amplitude = 100 kA +10%
Action Integral = 0.25 x 10° AZs + 20%
COMPONENT B (Intermediate Current)
E Maximum Charge Transfer = 10 Coulombs
< Average Amplitude = 2 kA +10 %
%
8 COMPONENT C (Continuing Current)
= Charge Transfer = 200 Coulombs + 20%
2 Amplitude = 200 - 800 A
=
% *
&
=/ A B c \D
< 500ps <5x107 s I 025s<T<1s < 500ps |

TIME (NOT TO SCALE)

Figure 1.2 Typical lightning currentwaveforns as defined in the MHSTD-464
standard Reproduced with permissio}8]



Carbon composites undergo more severe damage than their metelpaots
due to the inherent electrical conduction mechanisGisRP consists of two component
materials: carbon fiberas the reinforcemerdand polymer resin as the surrounding
matrix. While carbon fibex areelectrically conductive (with electrical coredivity of
1x10P S/m), the polymer matrixis usually a poor conductor and hencecisnsidered as
good insulator. Composite structures in these applications thus cannot ceadiyct
away the extreme electric currents and electromagnetic forces gerieydighdning
strikes. For that reason, lightning strike protection (LSP) has been a significant concern

since the first composites were used on aircraft more than 30 years ago.

1.1.3 Common practice for lightning strike p rotection

Lightning protection is needed for compostte structural componeair@aft
that have the greatest likelihood of a direct lightninigraction The most common
practice for lightning strike protection is to add conductive attachments to composite
structres to guide the electric current induced from lightning strike to fow through the
least resistive path. The conductive attachments come in various: faira bundles,

strips, fois andvire meskes.

1.2 ResearchM otivation and Objectives

1.2.1 Researchmotivation

Good understanding of the electrical properties of CFRP is the key to effective
lightning strike protection. Other applications directly utiizing the electrical properties
of CFRP laminates include carbon fiber assisted heating during composites

manufactring [9], [10], selfsensing of damagef composite structureq11] and



integrated @ctromagnetic shielding12], [13]. Accurate predictve models describing
the electrical conductioehavior of CFRP laminates are necessary to design the
properties for their success in such applications.

Due to its electrically conducting property, carbon fibers can be used as sensors
in composite structuseto detect cracks and delamination. In thintext, several
researchers have focus§ifl-16] onthe modeling of the electromechanical behavior of
CFRP materials under tensie loadinfhey havefound that mechanical deformation
and electrical resistance especially of CFRP in axial direction are coupled due to fiber
deformation and breakage during the loading process. \I&igroposed that the
waviness of carbon fibers contributes to the formation of continuous electrical
conduction path and is the primary factor influencing thrabgtkness electrical
conductivity. However, no quantitative work has been done to imple ment egicaim
or analytical model based on fiber waviness.

Park[14],[18]pr oposed the concept of ndelectric:
the typical length over which a broken fiber regains its cucantying capabiity due
to electrical contacts between fibefhey used &onte Carlo technique tandomly
generatedistributed contact points. Representing fibers with electrical resistors, the
CFRP is then model ed by a DC network <circui
they did not present an approaohconnect this variable parameter to physical
measurements.

Modeling of electrical conduction of carbeomposits under high current
density such as lightning strike is currently limited to meswale finite element (FE)
modes. Ogasaward19] implemented a muliphysics FE model considering thermal

nonlinearity to study electrical conduction in multilayer CFRP. CFRP is modeled as



anisotropic material with conductivity tensor in three dioest as material input. There
is another FE moddRO0] that follows similar methodology.

In the above models, microstructure of compostesot addressedh detall.
Therefore, they argot able tomodelthe statistical variations of composite properties
which is inherent in such material§/icrostructure based models are needed to
understand the intrinsic relation between CFRP properties and its microstructure.
However, a detailed microsicture based model can be computationally inefficient
considering the complicated geometry of CFRP. Certain simplifications and
assumptions are necessary for implementing rstmacture based models.

This research is foced on thedevelopment of anicrostructure based model to
predict electrical conduction behavior of CFRiJh current impact such as Joule
heating is also considered with a coupled theptedtrical resistecapacitor network

model.

1.2.2 Researchobjectives
This research wil focus oihe model development for prediction of electrical
property of CFRP under various electric fields. Based on the proposed model, a
methodology can be developed for the design of electrically tunable CFRP. The
objectives of this proposed research are asnsl
l. Develop and implementa numerical model that correlates the resistivity
of UD lamina with its material and (mict)structural properties and
captures theslectrical behavior of UD lamina (asingle ply) when

subjected to low direct current



Il. Formulate an efficient modelingmethodologythat incorporates the
influence of ply orientation and interply resin rich layer for large
composite laminates

M. Investigate theelectrical conduction behavior of CFRP under high
currentdensies similar to the onegncountered during lightning strike
and identify key conduction mechanisms.

V. Experimentally baracterizethe electrical response of carbon composites
under various current conditions from low DC to high curegnsies
to valdate the model, as wel as tdentify otherconduction mechanisms

not captured in the model

1.3 Structure of Dissertation

This dissertation is organized as followEhis chapter (Gapter 1) gavea brief
introduction to CFRP used on aircradnd the critical issuesrcounteredwhen aircraft
with carboncomposite parts atruck by lightning. Themotivation andthe scope of
current studywasalso discussed.

A micromechanics based model for electrical resistivity of dry fiber tows and
unidirectional (UD) laminates withut resin rich layer is discussed in Chapter 2,
followed by experimental investigation of the link between microstructure and electrical
resistivity of dry carbon fiber tows in Chapter 3.

In Chapter 4, the model dismesl in Chapter 2 iextendedto provde an
efficient solution for calculating resistivityensor of a multply laminate. The impact of
ply orientation, and laminate dimensions (aspect ratio to be specific) can be modeled. In

addition, resin rich layer between plies can be described by @ defited parameter.



After validating the model with reported experimental data, parangtidiesare
carried out to investigate the impact of resin rich layer.

Chapter Joresentsa numerical investigation diie influence of high current
density on electricatonductionof carbon compositesCurrent concentration within
carbon fibers and at contact spotadgiressedh detail for the first time. Analytical
models aradeveloged to quantify localized Joukeating Nonlinear conduction
mechanismssuch as temperature dependent intringsistivity of carbon fiber and
degradationof thin resin layer are considered in the modarametric studiesvere
conducted to show the impact of local Joule heating on the temperatule g@ndfi
resistivity response of carbon composites under high current denstty.

Chapter 6 presenesxperimental investigatianof both dry carbon fiber tows and
cured compositesinder high current density up to lightning strike lemetl discusses

the mechamms not captured by the model that can be addressed in future work



Chapter 2
3D MICROSTRUCTURE BA SED RESISTOR NETWORK MODEL

2.1 Introduction

Electrical properties of the constituent materigfibers and polymer matrixpf
the CFRP differ by several orders of magghe. Carbon fiber itself is a good conductor
with electrical resistivityin the range of X10°q nf20], [21]. In contrast, the polymer
matrix can be regarded as a good insulator with electrical resistivityngafigm
1x101%9q m 1xaC(° g m Thus, CFRP conductivity along the fibers is governed by the
continuous conduction mechanism along the flbbers while electrical properties in the
other directions are influenced by the shortest conduction path of connected fibers in the
width or thickness direction. Under low DC current, resin behaves iasulator and
doesndét contribute to the electrical condu
behaviors of dry carbon fiber tows aadingle ply, also known as unidirectional{JJ
lamina as all fibers are algned in one directsthout the presence aésinrich

interface under low DC current are similar.



(A) (B} ()

Figure 2.1 Conduction mechanisms of CFRP laminates in three primargtioine. a) X
direction: intrinsic fiber resistivity and fiber volume fraction; b) random contacts
between carbon fibers forming conductive path<Z djrection: fiber contacts within
one ply and limited connections between laminas due to resin riclagaterThe blue
plates represent electrodes in various directions.

Microstructure based modeling and analysis has been used to study the
mechanical behavioj22], [23] and thermal conductiof24] of unidirectional fiber
reinforced composites. The common modeling approach assumes that the fbers are
straight paralel cylnders and create the fiber spacing information from the cross
section of a composite specimen to represent the microstructureareAdetailed study
of the microstructure was performed by Gutowski ef2&l] which relaxed the
assumption of straight fibers, and introduced a parameter that quantified multiple
contact points along its length with the neighboriigers due to the fiber waviness.

The waviness resulted in electrical contacts between neighboring fibers creating a
continuous conductive path, which governs the electrical conduction in transverse
direction.

In this work 2D micromechanics models of aleetl conductivity of composites
are reviewed. A twestep scheme for generating the 3D microstructure of CFRP is
introduced. The microstructure describing the relationship between neighboring fibers
including distances between contact points and theirneswi is used to buid an

equivalent electrical resistor network model. A contact resistance term is integrated into
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the model to represent the resistance between fiber contact points. The model predicts
electrical resistivity as a function of fiber volunfieaction, intrinsic carbon fber

properties, fiber waviness and applied pressure during processing of such composites. A
sensttivity study is conducted to identify the key factors that influence the electrical

resistivity of CFRP.

2.2 Electrical Conduction M echanisms of CFRP

2.2.1 Review of existing moded for electrical conduction of unidirectional CFRP
The longitudinal electrical resistivity of single carbon fiber or carbon fber tow
has been reportdaly carbon fibermanufacturersor previous researchef26], [27] and
for most PAN bers is in the range 4x10°q m. To our knwoesseedge, t h
electrical resistivity/conductivity of dry
conventional ruleof-mixture (ROM) model is accurate in describing the composite
conductivity along the fiber direction but fais to describe the electrical propertibe in
transverse direction.
Continuum models have been widely used to consider the microstructure of
composites in the study of thermal conduction and micromechanics of composite
material [28], [29]. It is common practice to use2aconponentcontinuum medium
model to study the transport of heat in composite materials. However, when it comes to
electrical conduction in carbon fiber composites, 2Zheomponentmodel fais due to
the large orders of magnitude difference between the eddctonductivity of carbon
fibers and the polymer matrix. The polymer matrix in such a composite system can be
regarded as an insulator and doesndt contr |

composites.
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Resistor network model has also been adopted andiedodhy previous
researchers to study the thermal and electrical conduction behavior of compostes. Self
sensing of damage of composites has been achj@gdgdd[30], [31] mainly based on the
change of longitudinal electrical resistance of composites after structural damage, whie
the througkthickness resistivitywasnot the focusin these investigations
Parketal[ld]pr oposed the concept hoof dredeasedc.
resistor network model incorporating mechanical loading to model the change of
longitudinal electrical resistance of unidirectional CFRP under loading in the fiber
length direction. Hexagonal packing order of carbon fibers was assumed imdiatsil.
Since it is beleved that longitudinal electrical resistance is more useful -bessihg
of composite structur al d a ma g-¢hjckndss©hi s mod el
electrical resistivity of CFRP, which may be important in other situatisuch as
composite panels subject to lightning strike and characterization of electromagnetic
shielding property of CFRP.
Xia et al.[32] adopted a similar approach to model transverse conduction
behavior of CFRP as well as longitudinal resistanglexagonal and square packing
arrangements were assumed in their model. Randonfifieer contacts were
introduced and compared with uniform fibidyer contact distributions. While
assumption of ideal periodic packing arrangement simplifies the ¢mlogla it cannot
address the impact of random fiber distribution on the property. Also, in this model,
fber-f i ber contact resistance is not consider
ineffective length is back calculated by fitting the model lieswith the experimental

data, making it less effective in predicting resistivity of composites.
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Many of these resistor network models have been developed to relate electrical
resistance change to mechanical loading in composite structures. Evdbang fi
breakage under loading is believed to be the major factor contributing to electrical
resistance change. However, the underlying mechanisms of electrical behavior of
composites without mechanical loading where fiber breakage is not involved have
receivel much less attention.

Finte element method (FEM) has been adopted by researchers to study the
orthotropic electrical conduction behavior of composites, especially for extreme
conditons where Joule heating of composites neede tmiisidered. Todorolet al.

[11] applied FEA to study theffect of measured orthotropic electric conductance on
delamination. Ogasawara et HI9] studied the coupled thermalectrical behvior of

CFRP exposed to simulated lightning current using FEM. In these FE models, bulk
properties of composites are used without considering the microstructure of composites.
Due to the complexity of the composite microstructure, it is impractical teelntbel
composite microstructure in ful detaill with FEM.

Whie conventional models can provide general information of electrical and
mechanical interaction of CFRP, they are unable to accurately predict the effective
electrical properties that are inhetlgndependent on the microstructure. It folows that
an accurate prediction of macroscopic electrical conduction behavior can only be
accomplished by capturing the microstructure of the material as a basis for the model.
Another advantage of a microstruetipased model is that mefihysics simulation
such as thermelectric mechanical interactions can be addressed at the local scale.

Modeling of electrical conductivity in throughickness direction must take into

consideration the contact between fihei® fiber waviness, anthe intrinsic single

13



fiber property. Of these mechanisms, the contact between fibers is quite important
because it influences continuous electrical conduction path in the thidckhess

direction and thus dictates the overadéctrical conductivity of CFRP in the through
thickness direction. Clearly, other mechanisms such as fiber breakaggitagdof

fibers can also benportant, altthough limited number of numerical studig3] have

modeled the effects of mechanical breakage of single fibers within a tow and the surface

treatment of carbon fibers on the overall electrical conductivity of carbon fiber tow.

2.2.2 Electrical conduction mechanism in longitudinal direction

Since the electrical conductivity of typical polymer matrix systems are 10 to 20
orders smaller than thaff carbon fibers, polymer matricesan be regarded as
insulators. The single layer UD CFRP is therefore mamable to a carbon fiber tow in
terms of electrical conduction. The highly anisotropic behavior of the electrical
conductivity of unidirectional CFRP is due to different conduction mechanisms in
transverse and along the fiber direction.

Along the fiber dection, the current fows through the fibers and the carbon
fiber tow can be regarded as resistors in parallel. The resistvity of the unidirectional
carbon fiber tow depends on the intrinsic resistivity of the fibers and on the fiber

volume fraction. Th longitudinal electrical conductivity of G with fiber volume

fraction @ can be cleulated by the rule of mixture

A, P

Where A is the intrinsic electrical resistivity of carbon fber undmrestigation.
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2.2.3 Electrical conduction mechanism in transverse direction
In carbon fber reinforced polymer composites, undulating carbon fibers lead to
electrical contacts b e[BAlthat the randon dbeis . ltés n.
fiber contacts contribute to transverse electrical conduction and explains the anisotropy
of electrical conductivity. Fibeto-fiber contacts create the continuous electrical
corduction path, contributing to overall electrical conductivity, as ilustrateBigire
2.2. Applied pressure and elastic modulus of fibers can atfecfiber waviness during
the fabrication process and thus influence electrical resistivity of carbon fiber tow.
Although this mechanism has been mentioned by other researchers when commenting

on their data qualtatively, there is no quantitative moddi baised on this mechanism.

Through-thickness

direction Fiber

Extent of detour

Figure 2.2 Schematic representation of conductive path created bytdifdrer
contacts Reproduced with permissiof34]
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The loading applied in the throughickness direction during processing
impacts the overall microstructure and contact point geometry. First, the through
thickness loading influences electrical resistivity by changing the fiber volume fraction
and thus berfber spacing, reducing theaviness Second, applied pressure can
change the area and number of the contact points and the contact resistance. Applied
load during processing in the throutffickness direction can therefore influe nte
transverse eddrical resistivity significantly.

A micro-structure based resistor network is developed inctiégterto relate
the compressibility and relaxation behavior of fiber reinforcements during composite

processing with the electrical property.

2.2.4 Overview of model formulation
A 3D microstructure based resistor network model is proposed based on the
mechanisms discussed in theias section. Contact points betweasighboring
fibers are distributed along the longitudinal direction of composites while thetdele
properties of the resin effectively insulate the remaining areas of the paralel fbers. This
assumption makes it possible to represent a CFRP structure as a large resistor network.
Figure 2.3 shows the flow chart describing the resistor network model
generation based on an existing microstructure. The fiber arrangement at a cross section
normal to the fiber length direction is generated frstenTthe 2D fiber network is
extended along the fiber direction using the fiber waviness information describing the
full 3D microstructure. There are various ways to get fiber arrangement and fber
waviness parameters experimentally or numerically. 2D fisemngement can be
generated numerically assuming square, hexagonal or random packing order or from

real composite structure micrographs. Fiber waviness parameter can be obtained
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experimentally from compression behavior model developed by Gut¢@skor from

numerical simulations.

Square packing -- 2D Fiber Arrangements | | Fiber Waviness
Hexagonal Packing --

-- Compression Test

) -- Mechanical simulation
Random Packing --

-- 3D image acquisition

From micrograph --

|Solve and Data Reduction

" T
T 2

Figure 2.3 Flow chart of model formulation: 3D microstructure is generated from 2D
fiber arrangement and fiber waviness paramd®eproduced with permissiof85]

Each carbon fiber is divided into small sections separated by neighboring
contact points, which are modeled as nodes in the resistor network model. Each section
of carbon fiber is modeled by a resistor whose resistance value is determined by the
length ofthe carbon fiber section, diameter of carbon fiber, and intrinsic resistivity of
the carbon fiber. A contact resistor is added at the contact point to represent contact
resistance between carbon fbers. The resistors representing carbon fibers and contact
resistances form a 3D resistor net wor k and

uniform potential is applied across the sample allowing modeling of bulk resistance in
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this direction. The electrical resistivity of unidirectional CFRP or carbon fiber itows

all three primary directions can be calculated using known geometric information.

Parameters used in the proposed model are listdabie 2-1.

Table 2-1 Parameters used in the 3D resistor network model

Parameters

Description

Typical Value (AS4

carbon fiber)

VF Fiber volume fraction 50%

PackOrder Fiber packing order Hexagonal, Square,
Random,Fromimage

Spec_Len Specimen length 1x102[m]

Spec_Wid Specimen width 1x1023[m]

Spec_Th Specimen thickness 1x102 [m]

Pressure Processing pressure 8 bar (autoclave)

Beta Fiber waviness term ~300

Fiber_diameter = Average fiber diameter 7 &m

E_mod Elastic modulus of carbon fiber 231 GPa

Fiber_rho Electrical resistivity of carbon flber 1.7x16°g m

2.2.5 Numerical implementation
The proposed 3D resistor network model is implemented using MATLAB. As
llustrated inFigure 2.4, the procedure to generate the 3D resistor network consists of

the folowing steps:
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. Generate 2D cross section fiber arrangement based on selected packing
order, specimen dimeisi, fiber volume fraction, and fiber radius. The
output is a matrix that stores the coordinates of fiber center and radius
for each fiber;

. Create fiber connectivity based on fidfiber spacing. The output is an
array that stores the indexes of neighborfibgrs for each fiber;

. Randomly generate inttial contact point for each fiber and add the
remaining contact points on that fiber based on-fber spacing,b,

and fiber connectivity as determined in step 2. The output is an array that
stores the 3 codinate values of every contact point on each fiber and
index of neighboring contact points;

. For each fber, calculate contact resistance and fiber section resistance
(r OF0 ; where A is thecrosssectionalarea.

. Formulate resistor network in matrix forbased on contact points,
connectivity

.Solve for nodal voltage and current

overal resistance and resistivity.
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[ Initialize parameters; Choose 1 of the 4 packing orders ]

[ Generate 2D cross section fiber arrangement ]
L]
[ Create fiber connectivity based on fiber-fiber spacing l

Build 3D structure by combining 2D fiber arrangement and fiber
waviness term

Fiber_ind=1 I

Contact_ind=1

Calculate contact resistance Rc I

Contact_ind
< totalContacts?

|
Contact_ind+1 |

Calculate the resistance for
fiber section between
contact points [Contact_ind]
and [Contact_ind+1]
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Figure 2.4 Flow chart ofthe algorthm to formulate andolve 3D resistor network
Reproduced with permissiof85]

2.2.6 Parameterization of3D fiber geometry

Generation 08D microstructure of carbon fiber tow or unidirectional CHRP

not trivial considering the complex geometry details of CFRRhignstudy, d@wo-step

procedure is employed to numerically generate the 3D structure of unidirectional CFRP.

First, 2D fiber arrangemeris generatedrom the crosssection ofacomposite pane

either numerically or frona micrograph of aross sectiorof areal compositestructure

In the second stepghe 2D model is theextruded inthe fiber length direction with a

parameter that describéise fiber waviness.
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2.2.6.1 Generation of 2D fiber arrangement

Hexagonal, square and random packing orders of carbon fibers are numerically
generated and fiber location and radius can be obtained as described in the next section.
Equation 2 gives the relation between fber volume fraction, fiber diameter and inter
fiber spacing for square and hexagonal packing orders. Inter fiber spacing can be

derived by solving Equation 2 with known fiber volume fraction and fiber diameter.

0 —- &

Where6 is fiber volume fractionA is fiber diameter A is inter fiber spacing,
— as the packing order related parameter with p for square packing ane 2 for
hexagonal packing. This information is used to define fiber location and radius of all
fibers in the modeled 2D croesection for hexagonal and square packing arrangements.

Fiber arrangements in unidirectional composites are typicallyundorm and
nonperiodic. Periodic fiber distribution assumption leads to incorrect predictions of
mechargal behavior of compositef86]. Although there is no study availabte
describe the influence of namiform fiber arrangement on electrical properties of
composites, ités desirable to address prac
numerical random microstructure generator is programmed in MATLAB with the
following input: the fiber radius distribution, required fiber volume fraction, and the
size of the domain. The routine is based on Random Sequential Additon (RSA)
algorithm, and provides fber location and radii of the 2D egmsdion.

To obtain the distribiion from a real composite, a microscopy image of the

crosssection of a CFRP is frst transformed to a binary image representing resin and
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fibers only. An edge detection algorithm is utlized to find the location of the circular
fibers from the binary inge and locations of fiber center and fiber radius are extracted.
This methodprovides the most realistic microstructurdsut can be time consuming, and

the number of available datasets is imitéeigure 2.5 gives a schematic representation

of the four approaches used to generate the 2D fiber arrangement. Coordinates of fiber
centers and fiber diameters are stored in a matrix for later use. Conneioreerb

fibers are created based on fifiber distance. Indexes of neighboring fbers are stored

in a list for each fiber.

®
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)e,
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)0 00
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Figure 2.5 Schematic representations of various fiber arrangeme ntéiexagonal
packing; (b) square packing; (c) random packing; (d) from micrograph using image
processing techniquefkeproduced with permissiof85]
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2.2.6.2 Parameterization of fiber waviness

Undulation of fibers is naturally present as fibers are placed together in a fiber
tow due to their continuous length and small diameter which makes them less rigid and
stiff. ' When these fibers are compactuak to processing pressulering manufacturing
of compositestructues, the undulating fibers wil contact their neighbors at various
locations along the lengttAs shown inFigure 2.6, insteadof being regarded asdraight
rigid rods, fibers are modeled sightly arched so that the contact points between
neighboringflbers carry the applied force. Fiber waviness can be characterized from

Equation 3as the ratio between the arc hei§btand the contact span

Q QQ &
5 C

D

whereA is the arch heigh{average distance between fiberk)s the distance between

two contact points.

dl 7L

Figure 2.6 Schematic representation of fiber wavineBeprodued with permission
[25]
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Gutowski relates the deformation of the curved fistackto axial and
compressive loads. In the case of transverse compressiofundhenal relationship

between compression stress and fiber deformation data is given bipEdqudt

0 W
0“ 'O (k)
A T 2 —— c8
W
o P

At or below acertaininttial fiber volume fraction, ¥, the fibers carry no load.
As fiber volume fraction, ¥ is increased, the network can carry a rapidly increasing
load. Eventually, the fiber volume &t@on of the network approaches a theoretical
maximum based on close packed geomdtnthis region, V approaches a maximum
available fber volume fractionVa. Whenthe fiber network is perfectly aligned, 2Malls
between the limits for a square packigler, \4=0.785, and a hexagonal packing
order, \4=0.907.The foer waviness ter can be obtained wusing
leastsquare optimization ftting Equatio8.4 to the experimental obtained relationship

bet ween c¢ompr eandfieo wolump frasters/mur e G

After characterizing the fiber waviness term, the 2D microstructure model is
extended in fiber length direction by generating contacts points along the fibers. The
location of contact points on each fiber can be calculated bggaddntact spah to
the previous contact point location, whie the location of the first contact point is
randomly selected to reflect the random nature of contacts between Figgre. 2.7

shows schematically the fiber network and the equivalent electrical representation of the
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fiber system when extended along the fiber and thrtlughknessdirection Each

contact point as weebs the two ends of a fbererepresented by an electrical node. At
each contact point a contact resistance is introduced to consider any interface contact
resistance Note that for clarity only a 2D model is demonstrated in the schematic
drawing while the model actualy considers the 3D configuration of the carbon fiber

system.
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Figure 2.7 Schematic representation of resistor network model: fractional fiber lengths
in between contacts and contact resss form the resistor network model. 2D

presentation is shown here for clarity whie the model is R&produced with
permission[35]

2.2.7 Estimation of contact resistance

Contact resistance between neighboring carbon fibers needs to be estimated

since it wil influence the overall conductivity of CFRP especially in the transverse

26



direction. Resistor network models have been employed by other researchers to study
the electrical behavior of composite materials; but in these models, contact resistance is
either neglected37], [38] or back calculated from curve ftting with experimental data
[16], [39]. Preliminary experimental investigations show that contact resistances
between carbon fibers vary by a large range depending on carbon fber surface
treatments. Theantact resistance of carbon fbers with nonconductive sizing can be
orders of magnitude higher than carbon fibers without sizing, which makes thtfiber
fiber contact resistance term important. In this study, contact resistance is considered as
demonstreed by he resistors in blue in Figure 2Qontact resistance between single

fibers is hard to characterize experimentally due to handling issues and measurement
accuracy. In many cases, sizing of carbon fibers is proprietary commercial information
of cabon fiber manufacturers and thus is usually not disclosed. This makes it difficult

to characterize the contact resistance accurately and its impact on the overall
conductance Therefore,in this work we wil focus on unsized fibers. skmplified

analytical model to estimate contact resistance for-sized fibers based on Hertz

contact theory and Holmbés formula for cons:

2.2.7.1 Hertz contact theory

The complicated load transfer between neighboring flbers makes an exact
analytical solution for contact mechanics impossible. With some geometry
simplifications, the theory of contact between elastic bodies can be used to find contact
areas and indentatiodepths for contacting carbon fibers. Due to undulation of fibers,
two fibers contact through points rather than a line. The contacting part between two
fibers is taken as two spheres with the same radiuthe carbon fibers. Hertz

[40]derived the analytical solution for contact area, indentation depth and contact stress
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for the ideal case of two spheres with radiusodnd R: respectively. The contact area
is directly related to thelectrical contactresistance as described in the next section.
The equivalent radius contact areds related to the applied lodelby the equation

o'oY

10

cd

HereE is the elastic modulus of the fiber and the effective raBius defined as

P

p P
Y Y Y &
For two carbon fbers with the same radivdc, the radius of the contact circle

is given by

0w — X

2.2.7.2 Electrical constriction resistance between two conductors

Constriction resistancey, exists between two conductors connecting through a
small area. Holm{41]studied the constriction resistance between conductors with
various configurations and found constriction resistance atthe contact location of two
conductors depends on the resistivity of the two conductors and the area aftiet c

spot as follows,

8y

28



Where} 1 and} 2 are resistivity of the two conductors aad radius of the
contact spoas defined in Equatio®.7.
For the case of two carbon fibers with the same intrinsic resisivitiie

constriction resistance is further simplified to
Y

G “ﬁ"
cO

2.2.7.3 Estimation of contact force

Forceapplied to CFRP inthe throughthickness direction is modeled by the
following characteristics. At or below a certain initial fiber volume fraction, the fibers
carry no load; as fiber volume fraction is increased, the fiber network can carry rapidly
increasing loadastransferredby fbers through contacts between fibers.

Assuming that each contact point carries similar amount of load, contact force at
each contact point can be estimated by dividing total appled Blmethetotal

number of contact pointdlc at each layeras @monstrated irFigure 2.8.
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Figure 2.8 Schematic ilustration fdoad sharing among carbon fibers. Applied force is
assumed to be shared evenly by the total numbeprgdct points at each layer.

Total number of contact pointsc is counted by multiplyingt by the number of
fibers Nf at eacHoad carrying layer with average number of contact poiNison each

fiber. These parameters are related to composite ggomett processing pressure as
defined in Equation2.10-13.

Y 9 q @ T
5 0
o ® p
0 020 P ¢
o O 0 w0 5
i o ®

30



Wheredsis fiber diameter;dsis average distance betwetfisers, L is specimen
length; Wis specimen widthf is total load aplied to specimenp is the applied
processing pressure.

Combing Equatior2.107 2.13 gives

O 0Q QQf P T

Contact force depends on applied processing pressure, fiber diameter and inter
fiber spatg. Solving Equation2.9 and Equatiorn?2.14 gives contact resistance as
function ofprocessing pressure, fibeliametey fiber waviness and intdber spacing

(Equation 2.15).

Y ¢Pp L
o0'Q QQQ
cO

2.3 Model Convergence andValidation

2.3.1 Model convergence
Determining the size of the computational model is an important part of the
microstructurebased modeling approach. In the proposed 3D resistor network model,
each contact pdiis regarded as a compiig@ node. Whie more nodes can represent
more details of the compites structure, the computatiotime increases exponentially.
Total number of contact points/nodes is determined by number of fibers and

number of contact points on each fber. For the B&stion, the representative volume
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element (RVE) consists of around 200 fibéabout 15 fibers in througthickness

direction) and is considered as representativea aéal composite structurf@6]. The

number of nodes is increased by increasing the lengibeos and thus increasing the
number of contact points on each fb&igure 2.9 providesthe convergence plot for 4
different configurations to generatbe 2Dfber arrangemeni hexagonal packing,

square packing, random packing andrograph fber arrangemenPredicted

resistivity is normalized by dividing the predicted values with the predicted resistivity
from micrograph fiber arrangement at 6000 nodes. The fiber properties used in these
simulations are listed ifiable 2-2and fiber volume fraction is taken as 0.6 for all

simulations.

Table 2-2 Properties of HTA7 fber

Fiber Fiber
Filament diameter modulus resistivity b(esti
7 €m 238 GR 1.6 X 10°q m 350
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Figure 2.9 Model convergence as a function of packing arrangement. Resistivity
normalized with value obtained for 6000 nodes using the flositions obtained from
the micrograph Reproduced with permissiof35].

The hexagonal and square configuraticanvergesfaster than that of the
random packing anthicrograph microstructure. The irregular arrangement of fibers in
real composite structure and in random packing order introduces more uncertainties in
the model and requires more nodes to convevgedel predicbns were relatively
unchanged at 3000 nodes and above for square and hexagonal packing and 5000 nodes
and above for random packing. Hence all computational models used in this study
ensured that the number of nodes used ensured convergence of results.

Transverse resistivity drops with increasing specimen length as observed by

Abry et al. [31] from experiments. When the specimen length is smaller than a critical
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length in the range of the fiber to fiber contact distance, the number of contact points is
drastically redoed and an increase in resistivity is observed. Above the critical length,
the number of contact points increases almost linearly with specimen length and the
resistivity attains a constant value.

The model using random packing order is within 10386 of he predicted
resistivity of the real microstructure, while the hexagonal and square packing order over
predicts the resistivity by about 3050%. In random packing order model, fidfiber
spacing is randomized. Instead of having uniform distribution watacd length as in
uniform packing order models, there exists local small -fber spacing in fiber
system with random packing order, resulting in larger number of contact point. With
square packing order, each fiber except those close to boundariésdigisbor fibers,
while with hexagonal packing order, each fiber has 6 neighbors. More neighbor fibers
leads to easier formulation of connecting conduction network, which lowers resistivity.
This explains the larger resistivity given by square packimteromodel than hexagonal
packing order model. It can also be noted that standard deviation of predicted
resistivity generally drops with increasing number of nodes. Once the appropriate model
scale was established, the next step was to valdate the amtlehderstand the effect

of input parameters on resistivity.

2.3.2 Comparison between simulations and literature data

The simulation results are compared with reported resistivity values of
unidirectional CFRRo validate the proposed model. AbriB1] reportedexperimental
results of electrical resistivity of unidirectional mydly CFRP using HTA7 carbon

fibers as shown inTable 2-3. It can be seen thalhe transverse resistivity of the CFRP
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through the thickness is at least one order different compared toplaen transverse
resistivity at low fiber volume fraction. The laminate has resim layers in between

the unidirectional plies creating an ddal resistance term not considered in the
current model implementation. The transverse resistivity for both directions converges
at higher fber volume fraction. The-iane transverse direction microstructure

represents the model implementation Incakes and is used for comparison.

Table 2-3 Resistvity of UD CFRP reported by Abfg1]

Transver se resi st

Longtudinal resistivity

\%i ( qm) Through
In-plane transverse thickness

0.43 4.72 X 10° 4.67 X 10t 16

0.49 3.71 X 10° 1.13 X 10* 2.83

0.58 2.93 X 10° 4.16 X 102 4.82 X 102

Although fber waviness term is not reported for this specific fiber type,
Gutowski [25] noticed that this term is similar for various carbon fibers and is
characterizedas approximately 350 fromrepeatecexperiments. In the following
simulations, the mechanical and electrical properties of-ATaés shown inTable 2-2
areused in all following simulations as baseline parameters.

Simulations results oih-plane transverse resistivity amidirectional CFRP or
carbon fiber tows are compared with experimental satfeunidirectional CFRP
resistivity As shown fromFigure 2.10, simulation results including the contact
resistance term agree with reported experimental data whie the predicted values from
the model withoutthe contact resistance underestimate the experimental datajadygpec

in the lower fiber volume fraction range. Goowitchbetween simulation results and
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experimental valuefor in in-plane transverse directiondicates that the model
captures theorrectconduction mechanismsfor UD CFRP with no or litle inteply
resin rich layersThe discrepancy in througiickness direction reveals that conduction

behavior of interface layer between two single plies needs to be modeled faulynulti

CFRP.

B Experimental Data: HTA-7,
Inplane Transverse (Abry,

A 1999)

A Experimental Data: HTA-7,
Through-thickness (Abry,

10

1999)
= «)= = Simulation Results: HTA-7,
A with contact resistance
— = & =Simulation Results: HTA-7,
£ without contact resistance
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Figure 2.10 Comparison of simulation results and reported experimental data
Reproduced with permissiof85]

2.4 Sensitivity Analysis

The proposed model can be used to evaluate the effect of the material and
process parameters on the resulting resistivity of the bulk composite. This paper

evaluates in more detail the effect of process pressure used durindgdatioso on

36



change of resistivity. This is followed by a sensttivity study where material and process

parameters are varied to provide insight in the relative importance of these parameters.

2.4.1 Resistivity as function of processing pressure

The influence of processing pressure is-told. First, pressure can influence
fiber volume fraction and fiber arrangement. Debuking behavior of carbon fiber bundle
under compression loading results in a fiber arrangement that wil stabiize to a state
where minimal loading is required, while the fiber volume fraction remain unchanged
[42]. Second, as can be noted from Equat®bb4, contact resistance is a function of
contact force. Higher processing pressure leads to higher contact force and lower
contact resistance, reducing overall electrical resistivity of CFRP. Transverse resistivity
of unidirectional CFRP or carbon fiber tevg calculated with processing pressure.
Nonlinear change of resistivity with the increase of processing pressure is observed and
shown inFigure 2.11. At very low processing pressure, increasing pressure wil reduce
transverse resistivity of the composite rapidly, while at higher pressure, increasing
pressure does not change significantly the resistivity of the composite as fiber volume

fraction change are small and contact resistars@es notchangesignificantly.
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Figure 2.11 Transverse resistivity as a function of processing presBemgroduced with
permission[35]

Contact resistance and fiber resistance are compafeduire 2.12. Fiber
resistance is taken as the average resistance of all fiber sections between two
neighboring contact points in our resistor network. Fiber resistance drops with
increasing processing gssure as higher processing pressure yields higher fiber volume
fraction, reducing inteflber spacing and thus shortening the length of each fiber
section. Reductionin contact resistance results from higher contact force due to
processing pressure. Fibesistance is also plotted as a fraction of total resistance,

which is defined as the sum of fiber resistance and contact resistance. Fiber resistance
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contributes approximately 66% to the overall bulk resistance at pressures dizye 1

while the contactesistance cannot be neglected for lower pressures.
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Figure 2.12 Fiber resistance drops with increasing processing pressure as higher
processing pressure yields higher fiber volume fraction, reducingfiimeer spacing and
thus shortening the length of each fiber section. Reduction in contact resistance results
from higher contact force due to processing presfeproduced with permissiof85]

2.4.2 Sensitivity study for all relevant material and process parameters

Material and process parameters are varied belalvabove the baseline

parameters from Table 2 under 1KPa of processing pressufeigure 2.13 gives the
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sensttivity plot for 5 model parameters (pessing pressure, fiber diameter, fiber
resistivity, fioer waviness, and fiber modulus). Predicted resistivity increases with
increasing fiber waviness and resistivity and decreases with the other 3 parafteers.
beta term is related to fiber wavinesssraaller beta term indicates more contact points
per fiber, thus a more undulated fiber. The influence of fiber waviness can be
considered by varying beta term. Sensttivity of fiber waviness term is studied by
varying it while keeping other parameters canst hcreasing fiber waviness term (beta
tern) reduces number of contact points per unit length sincefflieb e r spacing dc
change, making the effective conductive path longer. The resistivity shows a nonlinear
dependency on fiber waviness, fiber dulis and processing pressure while fiber
resistivity and diameter indicate a more linear contribution. Fiber diameter and fiber
modulus have relatively small influence on the predicted resistivity in the value range
considered. Fibers with smaller modulase easier to deform under pressure and thus

have a larger contact area, reducing contact resistance.
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Figure 2.13 Sensitivity study of model parameteiReproduced with permissiof85]

2.5 Summary andConclusions

CFRP exhibit highly anisotropic behavior in electrical conductivity with very
high conductitiy along the fber direction and extremely low conductivity in the
transverse direction. The fundamental conduction physics changes significantly as along
the fiber direction a continuous conduction path within the fibers exists while in

transverse direcn the conduction path has to transverse fibers at discrete contact
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points to neighboring fibers increasing the effective conduction path by several orders
of magnitude.

A micromechanicsmodelwas developed to preditte electrical conductivity of
unidirectional (UD)ply based on this proposed conduction physiossideng both
electrical material properties anehicrostructuralparametersA 2D crosssectional
representation of the fiber network is extended along the fibers providing discrete
contact paits along the fiber length. These assumptions follow the proposed
microstructure studied by Gutowski implying an inherent undulation of the fibers. The
microstructural 3D representation is converted into an equivalent resistor network
which accounts forlier and contact resistance allowing prediction of resistivity for
unidirectional composites.

Estimation for contact resistance between neighboring fibers is derived using
Hertz contact theory and Holmés <comstrictic
only influences electrical resistivity of CFRP by changing fiber volume fraction and
fiber arrangement, but can also affect contact resistance between fbers, thus changing
the electrical conduction behavior of CFRRedictions arealidated using
expeimental data from lteraturend are in excellent agreementthe reported data.

A sensitivity studyreveals thatilfer resistivity and waviness alee key factos
determiningthe electrical resistivity of UD CFRR transverse direction. Process
condiions influence the resistivity. Increasing process pressure increases fber volume
fraction and reduces contact resistance leading to lower bulk resistvity. Currently, the
model is limited to laminates without significant resin rich layers where rdgisivi

governed by this interface layer and a laeidy wil consider this effect
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Chapter 3

EXPERIMENTAL INVESTIGATION OF THROUGH -THICKNESS
RESISTIVITY OF CARBON FIBER TOWS

3.1 Introduction

In Chapter 2, anicromechanis basednodel for transverse electrical resistivity
of UD lamina and dry fber bundles is discussed. Good match between the modeling
results and reporteelxperimentalvalues indicates that the model can describe the
electrical conduction behavior of UD composit&$ere exists limited lterature on the
experime ntalcharacterizationof throughthickness resistivity of dry carbon fiber tows.
Athanasopoulog43] investigated the #plane electrical conductivity of UD carbon
performs ader constant and uniform pressure and proposed mathematical expression to
describe theconduction behavior. Chun@4] and Curtin[32] have shown qualitatively
the dependence of electrical resistivity of CFRP on-fiber contacts due to fiber
waviness. In this study, extended experimemtadraterization of the througkthickness
resistivity of dry carbon fiber tows are conducted to investigate the link between
microstructure and electrical resistivity.

Dry carbon fiber tows (instead of cured composites) are teste® isttldy for
two reasonsfirst, it is easier to control the microstructure (fiber volume fraction for
example), thus making the direct comparison of the microstructure based model and
experimental data possible; secondly, in thedta@mposite system, contact resistance
between arbon fibersseparatedy thin film of resin depends largely on the fim

thickness, thus introducing uncertainties in the measurements. The absence of resin
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system in dry fiber tows reduces the uncertainties in contact resistance. Under low
current and eldric field (much lower than dielectric strength of resin system), resin in
CFRP behaves as insulator and doesndét <cont |
fiber tows are thus comparable to CFRP in terms of electrical conduction. In this study,
contact resistance introduced by resin flm between carbon fibers is demonstrated by
comparing the electrical resistivity of carbon fiber tows with and without sizing. Fiber
sizing is a thin layer of polymer deposited on the fiber surface to protect the uadivid
flaments frombreaking, tamprove handling of the very fine d#on flaments
(typically 57 7 pm diameter), and to enhance bonding between carbon fibers and resin
matrix.

In the present study, an apparatus that charaddiims waviness and meass
in-situ electrical resistivity of carbon fiber tows under compression is designed and
implemented. The influence of a composite fabrication pressure cycle is represented by
normal pressure applied by thénilnstron machine to the fiber tow stack. Aystematic
study of the througlthickness resistivity of carbon fiber tows under compression has
been conducted and provides further insight into the fundamental conduction
mechanisms of dry carbon fibers which is an important component of the CFRP. The
model discussed in Chapter 2 is applied in this study to describe electrical behavior of

carbon fiber tows in througthickness direction.

3.2 Experimental Setup and M ethodology

3.2.1 Setup
A computer controlled experimental setup was constructed to measure, current

voltage, load, displacement and fiber volume fraction in real time. The system alows
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continuous measurements of the resistance and compaction state of the specimen. This
electrical and mechanical characterization setup Kggee 3.1) includes a mialnstron
machine with a load cell for applying and recording the force, a Teflon mold with two
copper bars serving as electrodes, a CCD camera to monitor the fiber stagkeheigh

digtal multimeter for resistance measurement, and a data acquisition system to integrate
the results from all the components.

To elminate the resistance introduced by the connecting wires, the resistance
measuredusing aKeithley 2750 digital mut i met er with a measuring
Two sets of wires were used for current and voltage measurements on the copper
electrodes, as demonstratedFigure 3.1.

The load cell has maximum loading capacity of 500N with resolution of 1mN,
which transforms into maximum applied pressure of ~10bar over the 5cm by 1.25¢cm
specimen area (the dimension of copper electrode surface). A custom designed mold
was used to conduct compression testing. The mold consists of a mold base and a mold
cover, both machined from Tefion block for electrical insulation. The maximum
opening of the mold is 1 cm and the surface dimension is 5cm by 1.25cm, as depicted in
the nsert ofFigure 3.1. Two copper bars with the thickness of 5mm serving as
electrodes are attached to the bottom of the mold base and mold cover. |dHeasno
two open ends for redéime fber volume fraction measurement using a CCD camera
(Dino-Lite ® Edge). Dry carbon fiber tows are placed in the mold cavity between the
two electrodes and pressure is applied by the Instron, ensuring good contach libévee

specimen and the electrodes.
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Figure 3.1 Experimental setup with its schematic for characterization of through
thickness resistivity of carbon fiber tows

The mold was enclosed in an environmental chamber attached to the Instron
machine providing a corastt temperature environment 26°C. Data was acquired at a
rate of 1Hz using a supervisory data acquisition computer and recorded on the PC for

subsequentlata reduction.

3.2.2 Specimen preparation and experimental mcedure

Unidirectional dry carbon tows from various manufacturers were tested. The
names of the carbon fbers were restricted from disclosing by a confidential provider,
thus general descriptions @ikt fibers were used in this paper (sized and unsized). All
the fibers (both sized and unsized) tested are PAN based and there liusein
surface modification to these raw materials received from manufacturer. Dry carbon
fiber tows are cut to 5¢cm lengtand placed in the same direction, along the longer side

of the electrodes, into the mold. 30 tows for each fiber were used in each experiment.
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Material and setup parameters are summarizedalple 3-1. Fiber C is the sized version

of fber B. The inttial fiber volume fraction is about 20% before compression. Before
each test, the copper bar electrodes were cleaned and polished with 400 grit sandpaper
to keep a consistent surface roughness. At the final stage of compression, fiber volume

fraction wasin between 60% and 70% depending on fiber type.

Table 3-1 Specimen parameters

Carbon Fiber Tow Number  Fiber Sizing Amount  Fiber Hectrical Hastic
Size of Tows Diameter (weight Resistivity provided  Modulus

() percentage) by manufacturer of Fiber

(qm) (GPa)
12k 1.70E05
12k 30 5.2 0% 1.50E05 276
12k 30 5.2 1% 1.50E05 276

Sized Fiber D 24k 30 7 1% 1.60E05 135

Sized Fiber E 24k 30 5 0.25% 1.40E05 170

During each test, load applied to the fiber tow specimen is increased from ON to
450N at an increasing rate of 1N/s. A baseline test with two copper bar electrodes
touching each other is conducted before inserting the fiber tow specimen between them
into the mold. Contact resistance from copper electrodes acquired from baseline
experiment is less than 1% of the measured thrthighness resistance of the fiber
tow specimen. Specific throudhickness resistivity was obtained by multiplying the
measured régance by the surface area and diiding it by the thickness (the mold
opening). The same loading cycle was repeated on each specimen to examine the effect

of debuking on throughhickness resistivity.
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3.2.3 Characterization of fiber volume fraction

The readig provided by the Instron machine cannot be used to measure the
mold height due to the large compliance of the Tefion mold. A CCD camera with
microscope lens attachmerecorded images of the madohd the location of each mold
surface was found using adge detection algorithm. The difference between the two
mold surface locations provided continuous reading of the mold cavity height. Accuracy
was within one pixel and resulted in better than 10pum precision (field of view (~5mm)
divided by the camera relstion of 720 pixels).

Fiber volume fraction& can then be calculated using Equat®A.

Q

Here, hecavity andWeavityis the height and width of the mold, respectively. The
equation assumes that each tow méisers based on manufacturer suppled data and
that all fibers are continuous and have a constant diameter and occupy the entire length
of the mold.

The advantagef using a camera to acquire fiber volume fraction is
demonstrated idrigure 3.2 in which the fiber volume fractions calculated using the
camera to ffid the cavity height is compared with the mold opening obtained from the
extension data from the Instron machine. The two methods show similar fiber volume
fraction K, when K is less than 50%. Loading increases significantly with increasing
fiber compactin and the mold compliance results in large error in cavity height
measurements using the Instron method. Fiber volume fraction obtained by the camera

reaches a limit at 70% under 10 bars of pressure.
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Figure 3.2 Fiber volume fraction calculations using data from Instron and from image
processing

3.2.4 Characterization of fiber waviness

The fberfiber contacts form the continuous conduction paths for carbon fiber
tows. The number of contact points per unit length on each fiber determines the number
of parallel conduction paths and thus determines thrthighkness resistivity of carbon
fiber tows.As discussedin Chapter 2Gutowski [25] developed a mathematical
expression correlating fibber volume fraction dhdcompression state to applied

normal pressure based on beam theory. The fber network is modeled asrabha®f
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slightly arched beams where the contact points between neighboring flbers carry the

applied force. The basic underlying assumptions are that the fibers make multiple

contacts with their neighbors along their length, that the number of comeatase as

the bundle is compressed, and that the contact to contact lerigjtbroportional to the

inter-fiber spacinga, which is arch height h subtracted bpef diameter dThe fber
waviness term b is defined aatdenghlhandinteat i o be
fiber spacinga.

Deformation of the curved fiber stack to axial and compressive leagdated
according to Equation 2.Zhe fiber waviness term can be obtained using a three
dimensional leassquare optimization fitting Equati 24to the experimentally
obtained relationship between compression stfesnd fiber volume fractior6 . A set

of , Voand \4values is chosen such that the difference between experimental

compression r e seglatios is mmnmhl. Good fio tev thek expiersnental
data for all five fiber types and Equation forVo and Va are summarized ifable 3-2

and shownn Figure 3.3. The small Vo values correspond to the intial statéefore the
upper electrode touches the fiber towkgere the fiber tows are loosely stacked and no

compressive force was applied.

Table 3-2 Fiber waviness and Gutowski fiber volume fraction terms for five fiber types

620 0.02 0.89
365 0.06 0.89
460 0.08 0.74
405 0.06 0.89
475 0.04 0.74
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From Figure 3.3 one can note that the smaller diameter fibers (Fiber B,C,E)
require significantly higher pressure to reach a particular flber volume fraction level
compared to the larger diameter fibers @i and D). Fiber volume fraction increases
rapidly at low pressures (below &PBa) followed by stiffening of the fiber stack. The
maximum fber volume fraction at our applied experimental peak pressure okP&00
varies between 55985% depending on the fiber type. There is a significant difference
in the compression behavior of sized (Fiber C) and unsized fiber (Fiber B). The thin
sizing layer may act as lubricant, making the rearrangement of fiber packieg, aa

indicated by Gutowsk
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Figure 3.3 Compaction data for all five fber types

3.3 3D ResistorNetwork Model Implementation

In Chapter 2the carbon fber tows have been modeled as a DC circuit with an
array ofelectrical resistors representing the resistance from carbon fiber sections and
fiber-fber contact resistance. The resistor network represents the equivalent 3D
microstrudure of the fiber tow, as demonstratedFigure 2.7. The 2D fiber
arrangement of the out-plane cross section is generated assuming random packing of

fibers and the 2D structure is extended in fiber length direction using thenéha@ress
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term. The first contact point is randomly chosen to reflect the random nature of fiber to
fiber contacts.

The construction of the resistor network requires resistance values of the carbon
fiber sections and fibefiber contact resistance. Carbfirer resistance can be
calculated from the intrinsic carbon fiber resistivity, diameter and contact to contact

length, as in Equation.a

Contact to contaaflistanced can be calculated by multiplying fiber to fiber
spacing with fber waviness terflh b ased on Gutowskids <curved
unsized fibers, cont act resistance can be
model and geometry of specimesccordingto Equation 2.15.

The current model assumes theolane and througthickness contact
resistances to be equal. This assumption is based on the fact that the fibers are
constrained by the model in bothplane transverse and througdffickness direction.
Contact pressure in-plane transverse direction is thus comparable to through
thickness direction, resulting in similar contact resistance.

For sized fibers, contact resistance is calculated by fitting the experimental bulk
resistivity results as the sigj properties are often proprietary. The resistivity of the
equivalent unsized fiber assuming the same compaction behavior is calculated, and any

difference is assumed to be due to the sizing.
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3.4 Experimental Results and Model Comparison

Throughthickness lectrical resistivity results from our experiments and
modeling are compad. During the experimengpplied load (represented by normal
pressure), througthickness resistivity and fiber volume fraction are recorded in real
time. Typical dataset is plottein Figure 3.4; all other fber types behave similarly. As
load is increased, fber volume fraction increases until it reaches the compression Imit.
Throughthickness resistivity keeps dropping during the compression process and
reaches a stable stage when fiber volume f
interesting to note that at the end of the compression stage, the pressure needed to
maintain tle same fiber volume fraction drops, which suggests the reconfiguration of

fiber arrangement within fiber tows.
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Figure 3.4 Typical dataset recorded during the compression process for Fiber A
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3.4.1 Effect of fiber volume fraction

Throughthickness resistivity of carbon fiber tows depends largely on fiber
volume fraction. Fiber volume fraction determines the fber to fiber spacing and thus the
number of contact points per unit length. A 3D resistor network thaideosiscontact
resistance between carbon fibers [18] is used to model ththiofimess resistivity of
carbon fiber tows.

It was shown by experimental investigatiof#b] that the througtthickness
resistivity of CFRP depends nonlindaron fiber volume fraction. Figure 3.5 shows the
relation between througthickness resistivity and fiber volume fraction during
compression for the two types of unsized fiber tows (Fiber A and B) with random
packing order investigated in this stu®imulation results from the proposed model are
plotted against experimental data. Two orders of magnitude drop in resistivity is
observed during the compression process. ABLy reported similar change in
transvers resistivity in CFRP. As fiber volume fraction aéacres, the throughickness
resistivity decreases because of the increasing contacts between carbon fibers and
smaller contact resistance due to higher pressure. Good match of simulation results and
experimental data is found for the loW £0.3) to medim fiber volume fraction \{s
=0.55 range. At higher fiber volume fractions, the experimental results are lower
compared to the model predictions. This may be due to measurement errors of the
resistance at low magnitude or significant local variation efassumed packing order
and change in microstructure leading to
distance compared to the model assumptions at higher fiber volume fractions. In all
cases, prediction errors are within 5% of the inttial te®is value atVs= 0.3 Material
properties listed imMable 3-1and model parameters listed Tiable 3-2 are used in this

simulation. Random fiber pking order is assumed for all the simulations in this study.
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Figure 3.5 Throughthickness resistivity of unsized Fiber A and unsized Fiber B as
function of fiber volume fraction. Model describes experimémtata well at volume
fraction below 60%Fiber waviness term beta is 620 for Fiber A, and 365 for Fiber B,
as listed inTable 3-2.

Resistivity ofFiber A bundle is approximately 5 times larger compared to Fiber
B. This can be explained by higher contact resistance and higher fiber resistance of
Fiber A. Modeled contact resistance: &d the resistance of fiber section between two
contact points Rare compared in Figure 3.5or both Fiber A and Fiber B, fiber
resistance is higher than the contact resistance at lower flber volume fractions. Both
contact resistance and fiber section resistance drop noninearly with fibber volume
fraction. The fber sdion resistance depends on intrinsic carbon fber resistivity, cross
section area of the fber and the length of fiber sections between contact points. The

intrinsic resistivity of Fiber Ais slightly larger than that of Fiber B. While dhess
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sectionarea of Fiber A is about 2 times of that of Fiber B, the distance between contact
points of Fiber A is about 1.7 times that of Fiber B. These two factors cancel out and
make the fiber section resistance of Fiber A and Fibef the same order. From Figure
3.5we can see as both the fiber and contact resistances for Fiber A are larger than Fiber

B, the resistivity of Fiber A is greater than Fiber B as seétigire 3.6.
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Figure 3.6 Comparison of contact resistance and fber resistance for unsized Fiber A

and Fiber B. Both fiber resistance and contact resistance of Fiber B are larger than Fiber
A in the present study.

3.4.2 Effect of fiber sizing

Fiber sizing is a thin coating layer on carbon fbers that is intended to enhance

interfacial properties between fiber surface and composite matrix. Sized fibers have
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different electrical properties from unsized fibers do the existence obnconductive
sizing layer. With thehin sizing layer, sized fiber is comparable to CFRP in terms of
electrical conduction. The throughh i c k ne s s resistivityods of
measured in this study fall in the same rangéh@<CFRP resistivity reported by Abry
[31] and Mizukami [46]. Figure 3.7 compares the experimentally obtained resistivity of
the sized fibers (C, D, and E) with modeled resistivity of the sized fbers. Parameters
used in the model is kstl in Table 3-1and Table 3-2. Random fiber acking order is
employed in the model. Since the properties of sizing are proprietary, contact resistance
is back calculated by fitting the experimental bulk resistivity.

Experimental data from unsized fber B is plotted~igure 3.6. Fiber C (sized
version of Fiber B with 1% sizing) resistivity is increased by a factor of ~40 times at Vf
=40% compared to the unsizdler stack. The ratio increases with increasing fber
volume fraction to ~200 times at Vf =60%. Resistivity of Fiber D (with 1% sizing) is
~10 times larger than that of Fiber E (with 0.25% sizing) tows due to thicker sizing
layer on Fiber D. Fiber C arféiber D have similar sizing amounts and demonstrate

close resistivity.
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Figure 3.7 Experimental resistivity and model results of sized fbers (Fiber C, D, and E).
Fiber C and D have same amount sizing (3 demonstrate similar resistivity, while
Fiber E with less sizing (0.25%) demonstsatamaller resistivity.

For sized fibers the contact resistance is significantly larger than the carbon fiber
resistance and dominates the bulk resistivitigure 3.8 compares the predicted contact

and fber resistance as a function \Gfor the sizedfibers. Both resistance valuesop
with increasing compaction but the contact resistance is an order of magnitude larger

and thus effectively determines the bulk resistivity.
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Figure 3.8 Comparison of contact resistance and fiber taggie for sized fibers.
Significant drop in contact resistance Rc in Fiber E is observed, which may due to the
breakage of the thin sizing layer on Fiber E at higher pressure

While contact resistance for Fiber C and Fiber D changes little during
compactn, huge drop in contact resistance is observed for Fiber E, which has the least
amount of sizing. This may be due to the penetration of the contacting neighboring fber
into the thin sizing layer on Fiber E under high compaction pressure. Fiber C and Fibe
D have 1% sizing on the fber surface whie Fiber E has 0.25% sizing weight fraction.
The thicker sizing layer on the Fiber C and Fiber D introduces larger contact resistance
compared to Fiber E. This is valdated by the resistor network model, whig¥s sho

similar contact resistances for Fiber C and Fiber D over a wide range of fiber volume
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fractions while the Fiber E show a much lower contact resistance, especialy at higher

volume fraction.

3.4.3 Effect of debulking

Figure 3.9(a) shows the compaction results of multiple cycles of the same
specimen for Fiber A. Al the other fiber types tested in this study demonstrated similar
behavior during debulkg process. Similar hysteresis behavior is seen for all fiber types
ard has been reported befd&5]. However, there lacks reports on the impact of
debulking process on the electrical conduction of carbon fiber or CFRP. The dasa show
that the compaction behavior changes as multiple debulking cycles are applied. In
context of electrical resistivity, the compaction changes the state of fber arrangement
and modifies the fiber waviness and thus fiber to fiber contact leRdgare 3.9(b)
summar i zterms fot three ddbukkingycles and for all five fiber types. For each
fiber type, 5 specimens were fabricated and tested and the statistical resalt® are

presented.
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Figure 3.9 (a) Fiber A compaction data for muttiple debuodi cycles and (b) for first

three compaction cycles for all five fiber types examined. For each fber type, 5
specimens were fabdct ed and t e st etekmsamddheirtvariatons arer age b
plotted.

Resistivity data for all five fiber types is ftied inFigure 3.10for three
debulking cycles. Resistivity change is most significant between the first and second
debulking step for all fiber typessted in this study. The sized fiber show at least an
order of magnitude resistivity increase after the first debulking cycle. Debulking process
contributes to througthickness resistivity change in two ways. First, compaction
changes the state of fbarrangement and modifies the fiber waviness and thus fiber to
fiber contact l engt h. It is interesting to
debulking cycles as seenhigure 3.9(b), which means the average distance between
contact points becomes larger. The resulting longer conduction path increases the
throughthickness resistivity at a given fber volume fraction. Secondly, the increase of

electrical resistivity after debukingan be attributed to decreased pressure required to
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compress carbon fiber tow stacks into the same volume fraafienthe 24 and 39
debuking cycles, as shown kfgure 3.9. Since the sizing layer is highly

nonconductive throughthickness conductive pathways are formed through the
penetration of sizing layer creating direct fidlber contact. During theSidebulking
cycle, applied pressure lisgh enough for the fiber sizing to break, resuting in small
electrical resistivity. During ® and 39 debulking cycle, penetration of sizing layer only
happens at imited locations due to small pressure applied, resulting in high through
thickness resiwity. Resistivity of the sized fibers seem to converge back to first cycle
values as the compaction pressure and fiber volume fraction increases. Tle coay

to the penetration of sizing layer at high pressure.
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Figure 3.10 Throughthickness resistivity during the first three debulking cycles for 5
fiber types The figuresin thetop row represent unsized fibers, whie figuriesthe
bottam row represent sized fibers: (a) Fiber A (unsized); (b) Fib&mBized); (c) Fiber
C (sized); (d) Fiber D (sized); (e) Fiber E (sized).

3.5 Conclusions

An apparatus was designed and implemented {fstunmeasurements of
throughthickness electrical resistivity of dry carbon fiber tows as a function of
compaction. Thesystem measures fiber volume fraction accurately usigha
resolution CCD camera and image processing techniques. Fiber waviness was
characterized and quantified from fiber tow compression tests. The data was reduced
using Gut owsKki 0sdelfdesbrieing fberaefgnaation behavior omoer

transverse loading. Experimentally obtainedistivity of unsized fibersfiljer type A
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and B) compared well with a 3D resistor network model implementation. Sized fibers
(fiber type C,D and E) showed mordidn an order of magnitude increased resistivity

due to increased contact resistance between fbers. Repetitive debulking process
rearranged fiber contacts and reduced both the contact pressure and the flber waviness,
resulting in larger througthickness esistivity at latter loading cycles. Debulked sized

fiber systems showed an order of magnitude higher resistvity at lower fiber volume
fraction and tends to converde unsized fber resistivity at higher fiber volume

fraction. The experimental resutt®ropared well with our 3D resistor network model,
indicating that the principle conduction mechanisms are captured and modeled
accurately.

While the electrical resistivity of CFRP laminate in fiber length direction
depends on intrinsic carbon fber resisgivand fiber volume fraction and can be well
described with rulef-mixture (ROM) model, resistivity in transverse direction is
highly scatteredThe large variation is attributed to the sparse contact points between

carbon fibers, which is the key contloa mechanismin transverse direction.
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Chapter 4

MODELING ELECTRICAL CONDUCTION BEHAVIOR OF COMPOSITE
LAMINATES CONSIDERING RESIN -RICH LAYER

4.1 Introduction

Chapter 2 present microstructure based resistor network framework to
describe electrical conduction behavior of UD laminbsreal world applications,
laminates (multiple plies) are constructed from a combination of laminas with various
orientation and material type®esired strength and thickness can be achieved by
varying the materiatype and orientatiorin each ply.

Modeling the electrical conduction of composite laminate is further complicated
by the existence of resin rich layer between plies. Many factors nmiiyjoate to the
formation of resirrich interface including methods @fbrication and handing issues
during layup. In some applications, particles to increase toughness are added to the resin
system for better interfacial bonding which can result imnash layer as shown in
Figure 4.1.

Inter-lamina boundaries between plies are noticeable with carbon fibers

separated by excessive resin,uaigy the contacts between layers
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Figure 4.1 Demonstration ofesin rich layer inter-lamina boundaries between plies are
noticeable with carbon fibers separated by excessive. Rsproduced with permission
[47]

Unlike in the case of a UD lamina, the conduction paths within an angle ply can
be affected by the size of the plate, especialy the ratio between lamina platealeagth
width (the aspect ratio). Athanasopoulog43] conducted aextensive experimental
investigation on the impact of aspect ratio on the electriesistivity of UD angle ply.
The reported experimental results provide a benchmark to compar¢heuwtiodel
implementedin current study.

In summary, from modeling point of view, a composite laminate differs &om
UD lamina in various ways

1. Different fiber orientdon andbér material type in each ply

2. Existence of resin rich layer between plies that may impact the
conduction pathsespeciallyin the througkthickness direction where contact
between carbon fibers in neighboring plies is the key contributor to the

corduction mechanisms;
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3. Dimensions (aspect ratio, thicknestc) can also impact the electrical

conduction behavior of composite laminates.

In this chapter, the resistor network model framework is extendaddiess
these differences. The modified model l@sptomulti-ply laminates that may have
different fiber orientation for each ply and resin rich laydine model is valdated with

reported experimental data.

4.2 Equivalent Fiber Bundle Model

Theoretically, the same micigiructure based modeling framewocan be
applied to large composite laminates with minor modificatidfiowever, modeling
every single fiber in anultiple ply laminate is unrealistj considering the orders of
magnitude difference between single fiber dimension and the overal laminate
dimensions. A single layer 1in by ih by 0.25 mm lamina with 50% carbon fiber
volume fraction contains at least 10,000 carbon fibers, not to mention larger structures
with multiple laminas.Solving such a largeesistor networkbecomesa formidable
computaibnal chalenge.

A fber bundle model is thus utllized to achieve a balance between the degree of
details of microstructure captured and computational compleXiyovercome the
imitations of fiber level micrestructure based resistor network modelingpraach, a
homogenization scheme is utlized and the resistor network is constructed at the fber
bundle level.

Figure 4.2 shows the equivalent fiber bundle model. As discussed in Chapter 2,
a resistor network is constructed based on material properties anestnictoire (fiber

to fiber contact). Constant vagi@ and ground boundasurfacecondition is then
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applied on the outer surfaces in the three primary directions respectively and resuling
current through each boundary is recorded. The overal resistance in three directions can
be calculated by dividing ‘Ytage difference on the twoppositeboundary surfaces with

the total current fowing through them. The fiber bandhn then be represented with
threeresistors in the primary directions, which wil be used as the fundamental building
block for more comjated structures such as arglg and muliple ply with resin rich

layer.
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Figure 4.2 Schematicillustration of fiber bundle model. A fiber bundle can be
represented with 3 resistors whose values caralbelated from theesistor network
model with current injected from three primary directions respectively.

The overall electrical properties of a UD lamina can be represented by a
representative finte volume that contains significantly smaller numbearbon fibers.
Electrical resistivity of UD fiber bundles can be calculated through a homogenization
scheme based on resistor network constructed from a representative Vdtiimag
this result, the computational scale for a rpli laminate can beeduced.

With this fiber bundle representation, UBminae with large dimensions can be

modeled, as demonstrated Figure 4.3. While the fundamental resistor network
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framework remains unchanged, each resistor now represémnts lundle section
instead of fiber section. The statistical characteristics can béuotd by assigning
resistance values that obeys statistical distribution to the resistors representing fber

bundles.

Figure 4.3 UD lamina represented by fiber bundle model. Each line section regrasent
fiber bundle, instead of single fiber as in the previeesistor networkmodel discussed
in Chapter 2.

4.3 Angle-ply M odel

An angle ply is made by cutting the UD ply at an arjgke the fiber length
direction, as depicted iRigure 4.4. For an angle ply, there is an anfleoetween the
material coordinate¢( o) and the structure coordinat® « . In the material
coordinate, axi® is aligned with the fiber length direction, while axisis aligned with
the transversealirection The structure coordinate system is whetie dimensions of the
composite laminate are defined: agigny are aligned with the length and width

direction of theplate respectively.
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fly JSH: KNESS

Figure 4.4 For an angle ply, there is an andldbetween the material coordinate ( o)
and the structure coordinat® « .

To formulate a resistor network, the angle ply is discretized using an approach
that mimics the way how an angle ply is cut from a UD ey as demonstrated in

Figure 4.5.

N\
N

Figure 4.5 Schematic drawing of a minimum bounding rectangle (MBR) for Ggply

A minimum bounding rectangle (MBR) that defines the maximum extents of

given 2D object (in our case, the angly) is created in the material coordinate system



0 U .The MBR is then treategisa UD lamina and discretizethto a meshgrid
composed of nitiple unit cells. Each unit cell represents a fiber bundle as defined in

the previous section, and the size of the unit cell is determined from the number of

element in each direction:
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Here, superscriptA denotes the bounding rectangle and superséghenotes

the unit cell.

The distributed resistance of thmit cell fiber bundle) in three representative

directions can be calculateas:

;
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The next step is to crop the discretizegsh gridin the material coordinate
systemwith the boundary box in the strudlircoordinatesystem Only fiber bundle

sections that falin near proximity tathe angleply boundariesare retainedto formulate
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the resistor networkThe workflow for constructing a 3D resistor network for an angle

ply is ilustrated inFigure 4.6.

Laminawith | Discretize 1| Resistor
Fiber Orientation |  structure Network

Figure 4.6 Schematic ilustration of the workflow for constructing a 3D resistor network
for an angle ply

Whie in this demonstration, identical fiber bundle properties are used from each
of the cells and thus each lamina is considered as homogeribe usapability of
modeling thestochasticcharacteristics of thenicrostructureis retained by assuming a

statisti@l distribution of theresistivity, instead of a constant resistivity:

mx 0" R hQ g
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where” is the nominal resistance in directid@ oftdfty , and, is the

variance in resistance the corresponding direction il & .

4.4 Multi -ply Modelwith ResinRich Layer

Figure 4.7 shows the ply orientations in a myitly CFRP laminate A multi-ply
model can be buitt by connecting muliple single ply models in the thritickne ss
direction To quantitatively describthe conduction behavior, models for the contact
resistance between plies are needdehce number of inteply connections and the

contact resistance values are needed.

P38
>

Figure 4.7 Ply orientationsin a mutti-ply CFRP laminate. Carbdiber towsare
schematically shown with black lines.

4.4.1 Number of inter-ply connections
For a it w ft laminate it would bemisleading tause a straight rigid rod model
to determinethe interply connections If the fibers are assumed to be straight and

evenly distributed in both layers as depictedrigure 4.8(a), the nominal contact
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density (defined asumber of connections per unit areajs, with 0 ibeing the

distance between the center of two neighboring fibers. This wil give extremely huge
number of connections between layers, considering the small valud(rafrmally of

the order of doi micrometers).

Ls Lc

(b)

© (d)

Figure 4.8 Reduction in number of contacts due to fiber undulata) contacts

between fibers in [®0] layup assuming fbers are straight; (b) reduced contacts
between fibers in [®0]layup considering fiber undulation; (c) contacts between fibers
in [0-45] layup assuming fibers are straight; (d) contacts between fibers 45] [@yup
considering fber undulation.
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As demonstrated fronChapter2 and3, carbon fbers arendulatedeven in a
UD lamina. Lefs first consider the case where only fibers in one phuiadelating
using the same fiber arch assumptions as in Chapter 2c®haectiondensity A in this

special case becomes

A — 37

Now consider the case where carbon fibers in both layeranduating with
average contact span dftias depicted iFigure 4.8(b). Red dots inFigure 4.8(b)

denote the inteply connections.The connection densitig further reduced to

For a twoply laminate with difference dfin fiber orientation, the estimation of
contact density is conducted irsienilar approach, ademonstratedn in Figure 4.8(c)

and (d) In general,connection density is a function fofas defined in Equation 0.

p

A — TOEL

TP 1

With connection densitA — determined,the number of inteply connectims can be

calculated as in Equation 41

A —00 P p
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The superscripg denotes the case without resin rich layerand0 are the

dimensions of the laminate plate defined in structural coordinate system.
Existence of resin rich laydurther reduces theontacts between plies in

addition to the impact of fiber waviness. In this study, an {pgr connectivity term is

introduced tadescribethe quality of the interply interface

# P q

o
Where. is the number of actual coota between plies, and is the nominal number
of contactsif resin rich layer doegnexist, as defined in Equation 14.

Given an inteiply connectivity term, the actual number of contddéxan be
back calculated from Equatiof.12. The plies are timeconnected by randomly picking
Nc points in the virtual contact layer, and connecting these points to the closest points in
the gridsrepresenting the two plies correspondingWhile the calculations dffiter-ply
contactresistancesare based on fibersheseresistancesaregrouped in the fiber tow

representation

4.4.2 Inter-ply contact resistance

4.4.2.1 Composition of contact resistance

The interply contact resistanc@ depends on thmechanismsthat drive the
connections (doped resin, partial discharges, addaducting inclusions for example
nanotubes et al.). In this study, is assumed to be contributday two sources(1)
Constrictive resistance between carbon fibers as discussed in Se2tidrThe value is

in the range of 10 ~ 100 Ohm for carbon fbers investigated (AS4, IM7, T700, T800).
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(2) Tunneling resistance induced from the carbon fizesaratedby thin resin layer.
The interface resistance can be easily changed should other conduction mechanisms
need to be considered.

Calculation of contact resistam is complicated since in an actual composite
material it may be affected by a nhumber of factors, such as the typeiraf and resin
system processing pressyrprecondition of fiber surface and thetunneling gapFor a
specific contact, it is often difficult to know the thickness of an insulating fim and to
determine the exact value of the contact resistaRogunately average sizing
thickness can be back calculated with limited information provided.

Sizing is thethin coating layer applied to carbon fibers to enhance therisam
interface quality. Although the detailled properties of the sizihg material are usually
confidential and unavailable, it is made from polymers and can be regarded as
insulators. Sizing thickness depends on the density and weight fraction of the sizing,
and the density andiamder of the carbon fiber as expressed in Equati@nl3 For two
typical carbon fibers IM7 and T700 with the properties listedable 4-1, the sizing

thickness is plotted ifrigure 4.9. Sizing thickness ranges from 3nm ta80

N Q 0’
O ?Z " p p 1% e
Table 4-1 Properties of IM7 and T700 carbon fiber
Property M7 T700

Specific Heat [ kJ/kgK] 0.879228 0.753624

Thermal Conductivity [W/(mK)] 5.4 9.196
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Density [g/cn? ] 1.78 18
Modulus [GPa] 276 230

— fiber radius = 3.5 um
=<9 =fiber radius = 2.6 um
0.025
= 002
E
=
§
i 0ms
£=
=
=
w001
0005
o
0.1% 0.3% 0.5% 0.7% 0.9% 1.1% 1.3%

Sizing Weight Fraction

Figure 4.9 Sizing thickness aafunction of sizing weight fraction and fiber radius

During the curing processpot all sizing material is dissolved into the resin
matrix, leaving some of the carbon fibessparatedby thin layer of resin/sizing. In
addition to coated sizing material on carbon fber, excess resin that get trapped between
the fibers &o contribute to the separatiorof carbon fibers.Formation of such insulating

polymer layers were also reportbg otherresearcher$48].
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Depending on whether a thin resin layer exists between contacting fibers, inter
ply contact resistance comes from two parts: 1) constriction resistance cominghdrom
direct contact between carbon fibers; and 2) tunneling resistance induced from thin resin
or sizing layer between carbon fibers. As demonstratdeigime 4.10(a), under low
processing pressure, the thin resin/sizing layer between carbon fibers is compressed but
not penetrated, leaving the carbon flbbeeparatedy a very small distancelhe yellow
area denotes the area where dbparationdistarce is in the sub 108m range, when
tunneling resistancestarts to show an impactUnder high processingressure sizing
can be penetrated and direct contacts between carbon fibers is formed, denoted by the

red area inFigure 4.10(b).

(2)

) 4

Tunneling Direct
Contact

Tunneling

| | Conduction
Conduction O/ g:;s,‘,'ng ®

Insulating
Region

Figure 4.10 Schematic illustration of the parts of contact resistance. (a) tunneling
resistance is dominant when a thin resin layertseti®tween carbon fbers; (b)
constrction resistance becomes dominant if direct contact between carbon fbers is
formed.
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4.4.2.2 Critical processingpressure

Critical pressure is the processing pressunger which the resin layer is
penetrated and direct contdmtweencarbonfibers starts to formBelow certain critical
processing pressure, sizing alone can carry the load through plastic deformation.
Critical load, carriedby redn layer can be calculated from Equatiori4.

& @ 9T

Where "Ois the hardness of sizing, aid is the critical loading carrying area. Relation
between the radius of loading carrying area (yield racjusnd the indentation depth
is defined in Equation 45.

A AQ P
c
Combining Equation 2.2, 2.14, 4.1314, and 4.15 yields Equation 4.16.
0 T (WA %
AS . AS ?
o ‘ol
For the fibers to have direct contact, indentation ddjghtwice the sizing
thicknessO . Combining 4.13 and Equation 4,1tBe critical processingpressureas

function of sizing weight fraction can be calculated, as plottef€igare 4.11.
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Figure 4.11 Critical processing pressure for fibers in direct contBetow critical

pressure, thin sizing layer exists between carbon fibers, and the dominant conduction
mechanism is tunneling conduction. Above critical presdiirect contact between
carbon fiberbecomes the dominant conduction mechanism.

4.4.2.3 Constriction resistance for fibers with direct contact
For carbon fbers withdirect contacts, the constriction resistance is caladilate
using the samenethodas in the case for unsizechrbon fibers discussed in Chapter 2.

The formula is gven in Equation 2.15.

4.4.2.4 Tunneling resistance between fibers with small separation distance
One ofmostwidely used formula for calculating tunnelimgsistanceis
proposed by Simong49], as stated in Equation 4.13i mmo n s Gws prediptute t i

electrical tunneling resistance between two planar electrodes separated by a thin
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insulating layer. In this study, thecarbon fibersaremodeled as two planar electrogdes
due to their large surface curvature compared to the dimension of resin fim thickness,
separated by a polymer finirhefim thickness dependence of the tunneling current

can be expressed:as

08 F;_(T)[ - AgPpsicwr B e WAODDPpSicwic & hipo
where
30 O ih 9T
L . V& L . .0
i — — - | 1=
3 Cl l l L I i O T
.0
O o P 0
. T
O Op i i P X

03 0i ¢m cw™Qi Ve

where3 is the height of the rectangular potential barrier (in vdit)s the
insulating layer thickness (mngstrom),K is the dielectric constant of the ifesting
film material, V is the appliedvoltage difference across the thin resin finAccording to
Li et al.[50], 3 is assumed to be 5.0 eV apdlymer matrix dielectric constant K is
assumed to be 3.98.

The tunneling resistance is calculated as

) w
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Whereo is the contact area.

Figure 4.12 plots tunneling resistance famction of fim thickness, where
contact area is assumed todiehe same ordeasthe contact area from direct carbon
fber contacts 1e12i . It shows thafim thickness smaller than 0.7 nm yields a
tunneling resistance comparable to fiber resistance andfiiber contact resistance.
This implies that without loading, sizing actsaasnsulator while loading may

compress or damage sizing, increasingcdaductivity.
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Figure 4.12 Tunneling resistance as function of separation distance

The impact of constriction andrineling resistance is further investigated for

carbon fiberswith various sizing weight fraction, as shownFigure 4.13. Below the
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critical pressure (denoted withe red dashed line), contact resistanceatubated with
the tunneling resistance formula, whé®nstriction resistance formula is used under

pressure higher than the critical pressure.

kq" ’ 1
ne i . . ]
: (1') ) ! - <#--sizing weight fraction = 0.2%
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Figure 4.13 Combined constriction resistance and tunneling resistance as function of
processing pressure. Below the critical pressure (denotedheited dashed line),
contact resistance @&alculatel with the tunneling resistance formula, whienstriction
resisance formula is used under pressure higher than the critical pressure.

4.4.3 Construction of resistor network
Figure 4.14 presents thevorkflow for constrieting a 3D resistor network for
multi-ply CFRP laminate with resin rich layer. First, each ply is treated as UD lamina

and modeledusing the approach for angle ply discussed in Section 4.3:pher
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contacts are modeled using the approach discussed tioriSéet. A 3D resistor

network can be constructed by connecting multiple plies with thepitecontact

resistance.

UD Lamina without resin-rich interface

T0eese?
. L:f;'.:'i.";‘

=" z
—_—

%
i;_ii;oz‘;;—

3D Resistor Network

UD Lamina without resin-rich interface

Figure 4.14 Schematic illustration of thevorkflow for constructinga 3Dresistor
network for multiply CFRP laminate with resin rich layer. [0/0] layup is presented for
clarity; the model can also consider a random ply orientation.

The following figure showssome examples @D resistor network model of

multi-ply laminates with variows fiber orientation and intgsly connectivity.

£ am o0 o0

(@) (b)
Figure 4.15 Demonstrations of model for mupily laminate. For the sake of simplicity,
only one layer of resistors lotted for each ply, while in realaiculations, muitiple
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layers of resistors are used for each ply. (a) [0/90] two ply laminate with 60%hnter
connectivity; (b) [0/45] two play laminate with 40% infgly connectivity.

Once the resistor network has been formulam@grent can be injéed at the
opposing surfaces to calculate resistance in three primary directions. At one surface,
current source is introduced at a single injection point and then distributed over the
boundary surface through resistors connected in parallel. Thesersesigioesent
discretized conductive electragland have small resistance values that can be
calculated from the electrical resistivity of the electrode material, copper for example.
At the other surface, electrode is modeled in the same way, excepetlbsttibuted

resistors are connected to ground, insteatheofurrent source.

Y
O

The electrode resistance is much smaller than that of the composite. Thus, the
resistance of the composite panel can be appated by the resistance of the system

including electrodes:

Y e’y _ & T

@)

The inclusion of electrode resistance not only eliminate the requirement for
further homogenization of the voltage on the boundary surface to calculate equivalent
resistance of the system, but also provide the capabiity to investigate the impact of the
contact quality between carbon composite and electrodes on measured resistance.

Parametric studies are conducted and the results are repo8edtion 4.6
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4.5 ModelConvergence Tests

The diameter of carbon fibep ( X t1 ) is smal compared to the size of a
normal test coupon (a few inches), resulting in huge number of. fiame would
require alarge number of nodds represent the fibens the present model. If chosen
properly, a fraction of the microstructure can be a good representative of the overall
structure in terms of modeling electrical conduction behavior. A representative volume
element (RVE) is chosen to calculate the equivalent resistivity of the overal material
system. To evaluate the effect of RVE size, a series of microstructures weractechs
using increasing RVE size. The length, width and thickness of RVE is chosen such that
the number of nodes in the 3 primary directions within the generated resistor network is
similar. Number of nodes is increased by simultaneously increasingntbesiins in
three directions to keep similar node increasing rate for all three primary directions. All
the simulations in this study are run with Dell Precision 1500 workstation watbre!
Inter Xeon 5600 series, 2.0 GHz processor and 16 GB of DRAM.

Resarchers[36] have noticed that the size of the model (number of nodes)
could affect the calculated resuf®wever thesimulated results tend to converge with
increasing number of nodeRomanov [36] did a convergence test using 2D fiber
arrangement and revealed that a representative volume element (RVE) consisting of
around200 fbers gives a good representation of a real UD composite laminate
structure the results were confrmed by our simulations in Chaptér tRis study,
convergence tests of electrical resistivity of CFRP laminate in three primary directions
were condated using 3D resistor network. The material properties are the properties of
HTA-7 epoxy composite laminate. Properties of HTAand model parameters are listed

in Table 4-2.
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Table 4-2 Properties of HTA7 fiber and model parameters

| Parameter Value

Filament diameter 7 &em
Bastic modulus 238 GPa
Bectric resistivity 1.6e5g m
Specific heat 1.13 kJ/(kg*K)
Thermal conductivity 6.83 W/(m*K)

Fi ber wavi nes s t er m 350

Figure 4.16 shows the results of convergence tests for both-rekininterface
and resifean interface configurations: resioh layer is considered with intdamina
connectivity value of 0.1, whilenter-ply connectivity of 1.0 represent a laminate with
resinlean interfaces. Resistivity values are normalized with respect to the first
resistivity value in each series, to clearly demonstrate the percentage change in
resistivity values.Ten simulatiors were conducted using the same model size and
parameters, considering the stochastic characteristicaluced in the currennode)

the standard deviatiorbetweenthe calcuated results are also plotted
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Figure 4.16 Convergence tesfer two cases: (a) connectivity = 0.1; (b) connectivity =
1.0. Large variations are observed for resistivity in Z direction, especially for laminate
with resinrich interface (intelamina connectivity = 0)1

The first thing to notice is that the variance of resistivity values ofresin
interface specimens (intgly connectivity value of 0.1) are larger than that of resin
lean interface specimens (intely connectivity value of 1.0), especially in thedugh
thickness direction. For both cases, variation of resistivity is the largest in Z direction,
followed by Y direction, while the variation in X direction resistivity is rather small.
The same pattern is confirmed by recent experimental observagiposted by
Hirand47], who concluded that the electric conductiity of toughened CFRP (with
resirrich interface) is not a material property but depends on resin fow during
fabrication. The large variance can be explained by the randomized locations of the
reduced number of contact points at the digenina interface due to reduced infey

connectivity, introducing more uncertainty into the calculations.
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In general, the variance tends to decrease with increased model size. As the
model size increases, the variations induced by the unconnected resistors at the edges of
the network is reduce@s demonstrated IRigure 4.17. Model calculations are
relatively steady at 6000 nodes (corresponds to about 300 fibers) and above for all
configuratons. Hence all computational models used in the following study used model

size that ensured convergence of results.

Unconnected
<
<

fiber E
\ -

{m—wl—'vw—vw—m

w
x

Figure 4.17 Schematicillustrating unconnected fiber at the edge of resistor network.

4.6 ModelValidation

4.6.1 Through-thickness resistivity compared with reported experimental data
for CFRP

The model is first valdated with reported experimental data for electrical
resistivity of UD CFRP laminates under low current density, with and without rielsin

layers. Multiple researchers have reported electrical resistivity of CFRP laminates.

91



Whie the X direction resistivity/conductivity values are quite consistent and Y
resistivity a little more scattered, large discrepancies can be found in the reported
throughthickness direction eleatal resistivity (from ~0.0% to ~100m) ) [47],
[51]. This discrepancy can be partially explained by the impact of resin rich layer with
the currentmodel, as discussed in thext section.

For this study, the experimental data reported by A&/ is chosen for
comparison for two reasons. Firstly, in addition to the easily ab¢m<electrical and
mechanical properties of the fiber and resin systems used in the measurement, Abry also
provided crossectional micrographs for the laminates tested, which are handy in
determining model parameters such as-iptgrconnectivity andilber volume fraction.
Also, the same dataset was compared against a 3D microstructure based resistor model
in Chapter 2nd demonstrated the model s capabili
behavior of composite laminates without resin rich layer butfar those with resin
rich layes. The comparison in this study shows the added feature cfantena
connectivity which captures the differenceé resistivity of Y and Z direction for CFRP
laminate with resin rich laysr

The way Abryvaried the fibbervolume fraction is by intentionally adding resin
rich layer inbetween adjacent plies, rather than uniformly compressing the fiber
preforms aperformed INCFRP laminate processing. In the simulations,
microstructures are created in a similar way to aehihe desired fiber volume
fraction. Fibers at the interface were partially removed to create aiobsimterface.
The model parameters are listedTiable 4-2. The comparison for resistivity ite X
and Y directions were conducted Ghapter 2hence this study focuses on the electrical

conduction in Z direction.
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Figure 4.18 summarizes the comparison between simulation results and
experimental data. The three horizontal sold lines represent experimental data
corresponding to three fber volemfraction values. Since ind&amina connectivity is
not quantitatively accessible, simulations were conducted with a series -diintaa
connectivity values ranging from 0.02 (resrh interface) to 1.0 (resiean interface).
The intersections bewten simulation results (dashed lines) and experimental data (solid
nes) indicate intelamina connectivity values that provide good matches between
experimental data and simulation results. Haemina connectvity values for laminates
with fiber volume fraction of 0.43 and 0.48 are significantly smaller than of 0.59,
reflecting the fact that resiich interface wasmanually created for specimens with
lower fiber volume fractionsas demonstrated from the microscopic graph of the cross

section of the sgcimens inFigure 4.19.

93



30 L] I L] l L] l L) ' L)
'L ~{]= Simulation results: VF= 0.43 ]
\ ; == Simulation results: VF= 0.48
10 o |=/\=Simulation results: VF =0.59 | =
C § Experimental Data: HTA-7, VF=0.43 .
. K Experimental Data: HTA-7, VF=0.48 i
= Q = § - Experimental Data: HTA-7, VF=0.59 <
g 5 \ : : : i
s ! N 1
- e N
0O 1L @ -------- P PTE TEPPRPPIOR S EE T T T T TR PoT SEE PR O PRRTEEE -
T F N B B e S R E
= N N : -
= AN b Dn g -
@ Ly : : - - - <
3 : :
o - é : : -
0.1 | P e e e =
o TNA | ]
003 [ l [ I 1 I 1 ' 1
0.0 0.2 0.4 0.6 0.8 1.0

Inter-lamina Connectivity

Figure 4.18 Comparison between simulation results and reported experimental data
from Abry [51]
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(b)

Figure 4.19 Crosssection of the unidirectional specimens. (a0/43; (b) V=0509.
Reproduced with permissiofpl]

4.6.2 Resistornetwork model compared with FEM, analyticaland experimental
results

In this study, the developed resistor network modelailated with models
from various sources as welsexperimental dataysing carbon preforms with various
aspectatios as test scenarios. Aspect ratio (denoted bgf a aminate plate is the
length to width ratio of the specimen, as demonstratéigire 4.20. The length
direction is aligned with the test direction (the direction in which current/voltage is

applied). An} smaller than 1 means width is larger thhalength.
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Aspect Ratio =
Specimen Length/Specimen Width

Specimen WWidth

Apply voltage/Current

Specimen Length

Figure 4.20 Schematicilustration of spe@énen aspect ratiol §. 1 is defined as the
length to width ratio of a laminate plate, where length direction is aligned with the test
direction (direction in which current/ voltage is applied).

Weber and Kamdgb2] have shown the depdence of the measured
conductivity on theaspect ratioof CFRP samples. Tse et f3] have also shown
dependence of the measured electrical conductivity on the width of CFRP sample
transverse to the fiber direction. Thispect ratiodependencef CFRP resistivitywas
clearly confirmedby Athanasopoulos[43] with exiensive experimental
characterizations.

In this work, virtual experiments that mimicAt h a n a s @perimental s 6
investigations are conductedndthe simulation results are compared wiite reported
experimental data. A finte eleme(fE) model is ale developed to examine the
accurag of the resistor network model usingcammercial FE software package

COMSOL®. The carbon fber preform is modédlas a simplistic block with
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homogeneousmaterial properties. The effect of plyientationis considered byotating
the material coordinate.

In both the resistor network model and the FE madegth of thevirtual
specimen is 0.1 m and thickness is 0.18 raqyal tothe specimen dimensienusedin
the reported experiments. Thédth is varied to achievehe desiredaspect ratio Inter
ply connectivity is assumed to be 100% to reflect that carbon fiber preforms were used
in the experiments, thuberewas no interply resirrich layer.

Figure 4.21 plots the experimental data and theoretical results of carbon
preforms as function aspect ratio}( and ply orientation.At small 3, conduction
mechanism is dominated by the direcihnectionbetween eleatrdes with continuous
carbon fibers, thus thesistivity is reducedandreaches a steady state value at similar
levek to thefber tow resistivity inthe X direction. As1 increases, less connections
between electrodes through continuous carbon fibers can be found. The contact between
carbonfibers in transversalirection dominate the conduction behavior. Consequently,
resistivity increasesand converges to a steady staduer at similar levsl to fiber tow

resistivity in Y/Z direction.
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Figure 4.21 Experimental and theoretical results as functioraggect ratio}() and the
fiber direction [) of the UD preform for thickess h = 0.18 mnReproducedvith
permission[43]

Figure 4.22 plots the resistivity aafunction ofl andfiber orientation, using
simulation results from the tural tests. Dashed lines and solid lines in the figure
represent results from FE model and the resistor network model respectively. Small
discrepancy between the two models can be noticed. In general, the difference between

the resistor network model andEffodel is less than 10% for all configuration,
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indicating high fidelity of the developed resistor network model. A good match is also
achievedwhen comparing thesimulation results with experimeal data reported in

Figure 4.21. Not only do theresistivity changes witd and fiber orientation follow the
experimentaltrends,in addition the absolute values of resistivigiso matchwel. These
extensive virtual experimentsvalidate the capabilty of the developed resistor network
for considering the effect of geometricpirameters on electrical conduction behavior

of CFRP.
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Figure 4.22 Results from the virtual testSolid represent results from FE modiaés

(denoted wit h, whie Haded inesepréseny registbr) network model
(denoted with .AiRdFbhd&lesoliich begekd)ine denot ¢
r at_i paod the two dashed black lines denote the rough boundaryLfor and

| _ respectively.

The graph can be divided into three regions. The duéctk ine denotes the
Acritical _ aandtiedwo dashadack tnés denote theough boundaryor

L and_1 _ respectively In Region I, which is located between the two

dashed lines, resistivity is sensttivity toln Region Il, which is located to the left of

the boundary line_L _ , there exists direatonnectios between electrodes through
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continuous fiber, thus conduction in fiber length direction is the main conduction
mechanism In Region II, which is located to the right of the boundary liné _
there is no direct connections between electrodes throogtinuous fiber, thus current
is forced to conduct in the-plane transverse direction through contact points between
fibers. The dominant conduction meciigms can be demonstrated withurcent density
plot from FE modelfor an angle ply witht Gfiber orientation as shown irfFigure 4.23,
although it cannot show the localized current concentration through contactGplots
on the surface represents electric potential, while thin red lines represent current
streamlines.

Figure 4.23(a) shows a specimen with of 0.2,representingconduction in
Region 1. Figure 4.23(b) shows a specimen withof 5, representing conduction in
Region lIl. In Region I, current streamlines are mostly straight from one boundary to
the other, indicating the current is conducted in iber flength direction. Resistivity in
this region is in the similar level as fber tow resistivity in fiber length direction, as seen
from Figure 4.22. In Region I, current streamines are distorted and forced into the
transverse direction. Resistivity is close to th@lane transvers resistivity of fiber

tows.
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@) (b)

Figure 4.23 Currentstreamiine plot from FE model for an angle ply withd fiber
orientation. (a) aspect ratio 7§, representing conduction in Region (i) aspect
ratio _ uvhrepresenting conduction in Region IlI.

4.6.3 Parametric study of theimpact of resin rich layer
The aim of tlese studies is tademonstrate the impact géometrical parameter
(length to width ratip ply thickness and intguly connectivity onthe electrical

conduction behavioof UD carbon compositesith various ply orientations.

4.6.4 Impact of inter-ply connectivity on resistivity in the three principal
directions

One major advantage of the current model over the model discussed in Chapter
2 is its capabilty of considering regich interface layerThe aim of this study is to
investigate the impact aésirrich layer (describe with intgoly connection term) on
the electricalresistivity in all threeprincipal directions.

With the existence of resiich interface layer, electrical conduction of CFRP
laminates in througkhickness direction demonstrates different behavior compared to
that inthe fiber length direction and-plane transverse direction. To start with, large

variance of througithickness resistivity can be observed even within specimens
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processedinder same conditions. Hirarjd7] noticed the througlhickness
conductivity varied from 164.74 gm to 47. 6
during the fabrication process where resin can fow around, resuliing in changing inter

lamina connectivity. A moel that considers stochastic inf@y interface qualitycan

addresghis microstructure and fabrication process dependent electrical property. Due

(@)}

to the stochastic nature ofintera mi na i nterface quality, It
experimentally createter-lamina interface with desired connectivity values.
Numerial parametric analysis was thus conducted in this study to reveal the impact of
resirrich layer on electrical resistivity of CFRP laminatesthie three principal
directions. The same matériproperties ad model parameters froifable 4-2 were
used. Interply connectivity was varied from 2% to 100% and 10 simulations were
conducted for ezh interply connectivity and direction configuration. The calculated
resistivity values and their variations are plottedrigure 4.24. Al resistivity values are
normalized by dividing the resistivity with the resistivity value in Z directiomtat-
lamina connectivity 0£%.

The impact of inteiply connectivity on X direction resistivity is negligible,
while the tmoughthickness resistivity isemisitive to changes in intdamina
connectivity. This implies that the electrical resistivity of CFRP laminates should be
interpreted statistically, rather than deterministically. As for the experimental
characterizations, large number of measurementtiiepe areneeded to accurately
capture the stochastic electrical resistivity, especially in the thibigkness direction.
It can also be noted that electrical resistivity of CFRP laminate is not isotropic in
transverse (Y and Z) directions, with resistivity irdigection at leastone order of

magnitude larger than ithe Y direction. Resistivity inthe Z direction drog rapidly
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with increasing intelamina connectivity (better interface qualty), and tends to
converge to resistivity value ime Y direction. Simiar behavior was noticed by

Abry[51] that with higler fiber volume fraction (08 and good intetamina interface
resistivity in Z direct i onheY(ddectiond(@d16q m)

qm) .

T I L) I L) I T ' L)
‘ —— X direction|
—Oo—Y direction
—— 7 direction

.................................

s aauul

y

Normalized Resistivit

0.0 0.2 0.4 0.6 0.8 1.0
Inter-lamina Connectivity

Figure 4.24 Impact of interlamina interface. Three lels of interlamina connectivity

are demonstrated with the inserts. Resistivity in Z direction is sensitive to changes in
inter-lamina connectivity especially in lower connectvity range, wtiie influence of
inter-ply connectivity term iiegligible onresistivity inthe X and Y directions.

4.7 Summary and Conclusions
Extending the modeling work describedGtapter2, aresistor network that

uses fiber bundle as the minimum modeling unit is implemented to achieve a balance
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between details dhe micro-structure considered amdmputational burderPly
orientation other thantt can also be considered.

Stochastic characteristics of CFRP microstructures including fiber arrangement,
fiber waviness, and intdamina contacts ar@so considered in #current model which
not only explains the large throutffickness resistivity as noticed by other researchers
in their experimental measurements, but also explains the abnormally large variance
noticed in the measured throutfickness resistvity valuesf specimens processed
under the same conditien

The impact of specimen aspect ratio is investigated using the angle ply model
and compared with experimental results repobgdther researchers. Good match
between simulatiorresults and experimental ata indicates thathe model captures the
major conduction mechanisms for anglies

Special attention has éepaid to the impact aksin rich layer.l ¢ found that
depending omrocessing pressure, intply contact resistance can be dominated
between two conduction mechanisms: tunneling conduction and daectiuction
Formulas for calculating contact resistance under various conditions are derived.
Tunneling resistance is orders of magnitude higher than constriction resistance. An
inter-ply connedivity term is introduced to describe the severityresirrich interface.

A parametricstudy is carried out tdemonstratethe impact of inteply connectivity on
resistivity in threeprincipal directions. I8 been found that whie -plane resistivity is
barely affected by inteply connectivity, thethroughthickness resistivity largely
depends on inteply connectivity, a 90% drop in throughickness resistivity can be
observedf inter-ply connectivity itreases from 0.1 to 1.0he impact of resimich

layer is twofold. Firstly, existence of resrch layer reduces the number of conductive
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paths between adjacent laminas, resuling in higher thibucikness resistivity.
Secondly, randomized location Infited interlamina contact points due to existence of

resirrich layer introduces uncertainties into the network, leading to larger variance of

the overall resistivity.
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Chapter 5
MODELING HIGH ELECTRIC CURRENT IMPACT

5.1 Introduction

CFRP exposed to high current environment such as lightning strike can undergo
severe damage. Of all the damage mechanisms indileedohigh electric currens,
joule heating is the most obvious one. While lightning strike with 200 kA peak current
preserg an extreme case of high current condiioother applicatios where the overall
current applied doesnodt seem to be high
effects on CFRP, due to the localized current concentration effect to be discussed in thi
chapter.

Several publications[29], [54], [55] have considered the issue of material
property change under high temperadues the macro scale. Joule heatisgthe key
causefor substantialincreasein the interconnect temperature and risduction of
overal resistivity ofthe composite laminates. However, the effect of poor-iptgrand
intra-ply connections at mickscale involving single fiber or fiber tows, which are
subject to much higher cuntedensity than the carbon fbers, has not been adequately
addressed imeportedsimplified finite element modeltreating CFRP as homogeneous
materias [8], [19].

Although knowing the t@perature at each inti@dy and interply connection
points is the first step toward aapproactof further thermal effect analysis, the
temperature profile of a single interconnect is diffictdtobtain experimentallydue to

its microscale The tradtticnal approach has been to use td@perature of thentire
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laminate to updatethe temperaturedependent electrical resistivitin the reported
research studies to datdowever, it can provide neither the local temperature rise
profie at the connection gints nor the resistivity change due to material degradation
mechanisms specific to certain connection points such asaesikdown In addition,
failing to consider the localized Joule heating at contact points wil underestimate the
temperature rise. @isequently, the predicted resistivity change of the CwiRFbe
much lower than actually observed.

In the present work, current concentration at two levatdber and cross
contact points) are introduced, folowed by discussibits impact on thehermal
development in the CFRP at the microscale level. Possible temperature and electric
field dependent material properties and degradation mechanisms are investigated, based
on which a modified resistor network is implemented to capture the nonlinear

conduction behavior of CFRP under high current denstty.

5.2 Current Concentration at Micro-Scale Level

5.2.1 Current concentration within carbon fibers

Whie it would be unrealistic to characterize the current density or temperature
rise at each contact point, analgd model can be utlized to demonstrate the impact of
excessive Joule heating at the connection points.

The current distribution within CFRP laminate is uneven due to the fundamental
conduction mechanism that only carbon fbers are conductive and loarcyrrent. To
demonstrate the current concentration effeq
which is subjected to eurrent in the througkhickness direction, as shown Fiigure

5.1. A square packing order is assumed to simplify the analysis. With this assumption,
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the composite lamina can be divided into multiple layer, with carbon fibehe same

layer exhibitng thesamepotential patterns.
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fibers at each
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Figure 5.1 Schematic ilustration of current concentration atka contact points. (a)
current applied to top surface of CFRP laminate; (b) RVE containing two contacting
fiber sections; (c) current path through carbon fibers and contact points. Current is
concentrated at the contact points due to small contact area compared to carbon fber
Cross section area.

Whie atthe macroscale level, the current seems to be evenlrimited over
the entire top surface, at micrgcale, current can onlgnterthe next layer through
imited locations where carbon fibers contather carborfbers fromthe adjacent
layer. Figure 5.1(b) schematicallydepicts the RVE view of two fibers in contact. The
RVE length (in fiber direction)d  is the average distance between two czirgaints,
as given by Equation 2f®&m section 2.2, and its widttb  is given by Equation 5.2.
Current’©  is applied on the top surface, and is divided into two equal parts and
passeshrough the contact spots at the two ends, as shown in Figure 5.1(c).

Currentdensity throgh carbon fibersis calculated by dividing the current

flowing through carbon fibers with therosssectionarea of the fiber

From the discussions in section 2.2.1, the RVE width for squatengaorder is

given by Equation 5.2:

Lg

el =l
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Length and width of RVE can be related using the fibber waviness term defined

as the fiber arc height over contact span:

I v vd
() Y
Combining Equation5.1-5.3 gives
" o, L8
where
0 P S oy L®
w -
o wQo

0 is the current concentration factor withihe carbonfber. The fber
waviness term is in the range of few hundreds to a few thousands for commonly used
carbon fber such as IM7 and AS4. For IM7 UD lamina with fiber volume fractionf
55%, and =1000, the current concentration factor is around 000. It means the
actualcurrent fowing through carbon fibers i@ times as large as the apparent
current density applied to the surface of laminate plate. If a current AfsA8pplied to
a linch by 1 inch plate in throughickness directior(overall current density ofZD00
Al& , the current density through carbon fibers is arouh® @ 6f& (about 400
times as large as overall current density applied to compositcey) assuming fiber
volume fraction of 0.55 and fiber waviness term of 400.

Figure 5.2 plots the dependence of  on fiber volume fractionw "@nd on
fiber waviness terrh . Difference betweewurrent density with carbofibers and the

overall surface density grows with increasingout reduces with increasing . Ast
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increases, the distance between contact points increase, indicating less current injection
points on the fiber, thus the current concentration through carbon fber is enhanced.
Increasing6 , onthe contrary, wil increase the number of contact pointsheaslistance

between fiberseduces thus smaller distansebetween contact points.

current concentration factor within carbon fibers

2000

1800
—®—peta =400

1600
beta =700

1400 beta = 1000

1200

K_fiber

1000
800
600
400

200
0.4 0.45 0.5 0.55 0.6

Fiber volume fraction (VF)

Figure 5.2 0 as function of fiber volume fractio® and on fiber waviness term

5.2.2 Current concentration at contact spots

The current is further concentrated at the contact spots due to the smaller contact
area compared to fiber cross sectloarea. As depicted in Figure 5.1(c), current is
passed from one carbon fber to another through limited coptaats Current density

across the contagtoints depend on the contactarea.
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A micromechanics based method is developed in section 2.2 to calculate the
equivalent contact area. Radius of the contact Gpot is determined by structural
parametersas well as processing parameters as described in Equatiose®.6 (

discussions in section 2.2)

o0 Y
Jio

Where E is the elastic malds of carbon fiberand2 is fiber radius.
O is the contact force gven by Equation 517t 6 s assumed t hat
only carried by carbon fibers.
O 0z0 zw L&
Where0 is the processing pressure

Combining Equation 5.2,5.3,5.6, 5.7 gives

L] z - - - -
Wherev ———  adimensionlessnumber, is the current concentration

factor at the contact spot. Using Equation 5.8, can be expressed as in Equation

5.10:
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Figure 5.3 plots the dependence of

on processingpressureandfiber

waviness term . As processing pressure increases, contact area between carbon fibers

increase, resulting in lesconcentrated current density at the contact spetfber

waviness term increases, the average distance between contact points increase,

resulting in less contact points, and thus more concentrated current density at the

contact spots.
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With the above simplified analytical solutions in mind, in the following sections,
we wil quantify the temperature increase due to Joule heating, and evaluate if the

localized heating playanimportant role in the conduction behavior of CFRP.

5.3 Joule Heating Effect

5.3.1 Within carbon fibers

Considering the current concentration at the contact interface, one important
question to ask is: what is the temperature developed within the carbon fbeatstiaed
contact spots during current fow?

Neglecting the heat transfer between carbon fibers and the surrounding less
thermally conductive resin matrix, the carbon flbers can be regardadaasbatic

system. Equatiorb.11describes the temperature riegse in carbon fibers.

O oY a o] Al ®
— v
Qo P

WhereO 0 is the transient currenty ,a ando are the electrical

resistance, mass and thermal capacitance of the carbon fber respectively.

It should be noted that noniinear effects such as temperature dependent capacity
is not considered in this estimation.

Two current waveforms are consideredthis study: a constant current and a

current ramp with constant increasing r@tanp) asshownin Figure 5.4.
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Figure 5.4 Typical current waveforms: a) constant current; and b) current ramp.

In the constant current case where current is fixe@® as for the time

considered temperatureincreasing rate can lmalculated from

Using properties of AS4 carbon fiber, temperature increase rate can be estimated
asp G f 40A is applGCFREplateo the 106 by 1066
In the current ramp case where current is expressed in Eq&ali@ the
temperature development is calculated by integrating Equéatibhy and the resulting
solution is given in Equatiorb.14

) 00 v o
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If a current ramp with a peak 4DA is applied@a26 6 by 1606 CFRP
within 100ms, temperature increase is 6.541P200 KA is applied to the same
specimen within 0.5ms (lightning strike current wavefoft)) temperature @rease can
be estimated as 1.6xX39C not considering damag@bviously CFRP wil decompose

under such high temperatare

5.3.2 At contact spots

The contact spots between carbon fbers may be sebjectmore severe

heating because of the constriction resistance and the larger current concentration effect.

By comparing the equahs for thermal and electrical conduction within the
contacting materialHolm [41] derives a simple relation between the temperaiuod
the contact spot and the voltage df¥pcross the contact, as expressed in Equation
5.15

" Y_YQTY hd v v
B P
Wherem 4 is temperature dependent electrical resistivity, Jamtl is tempeature
dependent thermal conductivity.
Most good conductors satisfy tNeiedermansFranz law (uation 5.16),

which states that good electrical conduction and thermal conduction usually go hand in

hand.
m4l 4 0"Y v @

Where L=2.34e8 (V/KY is the Lorenz number and temperatureT is in K.
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Using Equation5.16 integration ofEquation 5.1%an be performed and

Y becomes

v v o 0B ¥
Y

with Y ¢"YMD, and”Y is the ambient temperature or the temperatfrthe carbon
fiber far away from the contact sptn Figure 5.5, the contact spot temperature
Y is plotted as a function of the voltage dtdmcross the contact spot for three
different ambient temperaturé¥. The temperatureatthe locations far away from the
contact spots (ambient temperattid is seen to barely haweny influence on the
tenperatureof the contact spot. It indicates a localized heating is generated at the

contact spots.
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Figure 5.5 Temperature at the contact spot according to Equation 5.17 plotted as a
function of the voltagedrop over the contackgion for three different ambient
temperature

5.4 Temperature Dependent Electrical Resistivity

Multiple researcher$56-57] have reported electrical resistivity of graphite
based carbon fiber reduces at elevated temperatures. This is due to activation of
electrons from valence bands to conduction band. Carbon fibeveseha a semimetal,
a material with a small overlap in the energy of the conduction and valence bands. With
fewer charge carnis than metals, semimetals usually have lower electrical and thermal
conductivities, with a negative temperature coefficient arfdeictivity. Arrhenius plots
are often used to analyze the nonlinear temperature induced effects suchatestbé
chemical reactionsand in this case the intrinsic electrical resistivity of carbon fiber.

The Arrhenius equation is given in the form:
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m #zA™ vd Y

Wheremis the intrinsic electrical resistivityof carbon fiber O is the activation energy,
Cis a constantk is Boltzmann constant with value of 8.6173428@VKandTis the
temperature in KActivation energy, with the unit ofettronvolt (eV, the amount of
energy gained by the charge of a single electron moved across an electric potential
difference of one volt is defined as the minimum amount of energy required to trigger
a temperatur@ccelerated faiure mechanism.

The value of activation energy indicates the relative tendency of a failure
mechanism to baccelerated by temperature, i.e., the lowerGhethe easier it is to
trigger a failure mechanism with temperature.

Taking log operationon both sides of Equah 5.18yields
o

I 0b
Q

P

~ Up W

v P
Plotting In(} ) against1/T allows one tadetermine the constants in tAerhenius

plot, as demonstrated Migure 5.6. For a thermally activated process, an Arrhenius plot

give a straight line. The slope of the linear approximation in Arrhenius plot wil be

equal toEa/kaccording to Equatiorb.19
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Figure 5.6 Arrhenius plot for IM7 and T700 carbon fiber. Activation energy can be back
calculated from the slope of the linear ft.

Activation energy forcuredCFRP in thregorimary direction is reportedby
Takahahi [58] and plotted inFigure 5.7. The activation energy i®westin the fiber
lengthdirection, since electrons can be transferred along graphite fibers. In the
transverse and throughickness directions, the electricaroent flows through
contact between neighboring graphite fibers, requiring more energy to activate
electrons.

As discussedn Chapter 4, resin interface plays a larger moléhese two

directions in terms of electricadonduction
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Figure 5.7 Activation energy in three primary directiondor typical carbon composite
laminates Activation energy hathe unit of micro electronvolt (meV), the amount of
energy gained by the charge of a single ekecimoved across an electric potential
difference of one valtand is defined as the minimum amount of energy required to
trigger a temperaturaccelerated failure mechanism.

5.5 Temperature and Electric Field Induced Material Degradation

CFRP laminates subjected to high current density such as lightning strike are
expected to experience a series of physical or/and chemical changes including matrix
decomposttion, charring and ablation at different temperatures. Carbon fibers wil
sublimate and ablate completely at the temperature of 3590 K.

There has been a lot of research on the mechari$material degradation in
CFRP[59]. It was recognized that factossich as carbon fibdrreakagefiber ablation,
and carbonization of resin matrzould have remarkable influences on the electric
conductivity of CFRPmaterials [19], [60], [61] The present work has focused on the
temperature and electric field induced resin degradation, whie the consideration of fiber

degradation is limited to the temperature deleen intrinsic resistivity. Carbon fiber
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ablation and breakage are out of the scope of current research and are not considered in
current model.
The two known kinds opolymer brekdown are thermal and electric

breakdownas discussedh the following ses®ns

5.5.1 Themal breakdown

Thermal breakdowrs the result of excessive heating of the insulator by the
electric current which causes, at a certain voltage, the polymer to nadiiom this
case, the dielectric strength is proportional to the squereof the ratio of thermal and
electrical conductivity of the plastiCarbonization of resin system occurs at
temperature of about 1500 K. As the resin system inside the laminate is heated under
inert (oxygerfree) environment, it bews to lose its necarbon atomsAs the non
carbon atoms are expelled, the remaining carbon atoms form tightly bonded carbon

crystals, which are electrically conducfia].

5.5.2 Electric breakdown
An important electrical property of polymers working as insulators is their
dielectric strength. If a voltage is applied to an insulatat steadily increased, a point
wil be eventually reached where the polymers break down and casggffieant
decrease in resistance. Much experimental work has beeroddhe dielectric
breakdown of polymers to characterize their dielecttiength The dielectric strength
wil depend on the type and shape of the plastic and electrodes, the rate with which the
field is increasedand even théemperature The dielectric strength of polymeis
generally in the range of 1 to 9 MV/cm at’@0and thesealues fall at elevated

temperature
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The dynamics of thermal and electric breakdovismmcomplicated by various resin
types and temperature history, and modeling of this process remains an active topic
which is beyond the scope of the current study. A sitipli© N-OFF model is used to
describe the degradation behavior of resin systems under high temperature, as
demonstrated ifrigure 5.8. The electrical behavior of contact points in CFRP material
system was partitioned into two distinguished zones, one was highly resistive and the
other one is electrically conductiveAt a critical temperatureor electric field threshold,
resin system bekias as an insulator, whilattemperature and electric field higher

than the threshold values, it behaves as a conductor with same properties as carbon.

Conductive

Critical Electric Field E,

////

Insulatlve

Critical Temperature T,

Figure 5.8 ON-OFF model for resirbreakdown
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5.6 Modeling Approach

5.6.1 Model overview

In order to provide robuslectrical analysis fortCFRP under high current
impact it is very desirable to have an eficientD3simulation methodology to estimate
the temperature profies in tlearbon fibers as well as contaspotsand evaluate the
thermalelectrical coupling.

The 3D esistor network framework is adopted, with modifications to
incorporate material degradation due to high current or electric litead of using
constant resistance values for resistors representing carbon fibers and contact points,
temperatureand electric field dependentsistancesare used to model the high current
impact such as Joule heating and material degradation. Thingobptween thermal
andelectrical properties are achieved by designinghermalelectrical RC unit circuit
that simulates electrical antldermal conductionsimultaneously asdiscussedn later
sectiors. Other details that can be easiy added intontbeeling framework include
contact resistance betweearbonfibers that consider the surface roughnemsd fiber
breakage due to high temperature.

The model is implemented with Mat@band SPICE62], a circuit simulation
package that solves the generated resistor netwWikkworkfiow of implementation of
the model igllustrated in Figure 5.9. Discretized 3D microstructure of CFRP laminate
is constructed using Matlab script and transformed into a netlist fle that describes the
connections and values of resistors and capacitotise resistor networkmodel
developed in Chapter. Boundary conditons such as voltage difference and ground
positions are also assigned in Matlab script and written to netlist fle. The netlist file is

then input intothe SPICE package to conduct ttiermal and electrical conduction
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analysis. Temperature profie, current flowing through and voltage at each node at every

time step can be extracted and input into Matlab for further data reduction.

2D Fiber Fiber Inter-Lamina
Arrangement Waviness Connectivity
| J
]
3D Microstructure for UD Lamina
without Resin-rich Interface ]
l
 J
3D Microstructure for UD Lamina Material
without Resin-rich Interface Properties
L )

v

3D Thermal Electrical Resistor Capacitor
Network (3dRCnet Model)

L

Apply Voltage Difference on different
surfaces to calculate resistivity in three
primary direcitons

Y

Solve 3dRCnet in SPICE package to
calculature resisitivity

Figure 5.9 Workflow for implementing the 3Desistor capacitor network work with
thermalelectrical coupling

5.6.2 Themmal-electrical RC circuit

When the composite is subjected to small DC currents, the joule heating effect is
negligible and hence not necessary to include in the model. However, in present study
we do integrate the joule heating effect and temperature dependent material properties

to more accurately capture the conduction behavior under high current density.
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To consider temperature dependent material property, thermal conduction within
the CFRP laminate should be considered and the temperature at each node needs to be
predicted. Themal conduction is similar in nature to electrical conduction and the
variables used to describe the thermal conduction process are analogous to those that
describe the electrical conduction procddssed on the thermalectrical analogy
(Table 5-1), a 3D RC distributed thermadlectrical circut model has been developed,

as shown inFigure 5.10.

Table 5-1 Analogy between thermal and electrical conduction

Thermal variable | Electrical variable
Heat flow (W) ] current flow (A)
Temperature difference (K) | Voltage (V)
Thermal conductivity | Electrical conductivity
(Wm'K') | (Q'm")
Thermal mass (J/K) | Electrical capacity (F)
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Figure 5.10 Coupled thermal electricatesistor cpacitor networkmodel

Based on the least thermal resistance path, heat is conducted within the CFRP

laminate through the contacts between carbon fibers, due to the difference between

t her mal

analogy, thermal conduction with the CFRP laminate can thus be modeled as a network

conductivityos

o fUsing the theomatledtricdd e r

of thermal resistors and capacitors. Thermal capacitors are considehedpriasent

model to represent the fact that thermal conductioroers of magnitude slower than

electrical conduction. Figure 5.10 demonstrates the coupling between electrical and

thermal conduction models with asmal resistor network that consists of two

contacting fbersFigure 5.10(a) shows the formulation of electrical conduction model,

with red arrows rpresenting the direction of current flowigure 5.10(b) shows the
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network model for thermal conduction, withaiiond sigs representing Joule heating
and red arrows representing ther mal gradi et
generatd in conductors with current passing through, thus Joule heating occurs
everywhere along the electrical conduction paths. In the present model, the location of
Joule heating source is simplified as the center of each resistor. Joule heating within
carbon ibers is considered ithe current model but is not plotted in the schematic

drawing for clarity. Athough the magnitude of current that flows through contact points
and the carbon fber ad the same order, current density at contact points is
significantly larger than that within carbon fiber, due to the smaller contact area
compared to cross section area of carbon fiber, resulting in localized heating at the
contact points.

The two conduction networks were combined to address both conduction
mechanisrg, as demonstrated Fkfigure 5.10(c). Each resistor in the pure electrical or
thermal conduction network is replaced by a unit circuit that is impleadewith a
four-port subcircuit: two electric portsglande?) and two thermal portsX andt2).

This thermal network can be easily implemented and simulated using SPICE in the
same manner as an electrical circuit network by simply employing the proper
counterparts as ilustrated Table 5-1. The voltage of thermal portsl(andt2)
correspond to temperature, while current fowing through thesmdheyorts
correspond to the heat conducted.

Figure 5.11shows the flowchart for the electriehbrmal couplingfor one time
step.Electrical and thermal conduction models are coupled through the Joule heating
term in thermal conduction model and temperature dependent resistor term in electrical

conduction model.
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Assign resistance values in electrical
conduction model based on room
temperature

v

Solve Electrical Condution Network to get
voltage at current through each node

A

Calculate Joule heating based on current and
voltage profile

Y

Assign calculated Joule heat as heat source in
thermal conduction network

A 4

Solve thermal conduction network to get
temperature distribution at each node

4

Update resistance values in electrical conduction
network using the analytical madel for
temperature dependent electrical resistivity

(

Figure 5.11 Flowchart showing the Coupling between electrical and thermal conduction
networks

Temperature dependent resistor behavior is expressed as an Arrhenius type

function

P p

vg T
w’Y WY 8

: . O
Y Y zA@R-:
Q
Where'Y is the temperature dependent electrical resistaand,’Y is the

initial resistance at room temperature.
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Note that the temperature of resistor is extracted from the thermal conduction
model by referring to the voltage of nodie node(seeFigure 5.10), which givesthe
temperature ofhe node based on therrrlkectrical analogy.

Current flowing through the resistor can be calculateiy the following
formula once resistanc¢éR_temp and voltage difference between the two electrical

ports are determined

O . : V& D

The heating source in thermal conduction model comes from Joule hé@ging
that depends on voltage difference between and current fowing through the two

electrical ports
1 WP w& z0 Vg C

To compute the equivalent resistance, a voltage difference is applied across the
electrode, in the direction d {dx,y,z}) , in which the resistivity is beingadculated
Soling this network yields the corresponding currents, allowing the equivalent
resistance and hence conductivity of the entire structure to be deterfmined
geometry parameterss expressed in the following forfau

TYZ WW
0 w

h A ohchisQ Q Q V& O
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Where, "0 ofufi is electrical resistivity in one of the three principal directions,

® "® ahuhd is the specimen dimension in the corresponding direction, U and | are

the measured voltage difference and current respectively.
5.7 Resultsand Discussions

5.7.1 Variations among simulations using same modeling parameters

The stochastic characteristics of CFRP aptred in the developed model,
through randomized initialesistances and alsandomizedcontact locations. In this
study, five simulations were run using the same model parameters listed in Table 5.1.
The simulated througthickness resistivii® in these five repetitionsre compared in
Figure 5.12. Allinear current ramp with peak current of 1@Gnd duration of 10nsis

applied.

Table 5-2 Model parameters

15 %105 q m
5.4 WI(TK)
0879228 KIKiK
105

055

1500

1100 Vim

The only difference between these five simulations idaibatiors of the inter
ply connections, which is randomized during the construatibresistornetwork. Ithas
been seen that large variations in intial resistance cabdevedamong the
repetitions. The randomized connection points affect conductive pattieducing

uncertainties in overall throughickness resistivity.After current application there is

133



litte difference between throughickness resistvity from these simulatiorghermal
brealdown of resirrich interface happens due to excessive heat floule heating, and
the resistivity of the inteply resistance drops to the level similar to direct carbon fber
contact. The residue resistivity is reduced to that of a UD lamina without ricdsin
layer.

Consideration of the stochastharacteristis of CFRP microstructure igot
imited to thelocations ofinter-ply connections. Other factors that can be considered in
current model implementation includes randomized fiber bureliestivity in three

primary directions, and the values of infdy contact resistances.

' ' ! ' ' ! ' ! ' '
097 [ —=—Repetition 1 i
—&— Repetition 2
—&— Repetition 3 |
’g —4— Repetitiond | -
:kg/ . H
> 0.7 1 -
=
®
B 06- i
o
05 i 4
04 | T I T | T I T I T I
0 20 40 60 80 100
time (us)

Figure 5.12 Variations of simulated througinickness resistivity using same model
parameters
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5.7.2 Impact of resinrich layer

Whie there is increasingeported literature on modeling the mechanical and
thermal response of CFRP laminates subject to high current density such as simulated
lightning strike[19], [54], therearefew repors on changs in electrical conduction
behavior during and after application of high current density. During lightning strike,
throughthickness resistivity determines how déle@current can penetrate atite
Joule heat accumulated. The existence of-r&dinlayer may drastically change
conductive paths, resuliing in different material damage patterns. The high temperature
and current density presented in a lightning strike determines that temperature
dependent material properties and material degradation mechanisms need to be
considered.

As discused in sectiorb.3, the transient therraalectrical study requires
activation energy term that describes Arrhenius type temperature dependent electrical
resistivity. Activation energy values for carbon fiber (8.5 m&RKenfrom [58] is used
in this study. All the other model parameters wkeept the same as fable 5-2. Resin
charring temperaturef 1500 K was chosen as the critical temperature for thermal
breakdown, and the dielectric strength of epoxy resi® W) was chosen as the
critical potential gadient for electric breakdown. IntErmina connectivity of 0.1 and
1.0 were chosen to demonstrate the different nonlinear electrical conduction behaviors
for CFRP laminates with and without resin rich layer.

The current density was increased linearlynfrO to 65000 A/fin 100 ms. The
peak current density is chosen to be comparable to the current density used in our
ongoing experiment al characterizations.
application of 40 A of electric current (the maximum coirrthe power source can

deliver) into composite with slace area of 1 inch by 1 incR5.4mm by 25.4mm,
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typical dimension of specimens testeBigure 5.13 plots the resistivity change over
time. Resistivity values are normalized with the intial resistivityoleefapplication of

high current.

—{_|=inter-lamina connectivity = 0.1
1.0 @ —(O=inter-lamina connectivity = 1.0

o o o
~ o ©

Normalized Resistivity

o
fo)

0.5

Time (ms)

Figure 5.13 Resistivity change over time. Laminate with dniater-lamina connectivity
(resinrich interface) undergoes quicker and larger resistivity drop in thriuckne ss
direction. Sudden drop in resistivity around 10ms can be explained by the localized
heding
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Figure 5.14 shows the representative temperature history at a selected contact
points between carbon fibers, at inllamina contact, and ahanterlamina connection
points. The variations of temperature at each location group due to conducting ten
separate simulations is represented by the colored area. For laminates witishresin
interface, temperature at intmina connection points is one order of magnitude
higher tlan other locations, indicating the influence of the localized Joule heating. For
laminates without resinch interfaces, temperature at intemina connection points is
of the same order as at fibiser contact points. The temperature increase in carbo
fibers is not significant in both cases. Although the local temperature aaimma and
intra-lamina contact points are high, it has lttle impact on the overall temperature
increase of the laminates since the contact points occupy a very smalh fraicthe
total volume of the laminates. It indicates that even if no significant overall temperature
increase is detected in the composite, the local region of contacts can experience a
significant increase in temperature causing a drastic change ramat®perty at that
location. It should be noted that the current model may overestimate the temperature
increase due to two assumptions in the model: 1) heat loss to the ambient air is
neglected considering the short duration of current applicatioch;2)aphase change of

material that consumes energy is not considered in the present model.
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Figure 5.14 Temperature profie at selected location: contact between carbon fibers, at
fiber-fiber contacts, andt interlamina connection points for two types of composites:

a) with resiarich interface and b) without resiich interface.

5.7.3 Parametric studies on the impact of modeparameters

those discussed in previous chapters. Due to the intricate and stochastic nature of

composite

The model developed in this study introduced new parameters, compared to

microstructur e,

it os

often

parameters. Parametric study provides a handy tool to investigate how the electrical

conduction changes with these paramettirias been demonstrated that fiber waviness

termi has dominating impact on the throtthlickness resistivity of UD carbon
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composites under low DC currenh this study, electrical conduction behaviors for
CFRP wmder high current density for CFRP with low ( ¢ mmand high{( p mix 1
are comparedinter-ply connectivity is fixed to 100%, and intply resistance is set to
10 , which represents good intply connections Othermodel parameters athe
sameas in Table 5-2 except for fiber waviness term and activation eneRysin
breakdownis not considered. Thus, any resistance change is attributed to the
temperature dependent intrinsic resistivity of carlimers. A linear current ramp with
peak current of0OA and duration of 100ms applied to the specimen with 1 inch by 1
inch surface area.

Figure 5.15 shows thehroughthickness resistivity responses for these model
configurations The impact of the newly introduced parameter, activation energy, is
also plotted in the same figurén general, larger activation energy leads to larger
resistivity diop under same current application. Increase in fiber waviness beta indicates
more sparsely distributed contact points and larger local current density at the contact
spots, resulting in larger drop mesistivity. The simulation with the largest activation
energy (13 mV) and the largest fiber waviness term (1000) yields most significant drop
in throughthickness (~20%iesistivity. This also demonstrates that without
consideration of resibbreakdown resistivity reduction is limited even under large fber

waviness term and activation energy.
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Figure 5.15 Parametricstudy on fiber waviness term and activation energy.

Another set of virtual tests is conducted to investigate the impact epter

resistance. Inteply resistance is varied from 100Q which represents carbon to

carbon contact resistance, up to 2000Mat is in the same level of tunneling

resistance representingmulti-ply laminate with resirich interply layer. Interply

connectivity is maintainecat50% for all simulations.Other model parameters are same
as fromTable 5-2. A linear current ramp with peak current 30A and duration of 100

* iis applied to the specimen with 1 inch by 1 inch surface &igare 5.16 shows the

simulation results.
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A large interply resistance not only affects the absolute resistivity value before
current application, but also changes the resistivity reduction after current application.
A 60% drop in throughhickness resistivity is found for specimen with 2000iter-
ply resistance, while the resistivity reduction for specimen with 10D€er-ply
resistance is about 36%. Specimens with -iptgrresistance smaller than 10000
denonstrate similar resistivity change throughout the whole duration of current
application. Difference between resistivity of these specimen is negligible, indicating
thattheintepl y resistancebd6s drop to the same | ev

current application within short duration.

1.4 T T T T T 1
—=— R_interply = 1000 !
PN IO A —&— R_interply =5000 | —_—
—4&— R_interply = 10000 1
a —¥ R_interply = 20000
T 1.0 | | |
=
=
208
Q
@
0.6
04 S S S S R S S H
0 10 20 30 40 50
time (us)

Figure 5.16 Impactof interply resistance. A large intgrly resistance not only affects
the absolute resistivity value before current application, but alsoehahg resistivity
reduction after current application.
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5.8 Summary and Conclusions

This research proposedast SPICE basedBelectrathermal simulation
methodology to characterize thermal effects due to Joule heatiGdrRiPfor
application that are subjeed to high current densitieSThe concept of current
concentration within carbon fbers and through fliler contact spots imtroduced
and its impact on localize heating is quantified wittananalytical model. It been
found that the local currerdensity flowing through carbon fibers candmeers of
magnitude larger than the overal surface current density, while the current density at
contact spots is even larger due to snaiontact arealt is essential not to
underestimate the impact ®imperature rise at contact spots due to Joule heating.
Therefore, accurate temperature estimation is extremely important to perform a more
realistic electrical and thermal analysis of CERP

The effect ofresinrich layer on resistivity change and tempera development
in carbon fibers and contact points is included in our analysis for the first tome
provide more accurate and realistic description of GBRBnlinear electrical
conduction behavior. It shows that the existence of-r&sninterface layer ncreases
current concentration, enhancing the local Joule heating. A further investigation on the
temperature profleshows that the intgply contact pointssuffer much higher
temperature rises thamtra-ply contact pointdue to thelimited numker of contact
points between plies and thus higher current concentraliids observed that
temperatureat the contact spots in the CFRP with regih layer easiy reach the
critical temperature where ablation of carbon fiber and thermal decomposttiasin
wil intiate. Resinrich layer must be considered in the thernaaid electrical analysis
of composite structuresThe developed model is able to capture the laegistivity

drop due to resitoreakdown and charring
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The simulationmethodologyhas also been applied tpantify the effect of
structural and material parameters on the electdoadductionbehavior, including fiber
waviness term, inteply resistance and activation enerdiy.general, larger activation
energy leads to larger resmtly drop under same current application. Increase in fiber
waviness beta indicates more sparsely distributed contact points and larger local current
density at the contact spots, resulting in larger drapsistivity.

It should be noted that the simulation methodology developed here is quite
general, anadtan be easily extended to consider otm@ninear conduction mechanisms
by replacing thdormulas for temperature dependent material properties. Stochastic
nature of &RP micrestructure can be described with statistical distributions of

resistance values, instead using onesingle resistance fagach type of resistor.
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Chapter 6
EXPERIMENTAL INVESTIGATION OF HIGH CURRENT IMPACT

This chapter present experimental investigation of the electrical conduction
behavior ofboth dry fiber tows andured CFRP lamates subjected tdiigh current
densities A modularized characterizationapparatuss designed tevhich one can input
the desied current/voltage waveform. By switching specimen fixtutbs,apparatus
can be used for electricaharacterizationof dry carbonfiber tows and cured
composites ireach othe three principaldirections. Electrical resporsef cured
composite undesmulated lightning strikeare also discussed’he coupled thermal
electrical resistor network model developed in Chapter 5 is utilized to explain the

experimental results.

6.1 Electrical Characterization of Dry Fiber Tows

While this dissertation focuses on the electrical conduction behavior of cured
composite laminates, the dry fiber tow systems eliminate the uncertanit@suced by
the curing process anthake iteasy to control the micrstructure parameters such as
szing amount and fiber volume fraction. In this study, an experimental apparatus is
designed to investigate the difference in conduction behavior of sized and unsized dry
fiber tow systems undehigh current density (up tce? A/n?). This study serves as a
first steptowards understanding the role of resin property changes under high current

density in the conduction behavior of cured composite laminates.
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6.1.1 Materials and preparation

This study utilized dnyfiber towsmade from two carbon fiber type¥7 from
Hexceland T70&C from Toray The Hexcel IM7 fber is without sizing, and the Toray
T700SC fiber has sizing amount of 1.25% (by weigfithe fibers come in roform and
are cut into desired length. Sizing of fibers are provided by carbonnfibeufactures
and no other surfaceeatment in done ihouse. Propertiesf the flbers usedh the tests

arelisted in Table 6-1.

Table 6-1 Properties of fiber groups for high current density tests
IM7 T700SC

Property

Density [g/cm3 ] 1.78 1.8
Modulus [Gpa] 276 230
Electrical ;dsh 1.5e5 1.6e5
Sizing amount 0 1.25%
Fiber diameter (H O 7.1 7.0

6.1.2 Experimental setup

Figure 6.1 shows the schematic ilustration of tbbaracterizationapparatusA
Sorenson DCHB 2700 watt power supphis used in order the supply the required
current to thdiber tows orCFRP laminate The power supply operates in a constant
current mode, in the range1®O A, and is controlled by a command sigfiaim the
function generatorDue to the limitations of the power line in tlE@oratory maximum
current can be applied is ab&@ A. The arrent flow, voltage drop and surface
temperature of the laminate are monitored and recorded using an A/D converter and in
house developed software written in LabVIEW. The current flow through the CFRP
laminate is monitored with current channel of Keithy00 multimeter, utilizing an

internal current shunt in the power supply. The voltage drop across the laminate is
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measured with the voltage channel of Keithley 2700 +mdtier. Resistance of the

compositelaminate can then bealculated from the measured voltage and current.

Function Generator

Power Supply

Shunt
I Resistor
GUI ’

> |

>

Current Voltage
Sensing Sensing

t | — ]

3 85 88 00 00 —

= -
-
Keithley Multimeter

Figure 6.1 Schematic ilustration aflectrical characterization apparatus.

The apparatus is modularized with changeable specimen fixtBseswitching
specimen fikures, this setup cameasureresistance response under various current
waveforms in both iplane ad througkthickness directions, whighe main current

modular can remain unchanged.

The same specimen fixturasedfor dry fiber tows in the low DC cuent test as

discussed in Chapter 3 is used in #tsdy
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6.1.3 Typical resistance response

The electrical characterization apparatus can operate in both current and voltage
application modeskigure 6.2 presentsypical measurements of voltage, current and
resistance during the dry fiber tow testsioltage application modépecially designed
voltage waveform is used as input and the tiagulcurrent is recorded. A small
constantvoltage is maintained at the intial stage, followed by a voltage ramp up. The
voltage waveform endswith a plateau.

Little resistance change can be observed at the initial low applied voltage.
Increased appliedoltage results in sudden drop of resistance, indicatiregaldown of
the sizing layer.The sizing breakdownis irreversible andthe resistancedrops toa low
level afterthe voltage application. At the final stage, voltage is kept constant; resistance
cortinues to drogslowly. This continued small drop in resistance is probably dtleto
heating of the carbon fibersThe increase irtonducted currenaiccumulates heat over

time which heats the fibers
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Figure 6.2 Typical resistance response for dry fiber tow under a voltage. rdokage
ramp and the corresponding current response are also plotted.

Figure 6.3 shows the electrical responses for both sized and unsized carbon
fibers in theexperimentsin which the current ramp is appliethstead of controling the
voltage current waveform isntroducedin the througkthickness dire@n through two
copper bars serving as electrod€ampression load is kept as 500N for both cases.

Different resistance respomsean be observed form the two carbon fber types.
For unsizedIM7 fiber tows, less than 5% drop in resistance is observed, whie for sized
T700SC fber tows, resistance dropsli@)o at the end of the current waveform. This
large difference in resistance a#tributed to the brealdown of the thin sizing layer due

to Joule heating during the currengpplication mode
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Figure 6.3 Resistance response for unsized IM7 and sized T700SC fiber tows: a)
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unsized IM7 fiber tows see less than 5% drop in resistance; b) sized T700SC fber tows
yields larger resistance drods3¢o) at the end of the current waveform.

6.1.4 Influence of processing pressure

Parametric study using the computational resistor network model eongid

the impact of resin rich interface developed in Chapter 5 indicates thaphnter

interface playsanimportant role in noniinear resistivity change under high current
density, especially ithe throughthickness directionlin this study, two typesfaarbon
fibers (with and without sizing) are testeslibjected to various loading conditipn®

demonstratethe influence due to presence of thiasin layes. As indicated inTable

6-1, the unsized fiber is Hexcel IM7, and the sizestsionis Toray T700SC with 1.25%

(by weight) sizihg amountAlthough manufactured by different suppliers, these

carbon fibers have simiaelectrical and mechanical properties, makitigem suitable

for the comparison
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Multiple eectrical characterization afarbon fiber towainder high current
density are conducted under constant compressive llo@dch testcompressive oad
is adjustedand maintained constant during theai@tterization by aimi-Instron
machine. Figure 6.4 shows the resistivity response for both sized and unsized fiber

tows. Resistivity isnormalized with the first measured value.

Figure 6.4 Resistivity response under various load amount for unsized and sized fibers.
Resistivity isnormalized with the first measured value. a) unsized IM7 fiber tows: no
noticeable change in resistivity under high compressive force; a) sized T700SC fiber
tows: drg in resistivity decreases with the increase of compressive load. Drop in
resistivity is stil noticeable (~15%) even under high compressive force (4D00

For unsized IM7 fber tows, there is no noticeable change in resistivity under

high compressive foe; under lowercompressiveforce (150N), a mere 5% drop in

resistivity is observedUnder higher compressive force (8RGand 100(N), there is no
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