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In the past few decades, composite materials especially carbon fiber reinforced 

polymers (CFRP) have been widely used as structural materials for its high strength to 

weight ratio, tailorable properties, and excellent corrosion properties. Applications that 

require better understanding of the electrical properties of CFRP laminates include 

carbon fiber assisted heating during composites manufacturing, self-sensing of damage 

of composite structures, integrated electromagnetic shielding, and lightning strike 

protection. Accurate predictive model describing the electrical conduction behavior of 

CFRP laminates is the key for them to be used for such applications.  

Different approaches have been explored to model the electrical conduction of 

CFRP under various current conditions. A comprehensive literature review revealed 

that most methods used to model electrical conduction of CFRP fail to capture the 

impact of micro-structure of CFRP, especially the fiber-fiber contact, and resin-rich 

layer between plies, which can drastically change the conduction pattern.  

The aim of this dissertation work is to develop a model that capture key 

electrical conduction mechanisms of CFRP, which address the impact of the micro-

structure and geometrical parameters. The model is constructed in a modular fashion by 

validating the model with experimental validation after the addition of each key 

mechanism module. First, the model constructs a resistor network framework for 

describing electrical conduction behavior of UD laminas and fiber tows subjected to 
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low DC currents. The model is validated with reported experimental results, and by 

characterization of resistivity of dry carbon fiber tows.  

The next module investigates the specific features of a multi-ply laminate such 

as: varying ply orientation, existence of resin-rich layer, and dependence on geometric 

parameters that influence the local resistivity. A meso-scale fiber bundle model is 

proposed to strike a balance between the level of details modeled and the computational 

cost. Influence of the resin-rich layer is described with an inter-ply connectivity term. 

Expressions for estimating contact resistance from multiple sources including direct 

fiber-fiber contact and tunneling resistance across thin resin layer are introduced. The 

refined model is compared against experimental results and finite element model. A 

parametric study is conducted to investigate the impact of geometrical 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 

constraints can introduce excessive Joule heating at contact spots. Thus, it is vital not to 

under-estimate the temperature rise at contact points, even at seemingly small overall 

applied currents. Based on these analysis, the model is further refined with the 

implementation of the module that introduces Joule heating. Both reversible change in 

resistivity such as temperature dependent resistivity and irreversible change such as 

thermal and electric degradation of resin matrix is considered.  

Electrical characterization under high current density is carried out for dry fiber 

tows and cured composites experimentally. The contributions of reversible and 

irreversible resistivity change are identified with carefully designed repetitive current 

tests. It is found that for dry fiber tows with sizing and for cured composites, thermal 
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breakdown of the thin resin/sizing layer contributes significantly to the nonlinear 

conduction behavior under high current density. The developed model captures 

important characteristics of the electrical conduction behavior when compared with 

experimental results. Possible 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 fabricate composite components in which electric and thermal 

conductivity play a key role in defining their functional properties. 

 



 

1 

INTRODUCTION  

1.1 Background  

1.1.1 CFRP used in aircraft industry 

In the past few decades, composite materials especially carbon fiber reinforced 

polymer (CFRP) have been widely used as structural materials for its high strength-

weight ratio, tailorable properties, and excellent corrosion properties. In particular, 

composites draw special attention from aircraft industries, and the percentage of 

composites on aircraft has steadily increased in the past 30 years. According to a recent 

NASA report [1], applications of carbon composites on aircraft have shifted from non-

critical parts such as stabilizer to critical structural parts such as main frame. 

The Boeing 787 has more than 50% carbon composites by weight, which 

includes major load carrying structures. Almost the entire outer surface of Boeing 787 

uses CFRP (as shown in Figure 1.1), and is subjected to direct exposure to lightning.  

Chapter 1 
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Figure 1.1 More than 50% (by weight) of Boeing 787 is composed of carbon 

composites in various forms [2]  

1.1.2 Lightning strike to CFRP used on aircraft structures 

Commercial aircraft as well as military aircraft are designed to safely fly under 

various conditions including severe and extreme weather conditions such as lightning 

strike. It is reported [3]-[5] that on average two lightning strikes happen to commercial 

aircraft every year; for military aircraft, this rate is even higher as they fly under severe 

conditions. Some cases of catastrophic aircraft accidents are directly attributed to 

lightning strike [6], [7]. Lightning strike induced damages to aircraft and can be 

classified into two categories: direct damage, which is the structural damage caused by 

heating and high electric field from lightning strike; and indirect damage, which is the 

electromagnetic damage caused to onboard electrical equipment even though there is no 

visible structural damage.  

To better understand lightning strike effects, the Federal Aviation 

Administration (FAA) defined lightning strike current waveform as shown in Figure 1.2 

[8]. Natural lightning current is characterized into four idealized components: 
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a. Waveform A, which is a pulse representing the first arc. It has the largest 

amplitude of all of the elementary lightning waveforms (200 kA) and a duration of 

about 500 µs; 

b. Waveform B is the intermediate pulse current waveform making the 

slow transition from the impulse waveform A around 2000 A to the constant C 

waveform at a level between 200 and 800 A, on a time scale ranging from 500 µs to 500 

ms; 

c. Waveform C is the intermediate pulse current waveform transitioning 

between the waveform B to waveform D, on a time scale ranging from .25s to 1s; 

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

arc with a peak current equal to half of the peak of the A waveform on a time scale of 

500 µs. 

 
Figure 1.2 Typical lightning current waveforms as defined in the MIL-STD-464 
standard. Reproduced with permission [8] 
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Carbon composites undergo more severe damage than their metal counterparts, 

due to the inherent electrical conduction mechanisms. CFRP consists of two component 

materials: carbon fibers as the reinforcement and polymer resin as the surrounding 

matrix. While carbon fibers are electrically conductive (with electrical conductivity of 

1×105 S/m), the polymer matrix is usually a poor conductor and hence is considered as 

good insulator. Composite structures in these applications thus cannot readily conduct 

away the extreme electric currents and electromagnetic forces generated by lightning 

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 composite structural component on aircraft 

that have the greatest likelihood of a direct lightning interaction. The most common 

practice for lightning strike protection is to add conductive attachments to composite 

structures to guide the electric current induced from lightning strike to flow through the 

least resistive path. The conductive attachments come in various forms: wire bundles, 

strips, foils and wire meshes. 

1.2 Research M otivation and Objectives 

1.2.1 Research motivation 

Good understanding of the electrical properties of CFRP is the key to effective 

lightning strike protection. Other applications directly utilizing the electrical properties 

of CFRP laminates include carbon fiber assisted heating during composites 

manufacturing [9], [10], self-sensing of damage of composite structures  [11] and 
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integrated electromagnetic shielding  [12], [13]. Accurate predictive models describing 

the electrical conduction behavior 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 structures to detect cracks and delamination. In this context, several 

researchers have focused [14-16] on the modeling of the electromechanical behavior of 

CFRP materials under tensile loading. They have found that mechanical deformation 

and electrical resistance especially of CFRP in axial direction are coupled due to fiber 

deformation and breakage during the loading process. Wang [17] proposed that the 

waviness of carbon fibers contributes to the formation of continuous electrical 

conduction path and is the primary factor influencing through-thickness electrical 

conductivity. However, no quantitative work has been done to implement a numerical 

or analytical model based on fiber waviness.  

Park [14], [18] proposed the concept of ñelectrically ineffective lengthò which is 

the typical length over which a broken fiber regains its current-carrying capability due 

to electrical contacts between fibers. They used a Monte Carlo technique to randomly 

generate distributed contact points. Representing fibers with electrical resistors, the 

CFRP is then modeled by a DC network circuit and solved with Kirchhoffôs rules. But 

they did not present an approach to connect this variable parameter to physical 

measurements. 

Modeling of electrical conduction of carbon composites under high current 

density such as lightning strike is currently limited to macro-scale finite element (FE) 

models. Ogasawara [19] implemented a multi-physics FE model considering thermal 

nonlinearity to study electrical conduction in multilayer CFRP. CFRP is modeled as 
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anisotropic material with conductivity tensor in three directions as material input. There 

is another FE model [20] that follows similar methodology. 

In the above models, microstructure of composites is not addressed in detail. 

Therefore, they are not able to model the statistical variations of composite properties 

which is inherent in such materials. Microstructure based models are needed to 

understand the intrinsic relation between CFRP properties and its microstructure. 

However, a detailed microstructure based model can be computationally inefficient 

considering the complicated geometry of CFRP. Certain simplifications and 

assumptions are necessary for implementing micro-structure based models. 

This research is focused on the development of a microstructure based model to 

predict electrical conduction behavior of CFRP. High current impact such as Joule 

heating is also considered with a coupled thermal-electrical resistor-capacitor network 

model. 

 

1.2.2 Research objectives 

This research will focus on the 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 as follows: 

I. Develop and implement a numerical model that correlates the resistivity 

of UD lamina with its material and (micro-)structural properties and 

captures the electrical behavior of UD lamina (a single ply) when 

subjected to low direct current; 
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II.  Formulate an efficient modeling methodology that incorporates the 

influence of ply orientation and inter-ply resin rich layer for large 

composite laminates; 

III.  Investigate the electrical conduction behavior of CFRP under high 

current densities similar to the ones encountered during a lightning strike 

and identify key conduction mechanisms.  

IV.  Experimentally characterize the electrical response of carbon composites 

under various current conditions from low DC to high current densities 

to validate the model, as well as to identify other conduction mechanisms 

not captured in the model. 

1.3 Structure  of Dissertation 

This dissertation is organized as follows. This chapter (Chapter 1) gave a brief 

introduction to CFRP used on aircraft and the critical issues encountered when aircraft 

with carbon composite parts are struck by lightning. The motivation and the scope of 

current study was also discussed.  

A micromechanics based model for electrical resistivity of dry fiber tows and 

unidirectional (UD) laminates without 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 discussed in Chapter 2 is extended to provide an 

efficient solution for calculating resistivity tensor of a multi-ply 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 a newly defined parameter. 
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After validating the model with reported experimental data, parametric studies are 

carried out to investigate the impact of resin rich layer.  

Chapter 5 presents a numerical investigation of the influence of high current 

density on electrical conduction of carbon composites. Current concentration within 

carbon fibers and at contact spots is addressed in detail for the first time. Analytical 

models are developed to quantify localized Joule heating. Nonlinear conduction 

mechanisms such as temperature dependent intrinsic resistivity of carbon fiber and 

degradation of thin resin layer are considered in the model. Parametric studies were 

conducted to show the impact of local Joule heating on the temperature profile and 

resistivity response of carbon composites under high current density.  

Chapter 6 presents experimental investigations of both dry carbon fiber tows and 

cured composites under high current density up to lightning strike level and discusses 

the mechanisms not captured by the model that can be addressed in future work.   
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3D MICROSTRUCTURE BA SED RESISTOR NETWORK MODEL  

2.1 Introduction  

Electrical properties of the constituent materials (fibers and polymer matrix) of 

the CFRP differ by several orders of magnitude. Carbon fiber itself is a good conductor 

with electrical resistivity in the range of 1 ×10-5 ɋm[20], [21]. In contrast, the polymer 

matrix can be regarded as a good insulator with electrical resistivity ranging from 

1×1010 ɋm to 1×1020 ɋm. Thus, CFRP conductivity along the fibers is governed by the 

continuous conduction mechanism along the fibers 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 as an insulator and 

doesnôt contribute to the electrical conduction process. Therefore, electrical conduction 

behaviors of dry carbon fiber tows and a single ply, also known as unidirectional (UD) 

lamina as all fibers are aligned in one direction without the presence of resin-rich 

interface, under low DC current are similar.  

Chapter 2 
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Figure 2.1 Conduction mechanisms of CFRP laminates in three primary directions. a) X 
direction: intrinsic fiber resistivity and fiber volume fraction; b) random contacts 
between carbon fibers forming conductive paths; c) Z direction: fiber contacts within 

one ply and limited connections between laminas due to resin rich interface. The blue 
plates represent electrodes in various directions. 

Microstructure based modeling and analysis has been used to study the 

mechanical behavior [22], [23] and thermal conduction [24] of unidirectional fiber 

reinforced composites. The common modeling approach assumes that the fibers are 

straight parallel cylinders and create the fiber spacing information from the cross 

section of a composite specimen to represent the microstructure. A more detailed study 

of the microstructure was performed by Gutowski et al. [25] which relaxed the 

assumption of straight fibers, and introduced a parameter that quantified multiple 

contact points along its length with the neighboring fibers 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 electrical conductivity of composites 

are reviewed. A two-step scheme for generating the 3D microstructure of CFRP is 

introduced. The microstructure describing the relationship between neighboring fibers 

including distances between contact points and their waviness is used to build 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 volume fraction, intrinsic carbon fiber 

properties, fiber waviness and applied pressure during processing of such composites. A 

sensitivity 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 models for electrical conduction of unidirectional CFRP 

The longitudinal electrical resistivity of single carbon fiber or carbon fiber tow 

has been reported by carbon fiber manufacturers or previous researchers [26], [27] and 

for most PAN fibers is in the range of 1×10-5 ɋm. To our knowledge, the transverse 

electrical resistivity/conductivity of dry fiber tow hasnôt been reported. The 

conventional rule-of-mixture (ROM) model is accurate in describing the composite 

conductivity along the fiber direction but fails to describe the electrical properties in the 

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 use a 2-component continuum medium 

model to study the transport of heat in composite materials. However, when it comes to 

electrical conduction in carbon fiber composites, the 2-component model fails due to 

the large orders of magnitude difference between the electrical conductivity of carbon 

fibers and the polymer matrix. The polymer matrix in such a composite system can be 

regarded as an insulator and doesnôt contribute to the electrical conduction in 

composites. 
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Resistor network model has also been adopted and modified by previous 

researchers to study the thermal and electrical conduction behavior of composites. Self-

sensing of damage of composites has been achieved [11], [30], [31] mainly based on the 

change of longitudinal electrical resistance of composites after structural damage, while 

the through-thickness resistivity was not the focus in these investigations.   

Park et al. [14] proposed the concept of ñelectrical ineffective lengthò and used a 

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 in their model. 

Since it is believed that longitudinal electrical resistance is more useful in self-sensing 

of composite structural damage, this model doesnôt consider the through-thickness 

electrical resistivity of CFRP, which may be important in other situations such 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 resistance. Hexagonal and square packing 

arrangements were assumed in their model. Random fiber-fiber contacts were 

introduced and compared with uniform fiber-fiber contact distributions. While 

assumption of ideal periodic packing arrangement simplifies the calculations, it cannot 

address the impact of random fiber distribution on the property. Also, in this model, 

fiber-fiber contact resistance is not considered. Similar to Parkôs model, the electrical 

ineffective length is back calculated by fitting the model results with 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. Evolving fiber 

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 

received much less attention.  

Finite element method (FEM) has been adopted by researchers to study the 

orthotropic electrical conduction behavior of composites, especially for extreme 

conditions where Joule heating of composites needs to be considered.  Todoroki et al. 

[11] applied FEA to study the effect of measured orthotropic electric conductance on 

delamination. Ogasawara et al. [19] studied the coupled thermal-electrical behavior 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 to model the 

composite microstructure in full detail with FEM.  

While 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 inherently dependent on the microstructure. It follows 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 microstructure-based model is that multi-physics simulation 

such as thermo-electric-mechanical interactions can be addressed at the local scale.  

Modeling of electrical conductivity in through-thickness direction must take into 

consideration the contact between fibers, the fiber waviness, and the intrinsic single 
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fiber property. Of these mechanisms, the contact between fibers is quite important 

because it influences continuous electrical conduction path in the through-thickness 

direction and thus dictates the overall electrical conductivity of CFRP in the through-

thickness direction. Clearly, other mechanisms such as fiber breakage and sizing of 

fibers can also be important, although limited number of numerical studies [33] 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 that of carbon fibers, polymer matrices can be regarded as 

insulators. The single layer UD CFRP is therefore comparable 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 direction, the current flows through the fibers and the carbon 

fiber tow can be regarded as resistors in parallel. The resistivity of the unidirectional 

carbon fiber tow depends on the intrinsic resistivity of the fibers and on the fiber 

volume fraction. The longitudinal electrical conductivity of CFRP with fiber volume 

fraction  ὠ can be calculated by the rule of mixture: 

 

ʎ „ ὠ ςȢρ 

Where ʎ  is the intrinsic electrical resistivity of carbon fiber under investigation. 
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2.2.3 Electrical conduction mechanism in transverse direction 

In carbon fiber reinforced polymer composites, undulating carbon fibers lead to 

electrical contacts between fibers. Itôs noted by Wang [34] that the random fiber-to-

fiber contacts contribute to transverse electrical conduction and explains the anisotropy 

of electrical conductivity. Fiber-to-fiber contacts create the continuous electrical 

conduction path, contributing to overall electrical conductivity, as illustrated in Figure 

2.2. Applied pressure and elastic modulus of fibers can affect the fiber 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 qualitatively, there is no quantitative model built based on this mechanism.  

 

 

Figure 2.2 Schematic representation of conductive path created by fiber-to-fiber 
contacts. Reproduced with permission [34] 
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The loading applied in the through-thickness 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 fiber-fiber spacing, reducing the waviness. Second, applied pressure can 

change the area and number of the contact points and the contact resistance. Applied 

load during processing in the through-thickness direction can therefore influence the 

transverse electrical resistivity significantly. 

A micro-structure based resistor network is developed in this chapter to 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 the previous section. Contact points between neighboring 

fibers are distributed along the longitudinal direction of composites while the dielectric 

properties of the resin effectively insulate the remaining areas of the parallel fibers. 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 first. Then the 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 fiber 

waviness parameters experimentally or numerically. 2D fiber arrangement 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 Gutowski [25] or from 

numerical simulations.  

 

Figure 2.3 Flow chart of model formulation: 3D microstructure is generated from 2D 
fiber arrangement and fiber waviness parameter. Reproduced with permission [35] 

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 of the 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 fibers. The resistors representing carbon fibers and contact 

resistances form a 3D resistor network and can be solved using Kirchhoffôs law. A 

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 tows in 

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

Parameters used in the proposed model are listed in Table 2-1. 

 
 

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

 

 

2.2.5 Numerical implementation 

The proposed 3D resistor network model is implemented using MATLAB. As 

illustrated in Figure 2.4, the procedure to generate the 3D resistor network consists of 

the following steps: 

Parameters Description Typical Value (AS4 

carbon fiber) 

VF Fiber volume fraction 50% 

PackOrder Fiber packing order Hexagonal, Square, 

Random, FromImage 

Spec_Len Specimen length 1×10-2 [m] 

Spec_Wid Specimen width 1×10-3 [m] 

Spec_Th Specimen thickness 1×10-3 [m] 

Pressure Processing pressure 8 bar (autoclave) 

Beta Fiber waviness term ~300 

Fiber_diameter Average fiber diameter 7 ɛm 

E_mod Elastic modulus of carbon fiber 231 GPa 

Fiber_rho Electrical resistivity of carbon fiber 1.7×10-5 ɋm 
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1. Generate 2D cross section fiber arrangement based on selected packing 

order, specimen dimension, fiber volume fraction, and fiber radius. The 

output is a matrix that stores the coordinates of fiber center and radius 

for each fiber; 

2. Create fiber connectivity based on fiber-fiber spacing. The output is an 

array that stores the indexes of neighboring fibers for each fiber; 

3. Randomly generate initial contact point for each fiber and add the 

remaining contact points on that fiber based on fiber-fiber spacing, ɓ, 

and fiber connectivity as determined in step 2. The output is an array that 

stores the 3 coordinate values of every contact point on each fiber and 

index of neighboring contact points;  

4. For each fiber, calculate contact resistance and fiber section resistance 

(r ὒȾὃ; where A is the cross-sectional area. 

5. Formulate resistor network in matrix form based on contact points, 

connectivity  

6. Solve for nodal voltage and current using Kirchhoffôs 1st law; Calculate 

overall resistance and resistivity.  
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Figure 2.4 Flow chart of the algorithm to formulate and solve 3D resistor network. 
Reproduced with permission [35] 

2.2.6 Parameterization of 3D fiber geometry 

Generation of 3D microstructure of carbon fiber tow or unidirectional CFRP is 

not trivial considering the complex geometry details of CFRP. In this study, a two-step 

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

First, 2D fiber arrangement is generated from the cross-section of a composite panel 

either numerically or from a micrograph of a cross section of a real composite structure. 

In the second step, the 2D model is then extruded in the fiber length direction with a 

parameter that describes the 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 fiber 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.  

 

ὠ
“Ὠ

τὨ Ὠ
–  ςȢς 

 

Where 6 is fiber volume fraction, Ä is fiber diameter, Ä is inter fiber spacing, 

– as the packing order related parameter with – ρ for square packing and – Ѝ
 for 

hexagonal packing. This information is used to define fiber location and radius of all 

fibers in the modeled 2D cross-section for hexagonal and square packing arrangements. 

Fiber arrangements in unidirectional composites are typically non-uniform and 

non-periodic. Periodic fiber distribution assumption leads to incorrect predictions of 

mechanical behavior of composites [36]. Although there is no study available to 

describe the influence of non-uniform fiber arrangement on electrical properties of 

composites, itôs desirable to address practical representation of fiber arrangements. A 

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 Addition (RSA) 

algorithm, and provides fiber location and radii of the 2D cross-section.  

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

cross-section of a CFRP is first transformed to a binary image representing resin and 
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fibers only. An edge detection algorithm is utilized to find the location of the circular 

fibers from the binary image and locations of fiber center and fiber radius are extracted. 

This method provides the most realistic microstructures but can be time consuming, and 

the number of available datasets is limited. Figure 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. Connections between 

fibers are created based on fiber-fiber distance. Indexes of neighboring fibers are stored 

in a list for each fiber.     

 

Figure 2.5 Schematic representations of various fiber arrangements: (a) hexagonal 
packing; (b) square packing; (c) random packing; (d) from micrograph using image 

processing techniques. Reproduced with permission [35] 
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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 compacted due to processing pressure during manufacturing 

of composite structures, the undulating fibers will contact their neighbors at various 

locations along the length. As shown in Figure 2.6, instead of being regarded as straight 

rigid rods, fibers are modeled as slightly arched so that the contact points between 

neighboring fibers carry the applied force. Fiber waviness can be characterized from 

Equation 3 as the ratio between the arc height Ὠ and the contact span ὒ.  
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Ὠ

ὒ

Ὤ Ὠ
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           ςȢσ 

 

where Ä is the arch height (average distance between fibers), L is the distance between 

two contact points.  

 

Figure 2.6 Schematic representation of fiber waviness. Reproduced with permission 
[25] 
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Gutowski relates the deformation of the curved fiber stack to axial and 

compressive loads. In the case of transverse compression, the functional relationship 

between compression stress and fiber deformation data is given by Equation 2.4. 

ʎ
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At or below a certain initial fiber volume fraction, V0, the fibers carry no load. 

As fiber volume fraction, Vf, is increased, the network can carry a rapidly increasing 

load. Eventually, the fiber volume fraction of the network approaches a theoretical 

maximum based on close packed geometry. In this region, Vf approaches a maximum 

available fiber volume fraction, Va. When the fiber network is perfectly aligned, Va falls 

between the limits for a square packing order, Va=0.785, and a hexagonal packing 

order, Va=0.907. The fiber waviness term ɓ can be obtained using a three dimensional 

least-square optimization fitting Equation 2.4 to the experimental obtained relationship 

between compression pressure ůz  and fiber volume fraction Vf.   

 

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 by adding contact span L to 

the previous contact point location, while the location of the first contact point is 

randomly selected to reflect the random nature of contacts between fibers. Figure 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 through-thickness direction. Each 

contact point as well as the two ends of a fiber are represented 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 actually 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 resistances form the resistor network model. 2D 
presentation is shown here for clarity while the model is 3D. Reproduced with 
permission [35] 

2.2.7 Estimation of contact resistance 

Contact resistance between neighboring carbon fibers needs to be estimated 

since it will influence the overall conductivity of CFRP especially in the transverse 
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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 neglected [37], [38] or back calculated from curve fitting with experimental data 

[16], [39]. Preliminary experimental investigations show that contact resistances 

between carbon fibers vary by a large range depending on carbon fiber surface 

treatments. The contact resistance of carbon fibers with nonconductive sizing can be 

orders of magnitude higher than carbon fibers without sizing, which makes the fiber-to-

fiber contact resistance term important. In this study, contact resistance is considered as 

demonstrated by the resistors in blue in Figure 2.7. Contact 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 carbon 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 will focus on unsized fibers. A simplified 

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

contact theory and Holmôs formula for constriction resistance is presented.  

2.2.7.1 Hertz contact theory 

The complicated load transfer between neighboring fibers 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 indentation depths 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 radius of the 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 radius of R1 and R2 respectively. The contact area 

is directly related to the electrical contact resistance as described in the next section. 

The equivalent radius contact area is related to the applied load F by the equation 
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Here E is the elastic modulus of the fiber and the effective radius Re is defined as 
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For two carbon fibers with the same radius ÄȾς,  the radius of the contact circle 

is given by 

ὥ
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2.2.7.2 Electrical constriction resistance between two conductors  

Constriction resistance, Rc, exists between two conductors connecting through a 

small area. Holm [41]studied the constriction resistance between conductors with 

various configurations and found constriction resistance at the contact location of two 

conductors depends on the resistivity of the two conductors and the area of the contact 

spot as follows,  
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Where ɟ1 and ɟ2 are resistivity of the two conductors and a is radius of the 

contact spot as defined in Equation 2.7.   

For the case of two carbon fibers with the same intrinsic resistivity ɟ, the 

constriction resistance is further simplified to 
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2.2.7.3 Estimation of contact force 

Force applied to CFRP in the through-thickness 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 load as transferred by fibers 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 applied force F by the total 

number of contact points Nc at each layer, as demonstrated in Figure 2.8. 
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Figure 2.8 Schematic illustration of load sharing among carbon fibers. Applied force is 

assumed to be shared evenly by the total number of contact points at each layer. 

 

 Total number of contact points Nc is counted by multiplying it by the number of 

fibers Nf at each load-carrying layer with average number of contact points Nci on each 

fiber. These parameters are related to composite geometry and processing pressure as 

defined in Equation 2.10 -13. 
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Where df is fiber diameter; ds is average distance between fibers; L is specimen 

length; W is specimen width; F is total load applied to specimen; P is the applied 

processing pressure.  

Combing Equation 2.10 ï 2.13 gives  

 

Ὂ ὖὨ Ὠ Ὠ‍                                          ςȢρτ 

 

Contact force depends on applied processing pressure, fiber diameter and inter-

fiber spacing. Solving Equation 2.9 and Equation 2.14 gives contact resistance as 

function of processing pressure, fiber diameter, fiber waviness and inter-fiber spacing 

(Equation 2.15). 
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2.3 Model Convergence and Validation  

2.3.1  Model convergence 

Determining the size of the computational model is an important part of the 

microstructure-based modeling approach. In the proposed 3D resistor network model, 

each contact point is regarded as a computation node. While more nodes can represent 

more details of the composite structure, the computation time increases exponentially. 

Total number of contact points/nodes is determined by number of fibers and 

number of contact points on each fiber. For the cross section, the representative volume 
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element (RVE) consists of around 200 fibers (about 15 fibers in through-thickness 

direction) and is considered as representative of a real composite structure [36]. The 

number of nodes is increased by increasing the length of fibers and thus increasing the 

number of contact points on each fiber. Figure 2.9 provides the convergence plot for 4 

different configurations to generate the 2D fiber arrangement ï hexagonal packing, 

square packing, random packing and micrograph fiber arrangement. Predicted 

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 in Table 2-2 and fiber volume fraction is taken as 0.6 for all 

simulations. 

Table 2-2 Properties of HTA-7 fiber 

Filament diameter 
Fiber 
modulus 

Fiber 
resistivity ɓ(estimated) 

7 ɛm 238 GPa 1.6 X 10-5 ɋm 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 fiber positions obtained from 
the micrograph. Reproduced with permission [35]. 

 

The hexagonal and square configuration converges faster than that of the 

random packing and micrograph 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 converge. Model predictions 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 reduced 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 10%-15% of the predicted 

resistivity of the real microstructure, while the hexagonal and square packing order over 

predicts the resistivity by about 30%-50%. In random packing order model, fiber-fiber 

spacing is randomized. Instead of having uniform distribution of contact length as in 

uniform packing order models, there exists local small fiber-fiber 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 boundaries has 4 neighbor 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 packing order model 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 validate the model and understand 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 CFRP to validate the proposed model. Abry [31] reported experimental 

results of electrical resistivity of unidirectional multi-ply CFRP using HTA-7 carbon 

fibers as shown in Table 2-3.  It can be seen that the transverse resistivity of the CFRP 
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through the thickness is at least one order different compared to the in-plane transverse 

resistivity at low fiber volume fraction. The laminate has resin-rich layers in between 

the unidirectional plies creating an additional resistance term not considered in the 

current model implementation. The transverse resistivity for both directions converges 

at higher fiber volume fraction. The in-plane transverse direction microstructure 

represents the model implementation in all cases and is used for comparison. 

 

Table 2-3 Resistivity of UD CFRP reported by Abry [31] 

Vf 
Longitudinal resistivity 
(ɋm) 

Transverse resistivity (ɋm) 

In-plane transverse 

Through-

thickness 

0.43 4.72 X 10-5 4.67 X 10-1 16 
0.49 3.71 X 10-5 1.13 X 10-1 2.83 
0.58 2.93 X 10-5 4.16 X 10-2 4.82 X 10-2 

 

Although fiber waviness term is not reported for this specific fiber type, 

Gutowski [25] noticed that this term is similar for various carbon fibers and is 

characterized as approximately 350 from repeated experiments. In the following 

simulations, the mechanical and electrical properties of HTA-7 as shown in Table 2-2 

are used in all following simulations as baseline parameters. 

Simulations results of in-plane transverse resistivity of unidirectional CFRP or 

carbon fiber tows are compared with experimental values of unidirectional CFRP 

resistivity. As shown from Figure 2.10, simulation results including the contact 

resistance term agree with reported experimental data while the predicted values from 

the model without the contact resistance underestimate the experimental data, especially 

in the lower fiber volume fraction range. Good match between simulation results and 
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experimental values for in in-plane transverse direction indicates that the model 

captures the correct conduction mechanisms for UD CFRP with no or little inter-ply 

resin rich layers. The discrepancy in through-thickness direction reveals that conduction 

behavior of interface layer between two single plies needs to be modeled for multi-ply 

CFRP. 

 

Figure 2.10 Comparison of simulation results and reported experimental data. 
Reproduced with permission [35] 

 

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 during consolidation on 
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change of resistivity. This is followed by a sensitivity 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 two-fold. First, pressure can influence 

fiber volume fraction and fiber arrangement. Debulking behavior of carbon fiber bundle 

under compression loading results in a fiber arrangement that will stabilize to a state 

where minimal loading is required, while the fiber volume fraction remain unchanged 

[42]. Second, as can be noted from Equation 2.14, 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 tows is calculated with processing pressure. 

Nonlinear change of resistivity with the increase of processing pressure is observed and 

shown in Figure 2.11. At very low processing pressure, increasing pressure will 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 changes are small and contact resistance does not change significantly.  
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Figure 2.11 Transverse resistivity as a function of processing pressure. Reproduced with 
permission [35] 

 

Contact resistance and fiber resistance are compared in Figure 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 pressure as higher processing pressure yields higher fiber volume 

fraction, reducing inter-fiber spacing and thus shortening the length of each fiber 

section. Reduction in contact resistance results from higher contact force due to 

processing pressure. Fiber resistance 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 above 1 bar, 

while the contact resistance cannot be neglected for lower pressures.  

 

Figure 2.12 Fiber resistance drops with increasing processing pressure as higher 
processing pressure yields higher fiber volume fraction, reducing inter-fiber spacing and 

thus shortening the length of each fiber section. Reduction in contact resistance results 
from higher contact force due to processing pressure. Reproduced with permission [35] 

2.4.2 Sensitivity study for all relevant material and process parameters 

Material and process parameters are varied below and above the baseline 

parameters from Table 2 under 100 kPa of processing pressure. Figure 2.13 gives the 
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sensitivity plot for 5 model parameters (processing pressure, fiber diameter, fiber 

resistivity, fiber waviness, and fiber modulus). Predicted resistivity increases with 

increasing fiber waviness and resistivity and decreases with the other 3 parameters. The 

beta term is related to fiber waviness; a smaller 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. Sensitivity of fiber waviness term is studied by 

varying it while keeping other parameters constant. Increasing fiber waviness term (beta 

term) reduces number of contact points per unit length since fiber-fiber spacing doesnôt 

change, making the effective conductive path longer. The resistivity shows a nonlinear 

dependency on fiber waviness, fiber modulus 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 modulus are 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 parameters. Reproduced with permission [35] 

2.5  Summary and Conclusions 

CFRP exhibit highly anisotropic behavior in electrical conductivity with very 

high conductivity along the fiber 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 direction 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 micromechanics model was developed to predict the electrical conductivity of 

unidirectional (UD) ply based on this proposed conduction physics considering both 

electrical material properties and microstructural parameters. A 2D cross-sectional 

representation of the fiber network is extended along the fibers providing discrete 

contact points 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 for fiber and contact resistance allowing prediction of resistivity for 

unidirectional composites.  

Estimation for contact resistance between neighboring fibers is derived using 

Hertz contact theory and Holmôs constriction resistance model. Processing pressure not 

only influences electrical resistivity of CFRP by changing fiber volume fraction and 

fiber arrangement, but can also affect contact resistance between fibers, thus changing 

the electrical conduction behavior of CFRP. Predictions are validated using 

experimental data from literature and are in excellent agreement to the reported data. 

A sensitivity study reveals that fiber resistivity and waviness are the key factors 

determining the electrical resistivity of UD CFRP in transverse direction. Process 

conditions influence the resistivity. Increasing process pressure increases fiber volume 

fraction and reduces contact resistance leading to lower bulk resistivity. Currently, the 

model is limited to laminates without significant resin rich layers where resistivity is 

governed by this interface layer and a later study will consider this effect. 
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EXPERIMENTAL INVESTIGATION OF THROUGH -THICKNESS 

RESISTIVITY OF CARBON FIBER TOWS  

3.1 Introduction  

In Chapter 2, a micromechanics based model for transverse electrical resistivity 

of UD lamina and dry fiber bundles is discussed. Good match between the modeling 

results and reported experimental values indicates that the model can describe the 

electrical conduction behavior of UD composites. There exists limited literature on the 

experimental characterization of through-thickness resistivity of dry carbon fiber tows.  

Athanasopoulos [43] investigated the in-plane electrical conductivity of UD carbon 

performs under constant and uniform pressure and proposed mathematical expression to 

describe the conduction behavior. Chung [44] and Curtin [32] have shown qualitatively 

the dependence of electrical resistivity of CFRP on fiber-fiber contacts due to fiber 

waviness. In this study, extended experimental characterization of the through-thickness 

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 tested in this study for 

two reasons: first, 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 the cured composite system, contact resistance 

between carbon fibers separated by thin film of resin depends largely on the film 

thickness, thus introducing uncertainties in the measurements. The absence of resin 

Chapter 3 
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system in dry fiber tows reduces the uncertainties in contact resistance. Under low 

current and electric field (much lower than dielectric strength of resin system), resin in 

CFRP behaves as insulator and doesnôt contribute to electrical conduction. Dry carbon 

fiber tows are thus comparable to CFRP in terms of electrical conduction. In this study, 

contact resistance introduced by resin film 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 individual 

filaments from breaking, to improve handling of the very fine carbon filaments 

(typically 5 ï 7 µm diameter), and to enhance bonding between carbon fibers and resin 

matrix.  

In the present study, an apparatus that characterizes fiber waviness and measures 

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 the MiniInstron machine to the fiber tow stack. A systematic 

study of the through-thickness 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 through-thickness 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 allows 
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continuous measurements of the resistance and compaction state of the specimen. This 

electrical and mechanical characterization setup (see Figure 3.1) includes a mini-Instron 

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 stack height, a 

digital multimeter for resistance measurement, and a data acquisition system to integrate 

the results from all the components.  

To eliminate the resistance introduced by the connecting wires, the resistance is 

measured using a Keithley 2750 digital multimeter with a measuring resolution of 1 ɛɋ. 

Two sets of wires were used for current and voltage measurements on the copper 

electrodes, as demonstrated in Figure 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 1.25cm 

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 Teflon 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 insert of Figure 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. The mold has 

two open ends for real-time fiber 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 contact between the 

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 constant temperature environment of 25ºC.  Data was acquired at a 

rate of 1Hz using a supervisory data acquisition computer and recorded on the PC for 

subsequent data reduction. 

3.2.2 Specimen preparation and experimental procedure 

Unidirectional dry carbon tows from various manufacturers were tested. The 

names of the carbon fibers were restricted from disclosing by a confidential provider, 

thus general descriptions of the fibers were used in this paper (sized and unsized). All 

the fibers (both sized and unsized) tested are PAN based and there is no in-house 

surface modification to these raw materials received from manufacturer. Dry carbon 

fiber tows are cut to 5cm length and 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 summarized in Table 3-1. Fiber C is the sized version 

of fiber B. The initial 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 was in between 60% and 70% depending on fiber type.  

Table 3-1 Specimen parameters 

Carbon Fiber Tow 

Size 

Number 

of Tows 

Fiber 

Diameter 

(µm) 

Sizing Amount 

(weight 

percentage) 

Fiber Electrical 

Resistivity provided 

by manufacturer 

(ɋm) 

Elastic 

Modulus 

of Fiber 

(GPa) 

Unsized Fiber A 12k 30 7 0% 1.70E-05 231 

Unsized Fiber B 12k 30 5.2 0% 1.50E-05 276 

Sized Fiber C 12k 30 5.2 1% 1.50E-05 276 

Sized Fiber D 24k 30 7 1% 1.60E-05 135 

Sized Fiber E 24k 30 5 0.25% 1.40E-05 170 

 

During each test, load applied to the fiber tow specimen is increased from 0N 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 through-thickness resistance of the fiber 

tow specimen. Specific through-thickness resistivity was obtained by multiplying the 

measured resistance by the surface area and dividing it by the thickness (the mold 

opening). The same loading cycle was repeated on each specimen to examine the effect 

of debulking on through-thickness resistivity.  



48 

3.2.3 Characterization of fiber volume fraction  

The reading provided by the Instron machine cannot be used to measure the 

mold height due to the large compliance of the Teflon mold.  A CCD camera with 

microscope lens attachment recorded images of the mold and the location of each mold 

surface was found using an edge 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 10µm precision (field of view (~5mm) 

divided by the camera resolution of 720 pixels).  

Fiber volume fraction & can then be calculated using Equation 3.1.  
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Here, hcavity and wcavity is the height and width of the mold, respectively. The 

equation assumes that each tow has n fibers based on manufacturer supplied data and 

that all fibers are continuous and have a constant diameter and occupy the entire length 

of the mold.  

The advantage of using a camera to acquire fiber volume fraction is 

demonstrated in Figure 3.2 in which the fiber volume fractions calculated using the 

camera to find 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 Fv when Fv is less than 50%. Loading increases significantly with increasing 

fiber compaction 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 fiber-fiber 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 through-thickness resistivity of carbon 

fiber tows. As discussed in Chapter 2, Gutowski [25] developed a mathematical 

expression correlating fiber volume fraction and the compression state to applied 

normal pressure based on beam theory. The fiber network is modeled as an assembly of 
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slightly arched beams where the contact points between neighboring fibers 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 contacts increase as 

the bundle is compressed, and that the contact to contact length L is proportional to the 

inter-fiber spacing a, which is arch height h subtracted by fiber diameter d. The fiber 

waviness term ɓ is defined as the ratio between the contact to contact length L and inter-

fiber spacing a.  

Deformation of the curved fiber stack to axial and compressive loads is related 

according to Equation 2.4. The fiber waviness term  can be obtained using a three 

dimensional least-square optimization fitting Equation 2.4 to the experimentally 

obtained relationship between compression stress ʎ and fiber volume fraction 6.  A set 

of , V0 and Va values is chosen such that the difference between experimental 

compression results and Gutowskiôs equation is minimal. Good fit to the experimental 

data for all five fiber types and Equation for , V0 and Va are summarized in Table 3-2 

and shown in Figure 3.3. The small V0 values correspond to the initial states before the 

upper electrode touches the fiber tows, where 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 

Fiber Type Fiber Waviness Term (ɓ) V0 Va 

Unsized Fiber A 620 0.02 0.89 

Unsized Fiber B 365 0.06 0.89 

Sized Fiber C 460 0.08 0.74 

Sized Fiber D 405 0.06 0.89 

Sized Fiber E 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 fiber volume fraction level 

compared to the larger diameter fibers (Fiber A and D).  Fiber volume fraction increases 

rapidly at low pressures (below 50 kPa) followed by stiffening of the fiber stack. The 

maximum fiber volume fraction at our applied experimental peak pressure of ~800 kPa 

varies between 55%-75% 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 packing easier, as 

indicated by Gutowski. 



52 

 

Figure 3.3 Compaction data for all five fiber types 

3.3 3D Resistor Network Model Implementation 

In Chapter 2, the carbon fiber tows have been modeled as a DC circuit with an 

array of electrical resistors representing the resistance from carbon fiber sections and 

fiber-fiber contact resistance. The resistor network represents the equivalent 3D 

microstructure of the fiber tow, as demonstrated in Figure 2.7. The 2D fiber 

arrangement of the out-of-plane cross section is generated assuming random packing of 

fibers and the 2D structure is extended in fiber length direction using the fiber waviness 
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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 fiber-fiber contact resistance.  Carbon fiber resistance can be 

calculated from the intrinsic carbon fiber resistivity, diameter and contact to contact 

length, as in Equation 3.2. 
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τὒ 

“Ὠ
 σȢς 

  

Contact to contact distance ὒ can be calculated by multiplying fiber to fiber 

spacing with fiber waviness term ɓ, based on Gutowskiôs curved beam model. For 

unsized fibers, contact resistance can be estimated based on Holmôs electric contact 

model and geometry of specimen, according to Equation 2.15.  

The current model assumes the in-plane and through-thickness contact 

resistances to be equal. This assumption is based on the fact that the fibers are 

constrained by the model in both in-plane transverse and through-thickness direction. 

Contact pressure in 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 sizing 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  

Through-thickness electrical resistivity results from our experiments and 

modeling are compared. During the experiment, applied load (represented by normal 

pressure), through-thickness resistivity and fiber volume fraction are recorded in real 

time. Typical dataset is plotted in Figure 3.4; all other fiber types behave similarly. As 

load is increased, fiber volume fraction increases until it reaches the compression limit. 

Through-thickness resistivity keeps dropping during the compression process and 

reaches a stable stage when fiber volume fraction reaches the upper limit. Itôs 

interesting to note that at the end of the compression stage, the pressure needed to 

maintain the same fiber volume fraction drops, which suggests the reconfiguration of 

fiber arrangement within fiber tows. 

 

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 

Through-thickness resistivity of carbon fiber tows depends largely on fiber 

volume fraction. Fiber volume fraction determines the fiber to fiber spacing and thus the 

number of contact points per unit length. A 3D resistor network that considers contact 

resistance between carbon fibers [18] is used to model through-thickness resistivity of 

carbon fiber tows.  

It was shown by experimental investigations [45] that the through-thickness 

resistivity of CFRP depends nonlinearly on fiber volume fraction.  Figure 3.5 shows the 

relation between through-thickness 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 study. Simulation results from the proposed model are 

plotted against experimental data.  Two orders of magnitude drop in resistivity is 

observed during the compression process. Abry [31] reported similar change in 

transvers resistivity in CFRP. As fiber volume fraction increases, the through-thickness 

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 (Vf =0.3) to medium fiber volume fraction (Vf 

=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 of the assumed packing order 

and change in microstructure leading to changes in the ɓ term and fiber to fiber contact 

distance compared to the model assumptions at higher fiber volume fractions. In all 

cases, prediction errors are within 5% of the initial resistivity value at Vf = 0.3. Material 

properties listed in Table 3-1 and model parameters listed in Table 3-2 are used in this 

simulation. Random fiber packing order is assumed for all the simulations in this study.  
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Figure 3.5 Through-thickness resistivity of unsized Fiber A and unsized Fiber B as 
function of fiber volume fraction. Model describes experimental data well at volume 

fraction below 60%. Fiber waviness term beta is 620 for Fiber A, and 365 for Fiber B, 
as listed in Table 3-2. 

 

Resistivity of Fiber 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 RC and the resistance of fiber section between two 

contact points Rf are compared in Figure 3.5. For both Fiber A and Fiber B, fiber 

resistance is higher than the contact resistance at lower fiber volume fractions. Both 

contact resistance and fiber section resistance drop nonlinearly with fiber volume 

fraction.  The fiber section resistance depends on intrinsic carbon fiber resistivity, cross 

section area of the fiber and the length of fiber sections between contact points. The 

intrinsic resistivity of Fiber A is slightly larger than that of Fiber B. While the cross-
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section area 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 Fiber B of the same order. From Figure 

3.5 we 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 seen in Figure 3.6. 

 

Figure 3.6 Comparison of contact resistance and fiber 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 fibers 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 due to the existence of nonconductive 

sizing layer. With the thin sizing layer, sized fiber is comparable to CFRP in terms of 

electrical conduction.  The through-thickness resistivityôs of sized carbon fibers 

measured in this study fall in the same range as the 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 fibers. Parameters 

used in the model is listed in Table 3-1 and Table 3-2. Random fiber packing 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 fiber B is plotted in Figure 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 unsized fiber stack. The ratio increases with increasing fiber 

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 and Fiber D have similar sizing amounts and demonstrate 

close resistivity.  
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Figure 3.7 Experimental resistivity and model results of sized fibers (Fiber C, D, and E). 

Fiber C and D have same amount sizing (1%) and demonstrate similar resistivity, while 
Fiber E with less sizing (0.25%) demonstrates smaller resistivity. 

For sized fibers the contact resistance is significantly larger than the carbon fiber 

resistance and dominates the bulk resistivity. Figure 3.8 compares the predicted contact 

and fiber resistance as a function of Vf for the sized fibers. Both resistance values drop 

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 resistance 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 pressures. 

While contact resistance for Fiber C and Fiber D changes little during 

compaction, 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 fiber 

into the thin sizing layer on Fiber E under high compaction pressure. Fiber C and Fiber 

D have 1% sizing on the fiber surface while 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 validated by the resistor network model, which shows 

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, especially 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.  All the other fiber types tested in this study demonstrated similar 

behavior during debulking process. Similar hysteresis behavior is seen for all fiber types 

and has been reported before [25]. However, there lacks reports on the impact of 

debulking process on the electrical conduction of carbon fiber or CFRP. The data shows 

that the compaction behavior changes as multiple debulking cycles are applied.  In 

context of electrical resistivity, the compaction changes the state of fiber arrangement 

and modifies the fiber waviness and thus fiber to fiber contact length. Figure 3.9(b) 

summarizes the ɓ-terms for three debulking cycles and for all five fiber types. For each 

fiber type, 5 specimens were fabricated and tested and the statistical results are also 

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

three compaction cycles for all five fiber types examined. For each fiber type, 5 

specimens were fabricated and tested and the average ɓ terms and their variations are 
plotted.  

Resistivity data for all five fiber types is plotted in Figure 3.10 for three 

debulking cycles. Resistivity change is most significant between the first and second 

debulking step for all fiber types tested in this study. The sized fiber show at least an 

order of magnitude resistivity increase after the first debulking cycle. Debulking process 

contributes to through-thickness resistivity change in two ways. First, compaction 

changes the state of fiber arrangement and modifies the fiber waviness and thus fiber to 

fiber contact length. It is interesting to note that ɓ is increasing with increasing 

debulking cycles as seen in Figure 3.9(b), which means the average distance between 

contact points becomes larger. The resulting longer conduction path increases the 

through-thickness resistivity at a given fiber volume fraction. Secondly, the increase of 

electrical resistivity after debulking can be attributed to decreased pressure required to 
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compress carbon fiber tow stacks into the same volume fraction after the 2nd and 3rd 

debulking cycles, as shown in Figure 3.9. Since the sizing layer is highly 

nonconductive, through-thickness conductive pathways are formed through the 

penetration of sizing layer creating direct fiber-fiber contact. During the 1st debulking 

cycle, applied pressure is high enough for the fiber sizing to break, resulting in small 

electrical resistivity. During 2nd and 3rd debulking cycle, penetration of sizing layer only 

happens at limited locations due to small pressure applied, resulting in high through-

thickness resistivity. Resistivity of the sized fibers seem to converge back to first cycle 

values as the compaction pressure and fiber volume fraction increases. This may be due 

to the penetration of sizing layer at high pressure.  
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Figure 3.10 Through-thickness resistivity during the first three debulking cycles for 5 
fiber types. The figures in the top row represent unsized fibers, while figures in the 

bottom row represent sized fibers: (a) Fiber A (unsized); (b) Fiber B (unsized); (c) Fiber 
C (sized); (d) Fiber D (sized); (e) Fiber E (sized). 

3.5 Conclusions 

An apparatus was designed and implemented for in-situ measurements of 

through-thickness electrical resistivity of dry carbon fiber tows as a function of 

compaction. The system measures fiber volume fraction accurately using a high-

resolution CCD camera and image processing techniques. Fiber waviness was 

characterized and quantified from fiber tow compression tests. The data was reduced 

using Gutowskiôs fiber compaction model describing fiber deformation behavior under 

transverse loading. Experimentally obtained resistivity of unsized fibers (fiber 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 more than an order of magnitude increased resistivity 

due to increased contact resistance between fibers. Repetitive debulking process 

rearranged fiber contacts and reduced both the contact pressure and the fiber waviness, 

resulting in larger through-thickness resistivity at latter loading cycles. Debulked sized 

fiber systems showed an order of magnitude higher resistivity at lower fiber volume 

fraction and tends to converge to unsized fiber resistivity at higher fiber volume 

fraction.  The experimental results compared 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 fiber resistivity and fiber volume fraction and can be well 

described with rule-of-mixture (ROM) model, resistivity in transverse direction is 

highly scattered. The large variation is attributed to the sparse contact points between 

carbon fibers, which is the key conduction mechanism in transverse direction.  
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MODELING ELECTRICAL CONDUCTION BEHAVIOR OF COMPOSITE 

LAMINATES CONSIDERING RESIN -RICH LAYER  

4.1 Introduction  

Chapter 2 presents a microstructure based resistor network framework to 

describe electrical conduction behavior of UD laminas. In real world applications, 

laminates (multiple plies) are constructed from a combination of laminas with various 

orientation and material types.  Desired strength and thickness can be achieved by 

varying the material type and orientation in each ply.  

Modeling the electrical conduction of composite laminate is further complicated 

by the existence of resin rich layer between plies. Many factors may contribute to the 

formation of resin-rich interface including methods of fabrication and handling issues 

during layup. In some applications, particles to increase toughness are added to the resin 

system for better interfacial bonding which can result in resin-rich layer, as shown in 

Figure 4.1. 

Inter-lamina boundaries between plies are noticeable with carbon fibers 

separated by excessive resin, reducing the contacts between layers.  

Chapter 4 
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Figure 4.1 Demonstration of resin rich layer; inter-lamina boundaries between plies are 

noticeable with carbon fibers separated by excessive resin. Reproduced 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, especially the ratio between lamina plate length and 

width (the aspect ratio).  Athanasopoulos [43] conducted an extensive experimental 

investigation on the impact of aspect ratio on the electrical resistivity of UD angle ply. 

The reported experimental results provide a benchmark to compare with the model 

implemented in current study.  

In summary, from modeling point of view, a composite laminate differs from a 

UD lamina in various ways: 

1. Different fiber orientation and/or material type in each ply 

2. Existence of resin rich layer between plies that may impact the 

conduction paths, especially in the through-thickness direction where contact 

between carbon fibers in neighboring plies is the key contributor to the 

conduction mechanisms; 
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3. Dimensions (aspect ratio, thickness etc.) can also impact the electrical 

conduction behavior of composite laminates. 

 

In this chapter, the resistor network model framework is extended to address 

these differences. The modified model applies to multi-ply laminates that may have 

different fiber orientation for each ply and resin rich layers. The model is validated with 

reported experimental data.  

4.2 Equivalent Fiber Bundle Model 

Theoretically, the same micro-structure based modeling framework can be 

applied to large composite laminates with minor modifications. However, modeling 

every single fiber in a multiple ply laminate is unrealistic, considering the orders of 

magnitude difference between single fiber dimension and the overall laminate 

dimensions. A single layer 1in by 1in 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 large resistor network becomes a formidable 

computational challenge.  

A fiber bundle model is thus utilized to achieve a balance between the degree of 

details of microstructure captured and computational complexity. To overcome the 

limitations of fiber level micro-structure based resistor network modeling approach, a 

homogenization scheme is utilized and the resistor network is constructed at the fiber 

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 and micro-structure (fiber 

to fiber contact). Constant voltage and ground boundary surface condition is then 
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applied on the outer surfaces in the three primary directions respectively and resulting 

current through each boundary is recorded. The overall resistance in three directions can 

be calculated by dividing voltage difference on the two opposite boundary surfaces with 

the total current flowing through them. The fiber bundle can then be represented with 

three resistors in the primary directions, which will be used as the fundamental building 

block for more complicated structures such as angle-ply and multiple ply with resin rich 

layer. 

 

 

Figure 4.2 Schematic illustration of fiber bundle model. A fiber bundle can be 

represented with 3 resistors whose values can be calculated from the resistor network 
model with current injected from three primary directions respectively.   

The overall electrical properties of a UD lamina can be represented by a 

representative finite volume that contains significantly smaller number of carbon fibers. 

Electrical resistivity of UD fiber bundles can be calculated through a homogenization 

scheme based on resistor network constructed from a representative volume. Utilizing 

this result, the computational scale for a multi-ply laminate can be reduced. 

With this fiber bundle representation, UD laminae with large dimensions can be 

modeled, as demonstrated in Figure 4.3. While the fundamental resistor network 
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framework remains unchanged, each resistor now represents a fiber bundle section 

instead of fiber section. The statistical characteristics can be introduced by assigning 

resistance values that obeys statistical distribution to the resistors representing fiber 

bundles.  

 

Figure 4.3 UD lamina represented by fiber bundle model. Each line section represents a 
fiber bundle, instead of single fiber as in the previous resistor network model discussed 

in Chapter 2. 

4.3 Angle-ply M odel 

An angle ply is made by cutting the UD ply at an angle ʃ to the fiber length 

direction, as depicted in Figure 4.4. For an angle ply, there is an angle ʃ between the 

material coordinate (◊ ○ ) and the structure coordinate ● ◐. In the material 

coordinate, axis ◊ is aligned with the fiber length direction, while axis ○ is aligned with 

the transverse direction. The structure coordinate system is where the dimensions of the 

composite laminate are defined: axis ὀ an y are aligned with the length and width 

direction of the plate respectively. 



71 

 

Figure 4.4 For an angle ply, there is an angle ʃ between the material coordinate (◊ ○ ) 
and the structure coordinate ● ◐. 

 

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 prepreg, as demonstrated in 

Figure 4.5.  

 

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

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

given 2D object (in our case, the angle-ply) is created in the material coordinate system 
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ό ὺ. The MBR is then treated as a UD lamina and discretized into a mesh grid 

composed of multiple 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, superscript Ἄ denotes the bounding rectangle and superscript Ἅ denotes 

the unit cell.  

The distributed resistance of the unit cell (fiber bundle) in three representative 

directions can be calculated as: 
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The next step is to crop the discretized mesh grid in the material coordinate 

system with the boundary box in the structural coordinate system. Only fiber bundle 

sections that fall in near proximity to the angle-ply boundaries are retained to formulate 
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the resistor network. The workflow for constructing a 3D resistor network for an angle 

ply is illustrated in Figure 4.6. 

 

Figure 4.6 Schematic illustration of the workflow for constructing a 3D resistor network 

for an angle ply 

 

While in this demonstration, identical fiber bundle properties are used from each 

of the cells and thus each lamina is considered as homogeneous, the capability of 

modeling the stochastic characteristics of the microstructure is retained by assuming a 

statistical distribution of the resistivity, instead of a constant resistivity: 
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where ” is the nominal resistance in direction Ὥ ὼȟώȟᾀ, and „ is the 

variance in resistance in the corresponding direction ὼȟώȟέὶ ᾀ. 

 

4.4 Multi -ply Model with Resin Rich Layer 

Figure 4.7 shows the ply orientations in a multi-ply CFRP laminate. A multi-ply 

model can be built by connecting multiple single ply models in the through-thickness 

direction. To quantitatively describe the conduction behavior, models for the contact 

resistance between plies are needed. Hence, number of inter-ply connections and the 

contact resistance values are needed.  

 

Figure 4.7 Ply orientations in a multi-ply CFRP laminate. Carbon fiber tows are 

schematically shown with black lines.  

 

4.4.1 Number of inter-ply connections 

For a πᶼȿωπᶼ laminate it would be misleading to use a straight rigid rod model 

to determine the inter-ply connections. If the fibers are assumed to be straight and 

evenly distributed in both layers as depicted in Figure 4.8(a), the nominal contact 
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density (defined as number of connections per unit area) is , with ὒί being the 

distance between the center of two neighboring fibers. This will give extremely huge 

number of connections between layers, considering the small value of ὒί (normally of 

the order of sub micrometers).  

 

Figure 4.8 Reduction in number of contacts due to fiber undulation. (a) contacts 

between fibers in  [0-90] layup assuming fibers are straight; (b) reduced contacts 
between fibers in  [0-90] layup considering fiber undulation; (c) contacts between fibers 

in  [0-45] layup assuming fibers are straight; (d) contacts between fibers in  [0-45] layup 
considering fiber undulation. 
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As demonstrated from Chapter 2 and 3, carbon fibers are undulated even in a 

UD lamina. Letôs first consider the case where only fibers in one ply are undulating 

using the same fiber arch assumptions as in Chapter 2. The connection density Ä in this 

special case becomes  

 

Ä
ρ

ὒὒ
τȢψ 

 

Now consider the case where carbon fibers in both layers are undulating with 

average contact span of ὒὧȟ as depicted in Figure 4.8(b). Red dots in Figure 4.8(b) 

denote the inter-ply connections. The connection density is further reduced to 

 

Ä
ρ

ὒὒ
τȢω 

 

For a two-ply laminate with difference of ʃ in fiber orientation, the estimation of 

contact density is conducted in a similar approach, as demonstrated in in Figure 4.8(c) 

and (d). In general, connection density is a function of ʃ as defined in Equation 4.10.  
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With connection density Ä — determined, the number of inter-ply connections can be 

calculated as in Equation 4.11. 
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The superscript έ denotes the case without resin rich layer. ὒ and ὒ are the 

dimensions of the laminate plate defined in structural coordinate system. 

Existence of resin rich layer further reduces the contacts between plies in 

addition to the impact of fiber waviness. In this study, an inter-ply connectivity term is 

introduced to describe the quality of the inter-ply interface: 
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Where . is the number of actual contacts between plies, and .  is the nominal number 

of contacts if resin rich layer doesnôt exist, as defined in Equation 4.11. 

Given an inter-ply connectivity term, the actual number of contacts Nc can be 

back calculated from Equation 4.12. The plies are then connected by randomly picking 

Nc points in the virtual contact layer, and connecting these points to the closest points in 

the grids representing the two plies correspondingly. While the calculations of inter-ply 

contact resistances are based on fibers, these resistances are grouped in the fiber tow 

representation.  

4.4.2 Inter-ply contact resistance 

4.4.2.1 Composition of contact resistance 

The inter-ply contact resistance 2 depends on the mechanisms that drive the 

connections (doped resin, partial discharges, added conducting inclusions for example 

nanotubes et al.). In this study, 2 is assumed to be contributed by two sources: (1) 

Constrictive resistance between carbon fibers as discussed in Section 2.2.7. The value is 

in the range of 10 ~ 100 Ohm for carbon fibers investigated (AS4, IM7, T700, T800). 
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(2) Tunneling resistance induced from the carbon fibers separated by thin resin layer. 

The interface resistance can be easily changed should other conduction mechanisms 

need to be considered.   

Calculation of contact resistance is complicated, since in an actual composite 

material it may be affected by a number of factors, such as the type of sizing and resin 

system, processing pressure, precondition of fiber surface, and the tunneling gap. For a 

specific contact, it is often difficult to know the thickness of an insulating film and to 

determine the exact value of the contact resistance. Fortunately, average sizing 

thickness can be back calculated with limited information provided. 

Sizing is the thin coating layer applied to carbon fibers to enhance the fiber-resin 

interface quality. Although the detailed properties of the sizing 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 and diameter of the carbon fiber, as expressed in Equation 4.13. For two 

typical carbon fibers IM7 and T700 with the properties listed in Table 4-1, the sizing 

thickness is plotted in Figure 4.9. Sizing thickness ranges from 3nm to 30nm.   
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Table 4-1 Properties of IM7 and T700 carbon fiber 

Property IM7  T700 

Specific Heat [ kJ/kgϊK ]  0.879228 0.753624 

Electrical Resistivity  [ɋm ] 1.5  1.6 × 10-5 

Thermal Conductivity [W/(mK)]  5.4 9.196 
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Density [g/cm3 ] 1.78 1.8 

Modulus [GPa]  276 230 

 

 

Figure 4.9 Sizing thickness as a function of sizing weight fraction and fiber radius 

During the curing process, not all sizing material is dissolved into the resin 

matrix, leaving some of the carbon fibers separated by thin layer of resin/sizing. In 

addition to coated sizing material on carbon fiber, excess resin that get trapped between 

the fibers also contribute to the separation of carbon fibers. Formation of such insulating 

polymer layers were also reported by other researchers [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 coming from the 

direct contact between carbon fibers; and 2) tunneling resistance induced from thin resin 

or sizing layer between carbon fibers. As demonstrated in Figure 4.10(a), under low 

processing pressure, the thin resin/sizing layer between carbon fibers is compressed but 

not penetrated, leaving the carbon fibers separated by a very small distance. The yellow 

area denotes the area where the separation distance is in the sub 100 nm range, when 

tunneling resistance starts to show an impact.  Under high processing pressure, sizing 

can be penetrated and direct contacts between carbon fibers is formed, denoted by the 

red area in Figure 4.10(b).  

 

Figure 4.10 Schematic illustration of the parts of contact resistance. (a) tunneling 
resistance is dominant when a thin resin layer exists between carbon fibers; (b) 

constriction resistance becomes dominant if direct contact between carbon fibers is 
formed. 
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4.4.2.2 Critical processing pressure 

Critical pressure is the processing pressure under which the resin layer is 

penetrated and direct contact between carbon fibers starts to form. Below certain critical 

processing pressure, sizing alone can carry the load through plastic deformation. 

Critical load , carried by resin layer can be calculated from Equation 4.14. 

& Ὄὃ τȢρτ 

Where Ὄ is the hardness of sizing, and ὃ is the critical loading carrying area. Relation 

between the radius of loading carrying area (yield radius ὥ) and the indentation depth d 

is defined in Equation 4.15. 
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Combining Equation 2.2, 2.14, 4.13, 4.14, and 4.15 yields Equation 4.16. 
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For the fibers to have direct contact, indentation depth d is twice the sizing 

thickness Ô . Combining 4.13 and Equation 4.16, the critical processing pressure as 

function of sizing weight fraction can be calculated, as plotted in Figure 4.11. 
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Figure 4.11 Critical processing pressure for fibers in direct contact. Below critical 
pressure, thin sizing layer exists between carbon fibers, and the dominant conduction 
mechanism is tunneling conduction. Above critical pressure, direct contact between 

carbon fiber becomes the dominant conduction mechanism.  

4.4.2.3 Constriction resistance for fibers with direct contact 

For carbon fibers with direct contacts, the constriction resistance is calculated 

using the same method as in the case for unsized carbon fibers discussed in Chapter 2.  

The formula is given in Equation 2.15.  

4.4.2.4 Tunneling resistance between fibers with small separation distance 

One of most widely used formula for calculating tunneling resistance is 

proposed by Simons  [49], as stated in Equation 4.13. Simmonsôs equations predict the 

electrical tunneling resistance between two planar electrodes separated by a thin 
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insulating layer.  In this study, the carbon fibers are modeled as two planar electrodes, 

due to their large surface curvature compared to the dimension of resin film thickness, 

separated by a polymer film. The film thickness dependence of the tunneling current 

can be expressed as: 
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where ʒ  is the height of the rectangular potential barrier (in volt). ί is the 

insulating layer thickness (in angstrom), K is the dielectric constant of the insulating 

film material, V is the applied voltage difference across the thin resin film. According to 

Li et al. [50], ʒ  is assumed to be 5.0 eV and polymer matrix dielectric constant K is 

assumed to be 3.98.  

The tunneling resistance is calculated as 
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Where ὃ is the contact area.  

 

 Figure 4.12 plots tunneling resistance as function of film thickness, where 

contact area is assumed to be of the same order as the contact area from direct carbon 

fiber contacts (~1e-12 Í . It shows that film thickness smaller than 0.7 nm yields a 

tunneling resistance comparable to fiber resistance and fiber-fiber contact resistance. 

This implies that without loading, sizing acts as an insulator while loading may 

compress or damage sizing, increasing its conductivity.  

 

Figure 4.12 Tunneling resistance as function of separation distance 

The impact of constriction and tunneling resistance is further investigated for 

carbon fibers with various sizing weight fraction, as shown in Figure 4.13. Below the 
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critical pressure (denoted with the red dashed line), contact resistance is calculated with 

the tunneling resistance formula, while constriction resistance formula is used under 

pressure higher than the critical pressure. 

 

 
Figure 4.13 Combined constriction resistance and tunneling resistance as function of 
processing pressure. Below the critical pressure (denoted with the red dashed line), 

contact resistance is calculated with the tunneling resistance formula, while constriction 
resistance formula is used under pressure higher than the critical pressure.  

4.4.3 Construction of resistor network 

Figure 4.14 presents the workflow for constructing a 3D resistor network for 

multi-ply CFRP laminate with resin rich layer. First, each ply is treated as UD lamina 

and modeled using the approach for angle ply discussed in Section 4.3. Inter-ply 
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contacts are modeled using the approach discussed in Section 4.4. A 3D resistor 

network can be constructed by connecting multiple plies with the inter-ply contact 

resistance.   

 

Figure 4.14 Schematic illustration of the workflow for constructing a 3D resistor 

network for multi-ply 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 shows some examples of 3D resistor network model of 

multi-ply laminates with various fiber orientation and inter-ply connectivity.  

 

 
Figure 4.15 Demonstrations of model for multi-ply laminate. For the sake of simplicity, 

only one layer of resistors is plotted for each ply, while in real calculations, multiple 



87 

layers of resistors are used for each ply. (a) [0/90] two ply laminate with 60% inter-ply 

connectivity; (b) [0/45] two play laminate with 40% inter-ply connectivity. 

 

Once the resistor network has been formulated, current can be injected 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. These resistors represent 

discretized conductive electrodes and 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, except that the distributed 

resistors are connected to ground, instead of the current source.  
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The electrode resistance is much smaller than that of the composite. Thus, the 

resistance of the composite panel can be approximated by the resistance of the system 

including electrodes:  
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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 capability to investigate the impact of the 

contact quality between carbon composite and electrodes on measured resistance. 

Parametric studies are conducted and the results are reported in Section 4.6.  
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4.5 M odel Convergence Tests 

The diameter of carbon fiber (υ χ ʈÍ) is small compared to the size of a 

normal test coupon (a few inches), resulting in huge number of fibers. One would 

require a large number of nodes to represent the fibers in 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 overall material 

system. To evaluate the effect of RVE size, a series of microstructures were constructed 

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 increasing the dimensions 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 with 4-core 

Inter Xeon 5600 series, 2.0 GHz processor and 16 GB of DRAM. 

Researchers [36] have noticed that the size of the model (number of nodes) 

could affect the calculated results however the simulated results tend to converge with 

increasing number of nodes. Romanov [36]  did a convergence test using 2D fiber 

arrangement and revealed that a representative volume element (RVE) consisting of 

around 200 fibers gives a good representation of a real UD composite laminate 

structure, the results were confirmed by our simulations in Chapter 2. In this study, 

convergence tests of electrical resistivity of CFRP laminate in three primary directions 

were conducted using 3D resistor network. The material properties are the properties of 

HTA-7 epoxy composite laminate. Properties of HTA-7 and model parameters are listed 

in Table 4-2. 

 



89 

Table 4-2 Properties of HTA-7 fiber and model parameters 
Parameter Value 

Filament diameter 7 ɛm 

Elastic modulus 238 GPa 

Electric resistivity 1.6 e-5 ɋm 

Specific heat 1.13 kJ/(kg*K) 

Thermal conductivity 6.83 W/(m*K) 

Fiber waviness term ɓ 350 

 

 Figure 4.16 shows the results of convergence tests for both resin-rich interface 

and resin-lean interface configurations: resin-rich layer is considered with inter-lamina 

connectivity value of 0.1, while inter-ply connectivity of 1.0 represent a laminate with 

resin-lean 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 simulations were conducted using the same model size and 

parameters, considering the stochastic characteristics introduced in the current model, 

the standard deviation between the calculated results are also plotted.  
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Figure 4.16 Convergence tests for two cases: (a) connectivity = 0.1; (b) connectivity = 
1.0. Large variations are observed for resistivity in Z direction, especially for laminate 

with resin-rich interface (inter-lamina connectivity = 0.1) 

The first thing to notice is that the variance of resistivity values of resin-rich 

interface specimens (inter-ply connectivity value of 0.1) are larger than that of resin-

lean interface specimens (inter-ply connectivity value of 1.0), especially in the through-

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 observations reported by 

Hirano[47], who concluded that the electric conductivity of toughened CFRP (with 

resin-rich interface) is not a material property but depends on resin flow during 

fabrication. The large variance can be explained by the randomized locations of the 

reduced number of contact points at the inter-lamina interface due to reduced inter-ply 

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 reduced, as demonstrated in Figure 4.17. Model calculations are 

relatively steady at 6000 nodes (corresponds to about 300 fibers) and above for all 

configurations. Hence all computational models used in the following study used model 

size that ensured convergence of results. 

 

Figure 4.17  Schematic illustrating unconnected fiber at the edge of resistor network. 

4.6 Model Validation 

4.6.1 Through-thickness resistivity compared with reported experimental data 

for CFRP  

The model is first validated with reported experimental data for electrical 

resistivity of UD CFRP laminates under low current density, with and without resin rich 

layers. Multiple researchers have reported electrical resistivity of CFRP laminates. 
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While the X direction resistivity/conductivity values are quite consistent and Y 

resistivity a little more scattered, large discrepancies can be found in the reported 

through-thickness direction electrical resistivity (from ~0.05 ɱÍ to ~100 ɱÍ) [47], 

[51]. This discrepancy can be partially explained by the impact of resin rich layer with 

the current model, as discussed in the next section. 

For this study, the experimental data reported by Abry [51] is chosen for 

comparison for two reasons. Firstly, in addition to the easily accessible electrical and 

mechanical properties of the fiber and resin systems used in the measurement, Abry also 

provided cross-sectional micrographs for the laminates tested, which are handy in 

determining model parameters such as inter-ply connectivity and fiber volume fraction. 

Also, the same dataset was compared against a 3D microstructure based resistor model 

in Chapter 2 and demonstrated the modelôs capability to describe electrical conduction 

behavior of composite laminates without resin rich layer but not for those with resin 

rich layers. The comparison in this study shows the added feature of inter-lamina 

connectivity which captures the difference in resistivity of Y and Z direction for CFRP 

laminate with resin rich layers. 

The way Abry varied the fiber volume fraction is by intentionally adding resin 

rich layer in-between adjacent plies, rather than uniformly compressing the fiber 

preforms as performed in CFRP laminate processing. In the simulations, 

microstructures are created in a similar way to achieve the desired fiber volume 

fraction. Fibers at the interface were partially removed to create a resin-rich interface. 

The model parameters are listed in Table 4-2. The comparison for resistivity in the X 

and Y directions were conducted in Chapter 2, hence 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 solid lines represent experimental data 

corresponding to three fiber volume fraction values. Since inter-lamina connectivity is 

not quantitatively accessible, simulations were conducted with a series of inter-lamina 

connectivity values ranging from 0.02 (resin-rich interface) to 1.0 (resin-lean interface). 

The intersections between simulation results (dashed lines) and experimental data (solid 

lines) indicate inter-lamina connectivity values that provide good matches between 

experimental data and simulation results. Inter-lamina connectivity values for laminates 

with fiber volume fraction of 0.43 and 0.48 are significantly smaller than of 0.59, 

reflecting the fact that resin-rich interface was manually created for specimens with 

lower fiber volume fractions, as demonstrated from the microscopic graph of the cross 

section of the specimens in Figure 4.19.  
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Figure 4.18 Comparison between simulation results and reported experimental data 

from Abry [51] 
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Figure 4.19  Cross-section of the unidirectional specimens. (a) Vf=0.43; (b) Vf=0.59. 

Reproduced with permission [51] 

4.6.2 Resistor network model compared with FEM, analytical and experimental 

results 

In this study, the developed resistor network model is validated with models 

from various sources as well as experimental data, using carbon preforms with various 

aspect ratios as test scenarios. Aspect ratio (denoted by ʇ) of a laminate plate is the 

length to width ratio of the specimen, as demonstrate in Figure 4.20.  The length 

direction is aligned with the test direction (the direction in which current/voltage is 

applied). An ʇ smaller than 1 means width is larger than the length. 
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Figure 4.20 Schematic illustration of specimen aspect ratio (ʇ). ʇ 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 Kamal [52] have shown the dependence of the measured 

conductivity on the aspect ratio of CFRP samples. Tse et al. [53] have also shown 

dependence of the measured electrical conductivity on the width of CFRP sample 

transverse to the fiber direction. This aspect ratio dependence of CFRP resistivity was 

clearly confirmed by Athanasopoulos  [43] with extensive experimental 

characterizations.  

In this work, virtual experiments that mimics Athanasopoulosô experimental 

investigations are conducted, and the simulation results are compared with the reported 

experimental data. A finite element (FE) model is also developed to examine the 

accuracy of the resistor network model using a commercial FE software package 

COMSOL®. The carbon fiber preform is modeled as a simplistic block with 
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homogeneous material properties. The effect of ply orientation is considered by rotating 

the material coordinate.  

In both the resistor network model and the FE model, length of the virtual 

specimen is 0.1 m and thickness is 0.18 mm, equal to the specimen dimensions used in 

the reported experiments. The width is varied to achieve the desired aspect ratio. Inter-

ply connectivity is assumed to be 100% to reflect that carbon fiber preforms were used 

in the experiments, thus there was no inter-ply resin-rich layer.  

Figure 4.21 plots the experimental data and theoretical results of carbon 

preforms as function of aspect ratio (ʇ and ply orientation. At small ʇ, conduction 

mechanism is dominated by the direct connection between electrodes with continuous 

carbon fibers, thus the resistivity is reduced and reaches a steady state value at similar 

levels to the fiber tow resistivity in the X direction. As ʇ increases, less connections 

between electrodes through continuous carbon fibers can be found. The contact between 

carbon fibers in transverse direction dominate the conduction behavior. Consequently, 

resistivity increases and converges to a steady state value at similar levels to fiber tow 

resistivity in Y/Z direction.  
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Figure 4.21 Experimental and theoretical results as function of aspect ratio (ʇ) and the 

fiber direction (ʃ) of the UD preform for thickness h = 0.18 mm. Reproduced with 
permission [43] 

Figure 4.22 plots the resistivity as a function of ʇ and fiber orientation, using 

simulation results from the virtual 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 and FE model 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 

achieved when comparing the simulation results with experimental data reported in 

Figure 4.21. Not only do the resistivity changes with ʇ and fiber orientation follow the 

experimental trends, in addition the absolute values of resistivity also match well. These 

extensive virtual experiments validate the capability of the developed resistor network 

for considering the effect of geometrical parameters on electrical conduction behavior 

of CFRP. 
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Figure 4.22 Results from the virtual tests. Solid represent results from FE model lines 
(denoted with ñFEMò in legend), while dashed lines represent resistor network model 
(denoted with ñResNetò in legend). The solid black line denotes the ñcritical aspect 

ratioò ‗ , and the two dashed black lines denote the rough boundary for ‗Ḻ‗  and 

‗ḻ‗  respectively. 

The graph can be divided into three regions. The solid black line denotes the 

ñcritical aspect ratioò ‗ , and the two dashed black lines denote the rough boundary for 

‗Ḻ‗  and ‗ḻ‗  respectively. In Region I, which is located between the two 

dashed lines, resistivity is sensitivity to ‗. In Region II, which is located to the left of 

the boundary line ‗Ḻ‗ , there exists direct connections between electrodes through 
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continuous fiber, thus conduction in fiber length direction is the main conduction 

mechanism. In Region III, which is located to the right of the boundary line ‗ḻ‗ , 

there is no direct connections between electrodes through continuous fiber, thus current 

is forced to conduct in the in-plane transverse direction through contact points between 

fibers. The dominant conduction mechanisms can be demonstrated with current density 

plot from FE model for an angle ply with τυᶼ fiber orientation, as shown in Figure 4.23, 

although it cannot show the localized current concentration through contact spots. Color 

on the surface represents electric potential, while thin red lines represent current 

streamlines.  

Figure 4.23(a) shows a specimen with ‗ of 0.2, representing conduction in 

Region II. Figure 4.23(b) shows a specimen with ‗ of 5, representing conduction in 

Region III. In Region II, current streamlines are mostly straight from one boundary to 

the other, indicating the current is conducted in the fiber length direction. Resistivity in 

this region is in the similar level as fiber tow resistivity in fiber length direction, as seen 

from Figure 4.22. In Region III, current streamlines are distorted and forced into the 

transverse direction. Resistivity is close to the in-plane transvers resistivity of fiber 

tows.  
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Figure 4.23 Current streamline plot from FE model for an angle ply with τυᶼ fiber 

orientation. (a) aspect ratio ‗ πȢς, representing conduction in Region II; (b) aspect 

ratio ‗ υȟ representing conduction in Region III.  

4.6.3 Parametric study of the impact of resin rich layer  

The aim of these studies is to demonstrate the impact of geometrical parameter 

(length to width ratio, ply thickness and inter-ply connectivity) on the electrical 

conduction behavior of UD carbon composites with 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 capability of considering resin-rich interface layer. The aim of this study is to 

investigate the impact of resin-rich layer (describe with inter-ply connection term) on 

the electrical resistivity in all three principal directions.   

With the existence of resin-rich interface layer, electrical conduction of CFRP 

laminates in through-thickness direction demonstrates different behavior compared to 

that in the fiber length direction and in-plane transverse direction. To start with, large 

variance of through-thickness resistivity can be observed even within specimens 
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processed under same conditions. Hirano [47] noticed the through-thickness 

conductivity varied from 164.74 ɋm to 47.62 ɋm for IMS60/133 UD CFRP laminates 

during the fabrication process where resin can flow around, resulting in changing inter-

lamina connectivity. A model that considers stochastic inter-ply interface quality can 

address this microstructure and fabrication process dependent electrical property. Due 

to the stochastic nature of inter-lamina interface quality, itôs not a trivial job to 

experimentally create inter-lamina interface with desired connectivity values. 

Numerical parametric analysis was thus conducted in this study to reveal the impact of 

resin-rich layer on electrical resistivity of CFRP laminates in the three principal 

directions. The same material properties and model parameters from Table 4-2 were 

used. Inter-ply connectivity was varied from 2% to 100% and 10 simulations were 

conducted for each inter-ply connectivity and direction configuration. The calculated 

resistivity values and their variations are plotted in Figure 4.24. All resistivity values are 

normalized by dividing the resistivity with the resistivity value in Z direction at inter-

lamina connectivity of 2%.  

The impact of inter-ply connectivity on X direction resistivity is negligible, 

while the through-thickness resistivity is sensitive to changes in inter-lamina 

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 measurement repetitions are needed to accurately 

capture the stochastic electrical resistivity, especially in the through-thickness direction. 

It can also be noted that electrical resistivity of CFRP laminate is not isotropic in 

transverse (Y and Z) directions, with resistivity in Z direction at least one order of 

magnitude larger than in the Y direction. Resistivity in the Z direction drops rapidly 
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with increasing inter-lamina connectivity (better interface quality), and tends to 

converge to resistivity value in the Y direction. Similar behavior was noticed by 

Abry[51] that with higher fiber volume fraction (0.59) and good inter-lamina interface 

resistivity in Z direction (0.0482 ɋm) is comparable to that in the Y direction (0.0416 

ɋm). 

 

Figure 4.24 Impact of inter-lamina interface. Three levels of inter-lamina connectivity 
are demonstrated with the inserts. Resistivity in Z direction is sensitive to changes in 

inter-lamina connectivity especially in lower connectivity range, while the influence of 
inter-ply connectivity term is negligible on resistivity in the X and Y directions. 

4.7 Summary and Conclusions 

Extending the modeling work described in Chapter 2, a resistor network that 

uses fiber bundle as the minimum modeling unit is implemented to achieve a balance 
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between details of the micro-structure considered and computational burden. Ply 

orientation other than πᶼ can also be considered.  

Stochastic characteristics of CFRP microstructures including fiber arrangement, 

fiber waviness, and inter-lamina contacts are also considered in the current model which 

not only explains the large through-thickness resistivity as noticed by other researchers 

in their experimental measurements, but also explains the abnormally large variance 

noticed in the measured through-thickness resistivity values of specimens processed 

under the same conditions.  

The impact of specimen aspect ratio is investigated using the angle ply model 

and compared with experimental results reported by other researchers. Good match 

between simulation results and experimental data indicates that the model captures the 

major conduction mechanisms for angle plies.  

Special attention has been paid to the impact of resin rich layer. Itôs found that 

depending on processing pressure, inter-ply contact resistance can be dominated 

between two conduction mechanisms: tunneling conduction and direct conduction. 

Formulas for calculating contact resistance under various conditions are derived. 

Tunneling resistance is orders of magnitude higher than constriction resistance. An 

inter-ply connectivity term is introduced to describe the severity of resin-rich interface. 

A parametric study is carried out to demonstrate the impact of inter-ply connectivity on 

resistivity in three principal directions. Itôs been found that while in-plane resistivity is 

barely affected by inter-ply connectivity, the through-thickness resistivity largely 

depends on inter-ply connectivity, a 90% drop in through-thickness resistivity can be 

observed if inter-ply connectivity increases from 0.1 to 1.0. The impact of resin-rich 

layer is two-fold. Firstly, existence of resin-rich layer reduces the number of conductive 
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paths between adjacent laminas, resulting in higher through-thickness resistivity. 

Secondly, randomized location of limited inter-lamina contact points due to existence of 

resin-rich layer introduces uncertainties into the network, leading to larger variance of 

the overall resistivity. 
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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 induced due to high electric currents, 

joule heating is the most obvious one.  While lightning strike with 200 kA peak current 

presents an extreme case of high current conditions, other applications where the overall 

current applied doesnôt seem to be high at first glance can also impose detrimental 

effects on CFRP, due to the localized current concentration effect to be discussed in this 

chapter.  

Several publications  [29], [54], [55] have considered the issue of material 

property change under high temperatures at the macro scale. Joule heating is the key 

cause for substantial increase in the interconnect temperature and the reduction of 

overall resistivity of the composite laminates. However, the effect of poor inter-ply and 

intra-ply connections at micro-scale involving single fiber or fiber tows, which are 

subject to much higher current density than the carbon fibers, has not been adequately 

addressed in reported simplified finite element models treating CFRP as homogeneous 

materials [8], [19]. 

Although knowing the temperature at each intra-ply and inter-ply connection 

points is the first step toward any approach of further thermal effect analysis, the 

temperature profile of a single interconnect is difficult to obtain experimentally due to 

its microscale. The traditional approach has been to use the temperature of the entire 

Chapter 5 
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laminate to update the temperature- dependent electrical resistivity in the reported 

research studies to date. However, it can provide neither the local temperature rise 

profile at the connection points nor the resistivity change due to material degradation 

mechanisms specific to certain connection points such as resin breakdown. In addition, 

failing to consider the localized Joule heating at contact points will underestimate the 

temperature rise. Consequently, the predicted resistivity change of the CFRP will be 

much lower than actually observed.  

In the present work, current concentration at two levels (at fiber and cross 

contact points) are introduced, followed by discussion of its impact on the thermal 

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 density.  

5.2 Current Concentration at Micro-Scale Level 

5.2.1 Current concentration within carbon fibers  

While it would be unrealistic to characterize the current density or temperature 

rise at each contact point, analytical model can be utilized 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 fibers are conductive and carry the current. To 

demonstrate the current concentration effect, letôs consider a simplified UD lamina 

which is subjected to a current in the through-thickness direction, as shown in Figure 

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 fibers in the same 

layer exhibiting the same potential patterns.   
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Figure 5.1 Schematic illustration of current concentration at intra-ply 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 fiber 
cross section area. 

 

While at the macro-scale level, the current seems to be evenly distributed over 

the entire top surface, at micro-scale, current can only enter the next layer through 

limited locations where carbon fibers contact other carbon fibers from the adjacent 

layer.  Figure 5.1(b) schematically depicts the RVE view of two fibers in contact. The 

RVE length (in fiber direction) ὒ  is the average distance between two contact points, 

as given by Equation 2.3 from section 2.2, and its width ὡ  is given by Equation 5.2. 

Current Ὅ  is applied on the top surface, and is divided into two equal parts and 

passes through the contact spots at the two ends, as shown in Figure 5.1(c). 

Current density through carbon fibers is calculated by dividing the current 

flowing through carbon fibers with the cross-section area of the fiber: 
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From the discussions in section 2.2.1, the RVE width for square packing order is 

given by Equation 5.2: 
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Length and width of RVE can be related using the fiber waviness term defined 

as the fiber arc height over contact span: 
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Combining Equation 5.1-5.3 gives 
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 ὑ  is the current concentration factor within the carbon fiber. The fiber 

waviness term ‍ is in the range of few hundreds to a few thousands for commonly used 

carbon fiber such as IM7 and AS4. For IM7 UD lamina with fiber volume fraction ὠ of 

55%, and ‍=1000, the current concentration factor ὑ  is around 1000. It means the 

actual current flowing through carbon fibers is 1000 times as large as the apparent 

current density applied to the surface of laminate plate. If a current of 40 A is applied to 

a 1 inch by 1 inch plate in through-thickness direction (overall current density of 62000 

A/ά , the current density through carbon fibers is around 24.8 ὓὃȾά  (about 400 

times as large as overall current density applied to composite surface), assuming fiber 

volume fraction of 0.55 and fiber waviness term of 400. 

Figure 5.2 plots the dependence of ὑ  on fiber volume fraction ὠὊ and on 

fiber waviness term ‍. Difference between current density with carbon fibers and the 

overall surface density grows with increasing ‍ but reduces with increasing 6. As ‍ 
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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 fiber is enhanced. 

Increasing 6, on the contrary, will increase the number of contact points, as the distance 

between fibers reduces, thus smaller distances between contact points. 

 

Figure 5.2  ὑ  as function of fiber volume fraction ὺ 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 sectional area. As depicted in Figure 5.1(c), current is 

passed from one carbon fiber to another through limited contact points. Current density 

across the contact points depend on their contact area.  
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A micromechanics based method is developed in section 2.2 to calculate the 

equivalent contact area. Radius of the contact spot ὥ  is determined by structural 

parameters as well as processing parameters as described in Equation 5.6 (see 

discussions in section 2.2). 

 

ὥ
σὊ Ὑ

ψὉ
 υȢφ 

Where E is the elastic modulus of carbon fiber, and 2  is fiber radius.   

Ὂ  is the contact force given by Equation 5.7.  Itôs assumed that the load is 

only carried by carbon fibers.  

Ὂ ὖ ὒz ὡz υȢχ 

Where 0 is the processing pressure.  

Combining Equation 5.2,5.3,5.6, 5.7 gives 
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Current density at the contact spot can then be calculated: 
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Where ὑ
ᶻ

 , a dimensionless number, is the current concentration 

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

5.10: 
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Figure 5.3 plots the dependence of ὑ  on processing pressure and fiber 

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

increase, resulting in less concentrated current density at the contact spots. As fiber 

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. 

 

Figure 5.3  +  as function of a )processing pressure (other parameters are fixed: 
ὠ πȢυυȟὉ ςχσ Ὃὖὥȟ‍ τππȟὙ σȢυ ‘ά);  and b) fiber waviness term ɓ 

(other parameters are fixed: ὠ πȢυυȟὉ ςχσ Ὃὖὥȟὖ ψππȟπππ ὖὥȟὙ

σȢυ ‘ά). 
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With the above simplified analytical solutions in mind, in the following sections, 

we will quantify the temperature increase due to Joule heating, and evaluate if the 

localized heating plays an important 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 fibers and at the 

contact spots during current flow?  

Neglecting the heat transfer between carbon fibers and the surrounding less 

thermally conductive resin matrix, the carbon fibers can be regarded as an adiabatic 

system. Equation 5.11 describes the temperature increase in carbon fibers. 

 

Ὅ ὸὙ ά ὅ
ὨὝ

Ὠὸ
υȢρρ 

 

Where Ὅ ὸ is the transient current, Ὑ , ά  and ὅ  are the electrical 

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

It should be noted that nonlinear effects such as temperature dependent capacity 

is not considered in this estimation.  

Two current waveforms are considered in this study: a constant current and a 

current ramp with constant increasing rate (ramp), as shown in 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 fixed as Ὅ  for the time 

considered, temperature increasing rate can be calculated from  
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Using properties of AS4 carbon fiber, temperature increase rate can be estimated 

as φφᶼȾÓ if 40A is applied to the 1ôô by 1ôô CFRP plate.   

In the current ramp case where current is expressed in Equation 5.13, the 

temperature development is calculated by integrating Equation 5.11, and the resulting 

solution is given in Equation 5.14. 
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If a current ramp with a peak of 40A is applied to a 2ôô by 1ôô CFRP specimen 

within 100ms, temperature increase is 6.54 ºC. If 200 KA is applied to the same 

specimen within 0.5ms (lightning strike current waveform A), temperature increase can 

be estimated as 1.6×109 ºC not considering damage. Obviously, CFRP will decompose 

under such high temperatures.  

5.3.2 At contact spots 

The contact spots between carbon fibers may be subjected to more severe 

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

By comparing the equations for thermal and electrical conduction within the 

contacting material, Holm [41] derives a simple relation between the temperature T of 

the contact spot and the voltage drop Ὗ across the contact, as expressed in Equation 

5.15.  

 

”Ὕ‗ὝὨὝ
Ὗ

ψ
   υȢρυ 

Where ʍ4 is temperature dependent electrical resistivity, and ʇ4 is temperature 

dependent thermal conductivity. 

Most good conductors satisfy the Wiedermann-Franz law (Equation 5.16), 

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

hand.  

 

ʍ4ʇ4  ὒὝ υȢρφ 

 

Where L=2.34e-8 (V/K)2 is the Lorenz number, and temperature T is in K. 
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Using Equation 5.16, integration of Equation 5.15 can be performed and 

Ὕ  becomes 

 

Ὕ Ὕ ρ
Ὗ

Ὗ
  υȢρχ 

with Ὗ ςὝЍὒ, and Ὕ is the ambient temperature or the temperature of the carbon 

fiber far away from the contact spot. In  Figure 5.5 , the contact spot temperature 

Ὕ  is plotted as a function of the voltage drop U across the contact spot for three 

different ambient temperatures Ὕ. The temperature at the locations far away from the 

contact spots (ambient temperature Ὕ) is seen to barely have any influence on the 

temperature of 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 voltage drop over the contact region for three different ambient 

temperatures 

5.4 Temperature Dependent Electrical Resistivity 

Multiple researchers [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 fiber behaves as a semimetal, 

a material with a small overlap in the energy of the conduction and valence bands. With 

fewer charge carriers than metals, semimetals usually have lower electrical and thermal 

conductivities, with a negative temperature coefficient of conductivity. Arrhenius plots 

are often used to analyze the nonlinear temperature induced effects such as the rates of 

chemical reactions, and in this case the intrinsic electrical resistivity of carbon fiber. 

The Arrhenius equation is given in the form: 
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ʍ #z Å υȢρψ 

 

Where ʍ is the intrinsic electrical resistivity of carbon fiber, Ὁ is the activation energy, 

C is a constant, k is Boltzmann constant with value of 8.617342x10-5 eVK-1 and T is the 

temperature in K. Activation energy, with the unit of electron-volt (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 temperature-accelerated failure mechanism. 

The value of activation energy indicates the relative tendency of a failure 

mechanism to be accelerated by temperature, i.e., the lower the Ὁ, the easier it is to 

trigger a failure mechanism with temperature.  

Taking log operation on both sides of Equation 5.18 yields 
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Plotting ln(ɟ) against 1/T allows one to determine the constants in the Arrhenius 

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

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

equal to Ea/k according to Equation 5.19.  
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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 fit. 

Activation energy for cured CFRP in three primary direction is reported by 

Takahashi [58] and plotted in Figure 5.7. The activation energy is lowest in the fiber 

length direction, since electrons can be transferred along graphite fibers. In the 

transverse and through-thickness directions, the electrical current flows through 

contact between neighboring graphite fibers, requiring more energy to activate 

electrons.  

As discussed in Chapter 4, resin interface plays a larger role in these two 

directions in terms of electrical conduction. 
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Figure 5.7 Activation energy in three primary directions for typical carbon composite 

laminates. Activation energy has the unit of micro electronvolt (meV), the amount of 
energy gained by the charge of a single electron moved across an electric potential 

difference of one volt, and is defined as the minimum amount of energy required to 
trigger a temperature-accelerated 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 

decomposition, charring and ablation at different temperatures. Carbon fibers will 

sublimate and ablate completely at the temperature of 3590 K.  

There has been a lot of research on the mechanisms of material degradation in 

CFRP [59]. It was recognized that factors such as carbon fiber breakage, fiber ablation, 

and carbonization of resin matrix could have remarkable influences on the electric 

conductivity of CFRP materials [19], [60], [61]. The present work has focused on the 

temperature and electric field induced resin degradation, while the consideration of fiber 

degradation is limited to the temperature dependent 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 of polymer breakdown are thermal and electric 

breakdown as discussed in the following sessions.   

5.5.1 Thermal breakdown 

Thermal breakdown is the result of excessive heating of the insulator by the 

electric current which causes, at a certain voltage, the polymer to melt or char. In this 

case, the dielectric strength is proportional to the square root of the ratio of thermal and 

electrical conductivity of the plastic. Carbonization of resin system occurs at 

temperature of about 1500 K.  As the resin system inside the laminate is heated under 

inert (oxygen-free) environment, it begins to lose its non-carbon atoms. As the non-

carbon atoms are expelled, the remaining carbon atoms form tightly bonded carbon 

crystals, which are electrically conductive[13].  

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 insulator and steadily increased, a point 

will be eventually reached where the polymers break down and causes a significant 

decrease in resistance. Much experimental work has been done on the dielectric 

breakdown of polymers to characterize their dielectric strength. The dielectric strength 

will depend on the type and shape of the plastic and electrodes, the rate with which the 

field is increased, and even the temperature. The dielectric strength of polymers is 

generally in the range of 1 to 9 MV/cm at 20°C and these values fall at elevated 

temperature. 
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The dynamics of thermal and electric breakdown is complicated 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 simplistic ON-OFF model is used to 

describe the degradation behavior of resin systems under high temperature, as 

demonstrated in Figure 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 conductive.  At a critical temperature or electric field threshold, 

resin system behaves as an insulator, while at temperatures and electric fields higher 

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

 

Figure 5.8 ON-OFF model for resin breakdown 
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5.6 Modeling Approach 

5.6.1 Model overview 

In order to provide robust electrical analysis for CFRP under high current 

impact, it is very desirable to have an efficient 3-D simulation methodology to estimate 

the temperature profiles in the carbon fibers as well as contact spots and evaluate the 

thermal-electrical coupling.  

The 3D resistor network framework is adopted, with modifications to 

incorporate material degradation due to high current or electric field. Instead of using 

constant resistance values for resistors representing carbon fibers and contact points, 

temperature and electric field dependent resistances are used to model the high current 

impact such as Joule heating and material degradation. The coupling between thermal 

and electrical properties are achieved by designing a thermal-electrical RC unit circuit 

that simulates electrical and thermal conductions simultaneously, as discussed in later 

sections. Other details that can be easily added into the modeling framework include 

contact resistance between carbon fibers that consider the surface roughness, and fiber 

breakage due to high temperature.  

The model is implemented with Matlab® and SPICE[62], a circuit simulation 

package that solves the generated resistor network. The workflow of implementation of 

the model is illustrated in Figure 5.9. Discretized 3D microstructure of CFRP laminate 

is constructed using Matlab script and transformed into a netlist file that describes the 

connections and values of resistors and capacitors in the resistor network model 

developed in Chapter 2. Boundary conditions such as voltage difference and ground 

positions are also assigned in Matlab script and written to netlist file. The netlist file is 

then input into the SPICE package to conduct the thermal and electrical conduction 
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analysis. Temperature profile, current flowing through and voltage at each node at every 

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

 

Figure 5.9 Workflow for implementing the 3D resistor capacitor network work with 
thermal-electrical coupling 

5.6.2 Thermal-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. Thermal 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 process. Based on the thermal-electrical analogy 

(Table 5-1), a 3-D RC distributed thermal-electrical circuit model has been developed, 

as shown in Figure 5.10.  

Table 5-1 Analogy between thermal and electrical conduction 
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Figure 5.10 Coupled thermal electrical resistor capacitor network model. 

 

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 

thermal conductivityôs of carbon fiber and the resin system. Using the thermal-electrical 

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

of thermal resistors and capacitors. Thermal capacitors are considered in the present 

model to represent the fact that thermal conduction are orders of magnitude slower than 

electrical conduction.  Figure 5.10 demonstrates the coupling between electrical and 

thermal conduction models with a minimal resistor network that consists of two 

contacting fibers. Figure 5.10(a) shows the formulation of electrical conduction model, 

with red arrows representing the direction of current flow. Figure 5.10(b) shows the 
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network model for thermal conduction, with diamond signs representing Joule heating 

and red arrows representing thermal gradient directions. Jouleôs law dictates heat is 

generated 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 fibers is considered in the current model but is not plotted in the schematic 

drawing for clarity. Although the magnitude of current that flows through contact points 

and the carbon fiber are of 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 

mechanisms, as demonstrated in Figure 5.10(c). Each resistor in the pure electrical or 

thermal conduction network is replaced by a unit circuit that is implemented with a 

four-port sub-circuit: two electric ports (e1 and e2) and two thermal ports (t1 and t2). 

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 illustrated in Table 5-1. The voltage of thermal ports (t1 and t2) 

correspond to temperature, while current flowing through these thermal ports 

correspond to the heat conducted.  

Figure 5.11 shows the flowchart for the electrical-thermal coupling for 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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Figure 5.11 Flowchart showing the Coupling between electrical and thermal conduction 

networks 

Temperature dependent resistor behavior is expressed as an Arrhenius type 

function: 
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Where Ὑ  is the temperature dependent electrical resistance, and  Ὑ  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 node T_node (see Figure 5.10), which gives the 

temperature of the node based on thermal-electrical analogy.  

Current flowing through the resistor can be calculated using the following 

formula once resistance (R_temp) and voltage difference between the two electrical 

ports are determined: 
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The heating source in thermal conduction model comes from Joule heating (Qjh) 

that depends on voltage difference between and current flowing through the two 

electrical ports: 

 

1 ὠὩρ ὠὩς Ὅz υȢςς 

 

To compute the equivalent resistance, a voltage difference is applied across the 

electrode, in the direction d (d ɴ{x,y,z}) , in which the resistivity is being calculated. 

Solving this network yields the corresponding currents, allowing the equivalent 

resistance and hence conductivity of the entire structure to be determined from 

geometry parameters, as expressed in the following formula: 
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Where,  Ὥɴ ὼȟώȟᾀ is electrical resistivity in one of the three principal directions, 

ὼ Ὥɴ ὼȟώȟᾀ is the specimen dimension in the corresponding direction, U and I are 

the measured voltage difference and current respectively. 

5.7 Results and Discussions 

5.7.1 Variations among simulations using same modeling parameters 

The stochastic characteristics of CFRP is captured in the developed model, 

through randomized initial resistances and also randomized contact locations. In this 

study, five simulations were run using the same model parameters listed in Table 5.1. 

The simulated through-thickness resistivityôs in these five repetitions are compared in 

Figure 5.12. A linear current ramp with peak current of 100 A and duration of 100 ms is 

applied. 

Table 5-2 Model parameters 

Parameter Value 

Carbon fiber electrical resistivity  1.5 × 10-5 ɋm 

Carbon fiber thermal conductivity  5.4 W/(mK) 

Carbon fiber thermal capacity 0.879228  kJ/kgϊK 

Inter -ply connectivity 10% 

Fiber volume fraction 0.55 

Critical temperature for resin degradation 1500K 

Critical electric field for resin degradation 1× 109  V/m 

  

 The only difference between these five simulations is the locations of the inter-

ply connections, which is randomized during the construction of resistor network. It has 

been seen that large variations in initial resistance can be observed among the 

repetitions. The randomized connection points affect conductive paths, introducing 

uncertainties in overall through-thickness resistivity. After current application, there is 
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little difference between through-thickness resistivity from these simulations. Thermal 

breakdown of resin-rich interface happens due to excessive heat from Joule heating, and 

the resistivity of the inter-ply resistance drops to the level similar to direct carbon fiber 

contact. The residue resistivity is reduced to that of a UD lamina without resin-rich 

layer. 

Consideration of the stochastic characteristics of CFRP microstructure is not 

limited to the locations of inter-ply connections. Other factors that can be considered in 

current model implementation includes randomized fiber bundle resistivity in three 

primary directions, and the values of inter-ply contact resistances.   

 
Figure 5.12 Variations of simulated through-thickness resistivity using same model 

parameters 
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5.7.2 Impact of resin-rich layer 

While there is increasing reported  literature on modeling the mechanical and 

thermal response of CFRP laminates subject to high current density such as simulated 

lightning strike [19], [54], there are few reports on changes in electrical conduction 

behavior during and after application of high current density.  During lightning strike, 

through-thickness resistivity determines how deep the current can penetrate and the 

Joule heat accumulated. The existence of resin-rich layer may drastically change 

conductive paths, resulting 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 discussed in section 5.3, the transient thermal-electrical study requires 

activation energy term that describes Arrhenius type temperature dependent electrical 

resistivity. Activation energy values for carbon fiber (8.5 meV) taken from [58] is used 

in this study. All the other model parameters were kept the same as in Table 5-2. Resin 

charring temperature of 1500 K was chosen as the critical temperature for thermal 

breakdown, and the dielectric strength of epoxy resin (1e9 V/m) was chosen as the 

critical potential gradient for electric breakdown. Inter-lamina 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 linearly from 0 to 65000 A/m2 in 100 ms. The 

peak current density is chosen to be comparable to the current density used in our 

ongoing experimental characterizations. Itôs equal to the current density due to 

application of 40 A of electric current (the maximum current the power source can 

deliver) into composite with surface area of 1 inch by 1 inch (25.4mm by 25.4mm, 
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typical dimension of specimens tested). Figure 5.13 plots the resistivity change over 

time. Resistivity values are normalized with the initial resistivity before application of 

high current. 

 

Figure 5.13 Resistivity change over time. Laminate with small inter-lamina connectivity 
(resin-rich interface) undergoes quicker and larger resistivity drop in through-thickness 

direction. Sudden drop in resistivity around 10ms can be explained by the localized 
heating 
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Figure 5.14 shows the representative temperature history at a selected contact 

points between carbon fibers, at intra-lamina contact, and at an inter-lamina connection 

points. The variations of temperature at each location group due to conducting ten 

separate simulations is represented by the colored area. For laminates with resin-rich 

interface, temperature at inter-lamina connection points is one order of magnitude 

higher than other locations, indicating the influence of the localized Joule heating. For 

laminates without resin-rich interfaces, temperature at inter-lamina connection points is 

of the same order as at fiber-fiber contact points. The temperature increase in carbon 

fibers is not significant in both cases. Although the local temperature at inter-lamina and 

intra-lamina contact points are high, it has little impact on the overall temperature 

increase of the laminates since the contact points occupy a very small fraction of the 

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 in material property 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 application; and 2) phase change of 

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

a) with resin-rich interface and b) without resin-rich interface. 

 

 

5.7.3 Parametric studies on the impact of model parameters 

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

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

composite microstructure, itôs often hard to experimentally exam the impact of these 

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

conduction changes with these parameters. It has been demonstrated that fiber waviness 

term ‍ has dominating impact on the through-thickness resistivity of UD carbon 
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composites under low DC current. In this study, electrical conduction behaviors for 

CFRP under high current density for CFRP with low (‍ ςππ and high (‍ ρπππ) 

are compared. Inter-ply connectivity is fixed to 100%, and inter-ply resistance is set to 

10  , which represents good inter-ply connections. Other model parameters are the 

same as in Table 5-2 except for fiber waviness term and activation energy. Resin 

breakdown is not considered. Thus, any resistance change is attributed to the 

temperature dependent intrinsic resistivity of carbon fibers.  A linear current ramp with 

peak current of 40A and duration of 100ms is applied to the specimen with 1 inch by 1 

inch surface area. 

 Figure 5.15 shows the through-thickness resistivity responses for these model 

configurations.  The impact of the newly introduced parameter, activation energy, is 

also plotted in the same figure. In general, larger activation energy leads to larger 

resistivity 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 drop in resistivity. The simulation with the largest activation 

energy (13 mV) and the largest fiber waviness term (1000) yields most significant drop 

in through-thickness (~20%) resistivity. This also demonstrates that without 

consideration of resin breakdown, resistivity reduction is limited even under large fiber 

waviness term and activation energy.  
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Figure 5.15 Parametric study on fiber waviness term and activation energy. 

Another set of virtual tests is conducted to investigate the impact of inter-ply 

resistance. Inter-ply resistance is varied from 1000  , which represents carbon to 

carbon contact resistance, up to 20000   that is in the same level of tunneling 

resistance, representing multi-ply laminate with resin-rich inter-ply layer. Inter-ply 

connectivity is maintained at 50% for all simulations. Other model parameters are same 

as from Table 5-2. A linear current ramp with peak current of 100A and duration of 100 

‘ί is applied to the specimen with 1 inch by 1 inch surface area. Figure 5.16 shows the 

simulation results.  
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A large inter-ply resistance not only affects the absolute resistivity value before 

current application, but also changes the resistivity reduction after current application. 

A 60% drop in through-thickness resistivity is found for specimen with 20000   inter-

ply resistance, while the resistivity reduction for specimen with 1000   inter-ply 

resistance is about 36%. Specimens with inter-ply resistance smaller than 10000   

demonstrate similar resistivity change throughout the whole duration of current 

application. Difference between resistivity of these specimen is negligible, indicating 

that the inter-ply resistanceôs drop to the same level due to Joule heating from the large 

current application within short duration. 

 

Figure 5.16 Impact of inter-ply resistance. A large inter-ply resistance not only affects 

the absolute resistivity value before current application, but also changes the resistivity 
reduction after current application. 
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5.8 Summary and Conclusions 

This research proposes a fast SPICE based 3D electro-thermal simulation 

methodology to characterize thermal effects due to Joule heating in CFRP for 

application that are subjected to high current densities. The concept of current 

concentration within carbon fibers and through fiber-fiber contact spots is introduced, 

and its impact on localized heating is quantified with an analytical model.  Itôs been 

found that the local current density flowing through carbon fibers can be orders of 

magnitude  larger than the overall surface current density, while the current density at 

contact spots is even larger due to smaller contact area. It is essential not to 

underestimate the impact of temperature 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 CFRP.  

The effect of resin-rich layer on resistivity change and temperature development 

in carbon fibers and contact points is included in our analysis for the first time, to 

provide more accurate and realistic description of CFRPôs nonlinear electrical 

conduction behavior. It shows that the existence of resin-rich interface layer increases 

current concentration, enhancing the local Joule heating. A further investigation on the 

temperature profiles shows that the inter-ply contact points suffer much higher 

temperature rises than intra-ply contact points due to the limited number of contact 

points between plies and thus higher current concentration. It is observed that 

temperature at the contact spots in the CFRP with resin-rich layer easily reach the 

critical temperature where ablation of carbon fiber and thermal decomposition of resin 

will initiate. Resin-rich layer must be considered in the thermal and electrical analysis 

of composite structures. The developed model is able to capture the large resistivity 

drop due to resin breakdown and charring.  
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The simulation methodology has also been applied to quantify the effect of 

structural and material parameters on the electrical conduction behavior, including fiber 

waviness term, inter-ply resistance and activation energy. In general, larger activation 

energy leads to larger resistivity 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 drop in resistivity. 

It should be noted that the simulation methodology developed here is quite 

general, and can be easily extended to consider other nonlinear conduction mechanisms 

by replacing the formulas for temperature dependent material properties. Stochastic 

nature of CFRP micro-structure can be described with statistical distributions of 

resistance values, instead of using one single resistance for each type of resistor.  
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EXPERIMENTAL INVESTIGATION OF HIGH CURRENT IMPACT  

This chapter present experimental investigation of the electrical conduction 

behavior of both dry fiber tows and cured CFRP laminates subjected to high current 

densities. A modularized characterization apparatus is designed to which one can input 

the desired current/voltage waveform. By switching specimen fixtures, the apparatus 

can be used for electrical characterization of dry carbon fiber tows and cured 

composites in each of the three principal directions. Electrical responses of cured 

composite under simulated lightning strike are also discussed. The 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 uncertainties introduced by 

the curing process and make it easy to control the micro-structure parameters such as 

sizing 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 under high current density (up to 7e4 A/m2). This study serves as a 

first step towards understanding the role of resin property changes under high current 

density in the conduction behavior of cured composite laminates. 

Chapter 6 



145 

6.1.1 Materials and preparation 

This study utilized dry fiber tows made from two carbon fiber types: IM7 from 

Hexcel and T700SC from Toray. The Hexcel IM7 fiber is without sizing, and the Toray 

T700SC fiber has sizing amount of 1.25% (by weight). The fibers come in roll form and 

are cut into desired length. Sizing of fibers are provided by carbon fiber manufacturers 

and no other surface treatment in done in-house. Properties of the fibers used in the tests 

are listed in Table 6-1.  

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

 

Property 

IM7  T700SC 

Density [g/cm3 ] 1.78 1.8 

Modulus [Gpa]  276 230 

Electrical Resistivity  [ɋm ] 1.5 e-5  1.6 e-5   

Sizing amount 0 1.25% 

Fiber diameter (Ⱨ□ 7.1 7.0 

6.1.2 Experimental setup 

Figure 6.1 shows the schematic illustration of the characterization apparatus. A 

Sorenson DCR-B 2700-watt power supply is used in order the supply the required 

current to the fiber tows or CFRP laminate. The power supply operates in a constant 

current mode, in the range 0-100 A, and is controlled by a command signal from the 

function generator. Due to the limitations of the power line in the laboratory, maximum 

current can be applied is about 50 A. The current 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 Keithley 2700 multi-meter, 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 multi-meter. Resistance of the 

composite laminate can then be calculated from the measured voltage and current. 

 

Figure 6.1 Schematic illustration of electrical characterization apparatus.  

The apparatus is modularized with changeable specimen fixtures. By switching 

specimen fixtures, this setup can measure resistance response under various current 

waveforms in both in-plane and through-thickness directions, while the main current 

modular can remain unchanged.  

The same specimen fixtures used for dry fiber tows in the low DC current test as 

discussed in Chapter 3 is used in this study.  
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6.1.3 Typical resistance response  

The electrical characterization apparatus can operate in both current and voltage 

application modes. Figure 6.2 presents typical measurements of voltage, current and 

resistance during the dry fiber tow tests in voltage application mode. Specially designed 

voltage waveform is used as input and the resulting current is recorded. A small 

constant voltage is maintained at the initial stage, followed by a voltage ramp up. The 

voltage waveform ends with a plateau. 

 Little resistance change can be observed at the initial low applied voltage. 

Increased applied voltage results in sudden drop of resistance, indicating breakdown of 

the sizing layer. The sizing breakdown is irreversible and the resistance drops to a low 

level after the voltage application. At the final stage, voltage is kept constant; resistance 

continues to drop slowly. This continued small drop in resistance is probably due to the 

heating of the carbon fibers.  The increase in conducted current accumulates heat over 

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

Figure 6.3 shows the electrical responses for both sized and unsized carbon 

fibers in the experiments in which the current ramp is applied. Instead of controlling the 

voltage, current waveform is introduced in the through-thickness direction through two 

copper bars serving as electrodes. Compression load is kept as 500N for both cases.  

Different resistance responses can be observed form the two carbon fiber types. 

For unsized IM7 fiber tows, less than 5% drop in resistance is observed, while for sized 

T700SC fiber tows, resistance drops by 18% at the end of the current waveform. This 

large difference in resistance is attributed to the breakdown of the thin sizing layer due 

to Joule heating during the current application mode.  
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Figure 6.3 Resistance response for unsized IM7 and sized T700SC fiber tows: a) 
unsized IM7 fiber tows see less than 5% drop in resistance; b) sized T700SC fiber tows 

yields larger resistance drops (18%) at the end of the current waveform. 

6.1.4 Influence of processing pressure 

Parametric study using the computational resistor network model considering 

the impact of resin rich interface developed in Chapter 5 indicates that inter-ply 

interface plays an important role in nonlinear resistivity change under high current 

density, especially in the through-thickness direction. In this study, two types of carbon 

fibers (with and without sizing) are tested subjected to various loading conditions, to 

demonstrate the influence due to presence of thin resin layers. As indicated in Table 

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

(by weight) sizing amount. Although manufactured by different suppliers, these two 

carbon fibers have similar electrical and mechanical properties, making them suitable 

for the comparison.  
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Multiple electrical characterization of carbon fiber tows under high current 

density are conducted under constant compressive load. In each test, compressive load 

is adjusted and maintained constant during the characterization by a mini-Instron 

machine. Figure 6.4 shows the resistivity response for both sized and unsized fiber 

tows. Resistivity is normalized with the first measured value.  

 
Figure 6.4 Resistivity response under various load amount for unsized and sized fibers. 

Resistivity is normalized with the first measured value. a) unsized IM7 fiber tows: no 
noticeable change in resistivity under high compressive force; a) sized T700SC fiber 

tows: drop in resistivity decreases with the increase of compressive load. Drop in 
resistivity is still noticeable (~15%) even under high compressive force (1000 N) 

 

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

high compressive force; under lower compressive force (150 N), a mere 5% drop in 

resistivity is observed.  Under higher compressive force (800 N and 1000 N), there is no 


















































































































