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ABSTRACT 

Carbon fibers (CFs) show the ability to generate heat when exposed to radio frequency (RF) fields, 

but little is known about the relationship between material properties and the heating behavior. 

Our group has previously shown that this heating response can be used for the manufacturing of 

CF-reinforced composites. Here we analyze the effect of electrical conductivity on the RF-induced 

Joule heating patterns of CFs. Unidirectional CF tows and their composites show different heating 

rates when their orientations relative to the RF field lines are changed due to their anisotropic 

conductivities. We observed that the CFs and their composites showed higher heating responses 

when they were placed perpendicular to the RF field lines. We observed an increase in the heating 

response with increasing conductivity; however, beyond a certain conductivity value, the heating 

response decreases because the samples with very high conductivities reflect the RF field. We also 

simulated the RF-induced heating of unidirectional CF tows in different orientations, with 

qualitative agreement between experimental results and simulations. The findings of this work 

explain the effect of electrical conductivity on field-induced Joule heating of carbon fibers; these 

results pave the way for energy efficient, out-of-oven processing of thermoset composites at an 

industrial scale. 
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NOMENCLATURE 

 

RF   Radio frequency 

CF   Carbon fiber 

CFRC   Carbon fiber reinforced composite 

EM   Electromagnetic fields 

PAN  Polyacrylonitrile 

UHM  Ultra-high modulus 

HT  High tenacity 

IM  Intermediate modulus 

J   Current density 

E*   Electric field strength 

Q   Power density 

σ   Anisotropic conductivity tensor 
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1. INTRODUCTION 

1.1 Importance of carbon fibers and their composites 

Carbon fibers (CFs) have a remarkable combination of properties which make them extremely 

versatile [1, 2]. These materials have high tensile strength, high modulus, low density, high 

temperature resistance, and good electrical conductivity. Carbon fibers are made from pyrolyzing 

a suitable precursor material and contain at least 90% carbon by weight. Typically, most organic 

polymers are considered candidates for the production of carbon fibers. As long as the polymers 

leave a carbon residue upon thermal annealing and do not melt when heated in an inert 

environment, they can be used as carbon fiber precursors. 

One of the most popular precursors used in the synthesis of carbon fiber is poly-acrylonitrile 

(PAN), which offers high tensile strength and greater elastic modulus. Polyacrylonitrile is the most 

common carbon-fiber precursor because PAN derived CFs have an impressive combination of 

tensile and compressive properties. PAN precursors also produce a high CF yield. PAN fibers were 

created by DuPont initially for use as textile fiber in the 1940s. Soon after, its thermal stability was 

discovered, which prompted more research into PAN fiber heat treatment. PAN precursors are 

used to create various industrial grades of carbon fibers, including high tenacity (HT) fibers, 

intermediate modulus (IM) fibers, high modulus (HM) fibers, and ultra-high modulus (UHM) 

fibers. The PAN fibers are first stabilized in air, carbonized, and graphitized in an inert 

environment[3]. Varying the processing parameters such as temperature during any of these steps 

results in different grades of carbon fibers. In this work, we have focused only on IM fibers. 

Carbon fibers are often infiltrated with a polymer matrix to make carbon fiber reinforced 

composites (CFRCs) [4-6]. These polymers could be thermosetting epoxies or thermoplastics. In 

thermosetting epoxies, heat causes crosslinking or ‘curing’ of the monomer resin. For applications 
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in the manufacturing industry, partially cured carbon fiber composites, called ‘prepregs’, are 

employed; these prepregs can then be molded into the desired shape and cured completely to make 

large functional structures [7, 8]. 

Carbon fibers and CFRCs have applications in the aerospace, automobile, energy storage, and 

electromagnetic interference shielding industries [9-12]. PAN-based carbon fibers have been 

employed as the main components of energy conversion and Li-ion batteries. The carbon fiber 

market has been steadily expanding in recent years to keep up with demand from a variety of 

sectors, the military, turbine blades, construction (non-structural and structural systems), light 

weight cylinders and pressure vessels, offshore tethers and drilling risers, medical, automotive, 

sporting goods, etc. Fiber reinforced polymeric composites offer less weight and better styling for 

the car sector. Body pieces (doors, hoods, deck lids, front end, bumpers, etc.), chassis and 

suspension systems (such as leaf springs), drive shafts, and other components can all benefit from 

the use of carbon fiber. 

Conventionally, the heating methods used in CFRC manufacturing include using ovens, hot 

presses, or large autoclaves [13-15]. However, these methods are time- and energy-consuming 

[16]. While using ovens to manufacture CFRCs, first the oven must be pre-heated to the desired 

temperature, and then after the CFRC is cured, additional time is required to cool the oven. Novel 

methods to heat and cure these polymers that surround the carbon fibers are currently being 

explored[17]. 
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1.2 RF induced Joule heating of carbonaceous materials 

In recent years, our group has demonstrated that certain materials (including CFs) can couple with 

electromagnetic (EM) fields, which cause them to heat rapidly [18, 19]. Advanced manufacturing 

and processing of materials can harness the ability of these materials to heat in electromagnetic 

fields. Electromagnetic fields can be used for targeted, non-contact, non-invasive, and material-

selective heating [20, 21]. Carbonaceous nanomaterials function as susceptors and heat in response 

to direct current electric fields and radio frequency (RF) fields [22, 23]. RF-induced Joule heating 

of carbon susceptors has been used for applications including actuators [24], adhesives [25], 

manufacturing carbon nanotube composite materials [26], curing pre-ceramic polymer composites 

[27], additive manufacturing of thermoset nanocomposites [28, 29], and reduction of graphene 

oxide [30]. Joule heating of carbon fibers using direct current has recently been used to recycle 

carbon fibers from end-of-life composites[31]. 

Radio frequency fields have been shown to induce heating in carbon fibers in frequency ranges as 

low as 1-200 MHz. Carbon fibers heating in RF fields can be used to cure surrounding epoxy and 

fabricate carbon fiber composites without using conventional ovens. The composites are heated 

and cured volumetrically from the inside to the out. Previously, continuous CF/epoxy pre-pregs 

with controlled degrees of cross linking were manufactured using RF heating [32]. CFRCs 

fabricated using out-of-oven RF heating showed similar mechanical properties (like tensile 

strength and inter-layer lap shear strength) to composites processed using conventional 

methods[33].  

In RF-induced Joule heating, an electric field applicator is needed to apply RF fields to the 

materials. In our RF setup, the applicator is made up of two metallic electrodes, one of which is 
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grounded and coupled to a signal generator that produces a sinusoidal RF signal. There are many 

different heating configurations possible with these applicators because they can couple RF fields 

with the sample in either a direct-contact or a non-contact way. Non-contact RF applicators we 

often use in our group include fringing-field and parallel plate setups. In a fringing- field 

applicator, the RF field curves outside the plane of the applicator. The applicator used in this work 

is made of copper electrodes etched onto an FR4 substrate. The geometry of the electrodes can be 

altered to optimize the heating efficiency.   

In our prior work of RF induced heating of nanomaterials and their composites, a generalized 

heating pattern across a wide range of nanomaterial-loaded materials showed that the heating rates 

varied non-monotonically with the bulk conductivity of the material [34]. Thin films of carbon 

nanotubes, carbon nanofibers, and laser-induced graphene were heated using a fringing field RF 

applicator, and their surface conductivity was measured using a four-point probe. It was observed 

that at higher nanomaterial concentrations the field was reflected which resulted in a lower heating 

response. High nanomaterial concentrations lead to high surface conductivities. High  conductivity 

prevents electric fields from penetrating the material, which lowers the percentage of RF fields 

that are absorbed, maximizing reflections. As a result, for a given frequency, increasing 

conductivity increases RF energy absorption only up to an optimum conductivity. 

1.3 Carbon fibers and RF fields 

Although several studies and uses of RF induced heating of CFs have been explored, the effect of 

the properties of the CFs on their heating response is not known. In principle, RF-induced heating 

of any material depends on its dielectric properties. Finding a relation between the electrical 

conductivity of CFs and their heating rates is challenging because individual CFs, arrays of CFs 
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(called tows), and CFRCs (both unidirectional and biaxial) are highly anisotropic. CFs’ electrical 

and thermal conductivities are higher along their axis, compared to the radial direction [35]. A 

similar trend is observed for carbon fiber tows and CFRCs. In carbon fiber tows, transverse 

conductivity arises due to lateral contact between the individual fibers. In CFRCs, bulk transverse 

conductivity depends on the lateral contact between the fibers in the tow, and the dielectric 

properties of the matrix. 

Anisotropy in individual carbon fibers is caused due to the alignment of the turbostratic carbon 

planes that make up the structure of a carbon fiber. Degree of anisotropy is usually a consequence 

of fiber processing parameters, such as temperature of heat treatment prior to carbonization, and 

speed of fiber drawing [36-38]. 

 

Figure 1: (a) Schematic of experimental setup for RF induced heating of CFs. (Inset: thermal 

image of T700 unidirectional carbon fiber tows being heated by RF at 1 W. Image captured at 30 

s.) (b) Orientation of carbon fiber tows placed perpendicular, and parallel to the field. The field 

lines, represented by the dashed lines, extend out of the plane of the applicator (fringing-

field).[39]  
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In this work we explore how macroscopic anisotropic fillers (such as carbon fibers) heat in RF 

fields and analyze their heating patterns as a function of orientation and conductivity. The 

macroscopic nature of these fibers makes it challenging to analyze the materials as a single bulk 

system. In this work, carbon fibers of varying electrical conductivities were heated in a low 

frequency RF field, and their heating behaviors were compared. A fringing field RF applicator and 

an infrared thermal camera were used to heat the carbon fiber samples and record their behavior 

respectively, as shown in Figure 1. The sample and the applicator exhibit an RLC resonance 

circuit-like behavior. Electrically, the two copper traces act like inductors (L). The tiny air gap 

between the two traces acts as a capacitor (C). The sample modifies the gap capacitance and adds 

a shunt resistance (R). It is observed that the heating rates of carbon fibers vary non-monotonically 

with their electrical conductivities.  

It is important to analyze the heating rates of composites as well because carbon fibers are typically 

used in industry in the form of composites. In the RF heating of composites, it is essential to 

observe the effect of the matrix. Here, we have compared heating rates of tows and composites, 

and also measured how the heating behavior of composites varies with increasing thickness. 

Additionally, we have explored whether the heating pattern is generalizable to all types of carbon 

fibers and can be predicted by simulation. In simulations, we have varied the conductivity of the 

carbon fiber samples, to observe whether carbon fibers show a similar response to RF fields as 

carbon nanomaterials.   
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2. MATERIALS AND METHODS 

IM7 unidirectional tows and IM7 cross-weave mats were purchased from Hexcel. T700SC-12K-

50C and T300 unidirectional tows were purchased from Toray. 3300 epoxy and hardener were 

purchased from Fiberglast. T700 fibers impregnated with EPON 862 (Hexion) + Epikure W 

(Miller-Stephenson, Danbury, CT) curing agent resulting in 6 ply composites, IM7 fibers 

impregnated with EPON 862 + Epicure W curing agent resulting in 8 ply composites were used. 

2.1 Finding reflection characteristics using VNA 

A Vector Network Analyzer (VNA) (SVA1015X, Siglent Technologies) was used to find the 

reflection coefficient (S11) characteristics of the bare applicator, and the different CF samples 

(sample under test) placed on the applicator when placed in different orientations. 

2.2 RF heating of CF and CFRC samples 

Every carbon fiber sample was heated in an RF field by keeping them at the same location on a 

fringing field RF applicator. The design of the applicator was made to ensure the sample heated 

symmetrically in the x- direction, and most efficiently using the RF field. We initially carried out 

experiments altering the angle of the fibers with respect to the axis of the applicator. We found 

that the maximum heating was observed when the sample was perpendicular to field, and minimum 

when parallel to the field. Thus, the samples were placed in two different orientations: parallel to 

the RF field and perpendicular to the RF field, as shown in Figure 1. Unidirectional tow or mat 

samples were heated at 1 W, while composites were heated at 5 W. 

The fringing-field applicator received RF power through a 50 Ohm coaxial cable from a signal 

generator (Rigol Inc., DSG815) and a 500 W amplifier (Prana R&D, GN500D). A FLIR infrared 
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camera (FLIR Systems Inc., A655sc) was used to record the temperature, from the top of the 

sample, as a function of time when the sample was placed on the applicator. The signal generator 

was programmed with a stepwise frequency sweep to generate frequency-dependent heating rates 

at a fixed power in the range of 1-200 MHz. The sample was heated for 1 s, allowed to cool for 13 

s, before moving to the next incremental frequency step of 1 MHz. The slope of the points in 

the initial linear portion of the temporal plot for each frequency was calculated to determine the 

heating rates as a function of frequency. 

2.3 Preparing composites of different thicknesses 

Unidirectional CF composites of varying thicknesses were prepared, and their RF induced heating 

responses were recorded. 100 parts of Fiberglast 3300 Epoxy were mixed with 22 parts of hardener 

by hand. The unidirectional carbon fiber tow of length 2 cm and width 0.8 cm was first placed flat 

on a glass slide. A drop of epoxy was spread using a roller such that the carbon fibers were 

impregnated with the epoxy, and any excess epoxy was removed. This is the process for making a 

single-layer composite sample. To make a composite with two layers, another unidirectional tow 

of similar dimensions was placed on top of the impregnated tow such that all the fibers are aligned 

in the same direction, and once again a drop of epoxy was spread over the second tow. This process 

was repeated to make composites of increasing layers. The impregnated carbon fiber tows were 

then cured in the oven for 10 minutes at 140°C to obtain carbon fiber composites of different 

thicknesses. The thickness of the different composites was measured using vernier calipers. 
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2.4 Alternating Current (AC) conductivity measurements 

The through-plane AC conductivities of the carbon fiber tows and composites were found using a 

Novocontrol Technologies dielectric spectrometer, within the frequency range of 0.1 Hz to 10 

MHz. The samples were sandwiched between a 1 cm top electrode and a larger bottom electrode. 

Measurements were carried out at room temperature. 

2.5 Simulating RF heating of CFs 

By combining the RF and heat transfer in solids modules in COMSOL Multiphysics 5.2, the 

simulation of RF induced heating of CFs was performed. The sample, the surrounding air, and the 

fringing-field applicator made up the simulated geometry. It should be noted that the simulation 

views the carbon fiber tow as a single, macroscopic entity rather than a collection of separate 

carbon fibers. The parameters such as the material properties, and geometries of the applicator and 

sample are listed in Table 1. Note that the geometry of the copper strips on the applicator used to 

run the simulations is different from the actual geometry of the copper strips used to run the 

experiments.  
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Table 1: Simulation parameters used in COMSOL Multiphysics 5.2 to describe the system and 

sample. The simulation includes the sample, the surrounding air, and the fringing-field 

applicator.[39] 

 

 

Parameter Value 

Input Power 30 W 

Input Frequency for Fig S6 180 MHz 

Frequency Range for Sweep 5 MHz to 300 MHz 

Characteristic Impedance 50 Ohm 

Carbon Fiber Density 1800 kg/m3 

Carbon Fiber Heat Capacity 752 J/kg·K 

Carbon Fiber Thermal Conductivity 9.6 W/m·K 

Width of CF Sample 0.0254 m 

Length of CF Sample 0.0254 m 

Height of CF Sample 0.001 m 

Time for which RF is on 3 s 

Applicator Density 1990 kg/m3 

Applicator Thermal Conductivity 0.64 W/m·K 

Applicator Heat Capacity 1550 J/kg·K 
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The volumetric heat source in the sample is defined by Equation 1, 

        Q=
1

2
Re(𝐉 . 𝐄∗)     (1) 

where Q is the power density in W m-3, where 𝐉 is the current density in A/m2, and 𝐄∗ is the electric 

field strength in V m-1. 

The conductivity affects the current density as given by Equation 2,  

                                                                        𝐉 = 𝝈 . 𝐄∗     (2) 

where 𝛔 is the anisotropic conductivity tensor in S/m. 

The outer boundary of the simulation environment was set to a temperature of 20 °C. The sample 

in the simulation environment was set to an initial temperature of 34 °C. The RF power was 

supplied via a lumped port and the temperature profiles of the system were solved with a series of 

frequencies ranging from 5 to 300 MHz. The input power used in the simulations is 30 W. The 

instantaneous heating rate was calculated based on the maximum temperature observed in the 

system. A second set of simulations was solved using a frequency of 180 MHz while varying the 

longitudinal conductivity from 6.7 S/cm to 6.7 x 102 S/cm. The transverse conductivity was varied 

proportionally to the longitudinal conductivity. The RF field is applied for 3 s at each value of 

conductivity. For the purpose of this study, the sample of unidirectional carbon fibers most closely 

resembles a tow of T700S.  
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3. RESULTS 

3.1 Heating response of unidirectional CF tows 

CFs and their composites were exposed to a fringing RF field, and their heating response was 

recorded using a FLIR thermal camera. Figure 1a shows the schematic for the RF-induced heating 

setup that was used to heat the CFs and their composites in this work. The frequency-dependent 

heating responses of unidirectional CF tows were recorded when the fibers were placed 

perpendicular and parallel to the fields (Figure 1b). The RF field lines are generated in the out-of-

plane direction as shown in Figure 1b. Thus, any sample of CF tow or composite can be placed in 

two orientations: parallel to the field lines, and perpendicular to the field lines. The thermal camera 

records the temperature-time data from above the sample. 

We varied the frequency and measured the heating rates of the bare applicator and the samples. 

The frequency at which impedance matching occurred (resonant frequency), maximum heating 

was observed. For the bare applicator, this resonant frequency is 129 MHz. When the CF sample 

is placed on the applicator, this resonant frequency shifts significantly (Figure 2). This is because 

the system (sample and the applicator as a whole) has a different impedance than the bare 

applicator. Figure 3 shows that the minimum S11 parameter for the bare applicator is found at a 

frequency of 127 MHz using the VNA. This value is very close to the resonant frequency observed 

in the actual setup. 
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Figure 2: RF induced heating rates of (a) T700 (b) IM7 (c) T300 unidirectional tows kept 

perpendicular to the field. RF induced heating rates of (d) T700 (e) IM7 (f) T300 unidirectional 

tows kept parallel to the field. The tows were heated at 1 W across a frequency range of 1 to 200 

MHz. At each frequency, the tows were heated for 1 s and allowed to cool for 13 s.[39]  
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Figure 3: S11 parameters of unidirectional IM7 and T700 carbon fiber tows, were measured as a 

function of frequency using VNA.[39] 
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3.2 Effect of orientation and conductivity on heating response of CFs 

 

Figure 4: (a) Comparison of maximum RF induced heating rates of different types of 

unidirectional carbon fiber tows. For each type of carbon fiber, the heating rates of the fibers 

placed perpendicular to the RF field were higher than those where the CFs were placed parallel 

to the field. (b) Through-plane AC conductivity of different CF tows.[39] 

T700, T300, and IM7 unidirectional CF tows were placed in different orientations in the RF field 

and their temperature-time data was recorded to compare how orientation and conductivity 

affected their responses. For the purpose of this research work we have compared the heating rates 

of three of the most commonly available standard or intermediate modulus carbon fibers that 

possess different longitudinal conductivities. There are multiple types of carbon fibers that are 

commercially available that possess different longitudinal conductivities. For instance, high 

modulus carbon fibers such as IM10 have a much higher longitudinal conductivity and density 

compared to intermediate or standard modulus carbon fibers. We expect them to show much higher 

heating rates when compared to IM7 or T700. Figure 4a shows a summary of the maximum 

heating rates obtained when unidirectional carbon fiber tows were heated at 1 W within a 

frequency range of 1 to 200 MHz in different orientations. The CFs heat up substantially more 

when placed perpendicular to the RF field than when placed parallel to it, irrespective of the type 
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of carbon fiber. We hypothesize that the heating rate of the CF sample when placed parallel to the 

field depends on its longitudinal conductivity, and the heating rate of the CF sample when placed 

perpendicular to the RF field depends on its bulk transverse conductivity.  

The AC conductivities of the samples were measured using dielectric spectroscopy and are shown 

in Figure 4b. As conductivity increases, the heating rate of CF tows initially increases, reaches a 

maximum, and then decreases beyond a certain conductivity value; this final decrease occurs 

because at very high conductivity values, the reflectance of the sample increases significantly, 

causing the strength of the field in the system to decrease[40].    
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3.3 Effect of matrix on heating response of CFRCs 

 

Figure 5: 6-ply T700 and 8-ply IM7 unidirectional composites were heated using an RF field in 

different orientations at 5 W across a frequency range of 1 to 200 MHz. The T700 composites 

were heated (a) parallel and (b) perpendicular to the field. The IM7 composites were heated (a) 

parallel and (b) perpendicular to the field.[39] 

Next, the heating rates of unidirectional CF composites and tows were compared to determine the 

effect of the matrix. The matrix acts as an insulating layer surrounding the fibers and acts as a heat 

sink. In Figure 5, we can see that to achieve comparable maximum heating rates in composites as 

that of the unidirectional tows, the composites need to be heated at a higher power of 5 W. Thus, 

bare carbon fiber tows show significantly higher heating rates than composites. A similar 
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observation is made when the heating rates of IM7 crossweave tows and IM7 crossweave 

composites are compared in Figure 6. Irrespective of the number of plies of the composites, the 

composites show a similar trend in RF induced heating rates when placed in different orientations. 

Akin to unidirectional CF tows, it is observed that unidirectional CF composites heat up more 

when placed perpendicular to the field.  

 

Figure 6: (a) IM7 crossweave composite heated at 5 W, (b) IM7 crossweave tow heated at 5 

W.[39] 
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3.4 Penetration depth of RF field 

 

Figure 7: (a) Illustration of composite heating process, where the heating rates change based on 

the number of layers of carbon fiber tows. Only the CF layers within the penetration depth are 

heated by the RF field. (b) Maximum heating rate of T700 unidirectional composites 

perpendicular to field as a function of increasing number of layers of carbon fibers. The 

maximum heating rate increases as the number of CF layers increase, reaches a maximum and 

then decreases. (c) AC conductivity of T700 unidirectional composites with varying number of 

carbon fiber layers[39] 

We hypothesize that the RF field has a certain penetration depth, beyond which the field lines do 

not penetrate and heat the sample (Figure 7a). To verify this effect of the penetration depth on the 

heating rates of the composites, we fabricated composites with an increasing number of CF layers.  
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Figure 8:  Heating rates of T700 unidirectional composites with varying number of CF layers, as 

a function of frequency. The composites were placed perpendicular to the field and heated at 5 

W power for 1 s at each 1 MHz increment in frequency.[39] 
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Figure 7b shows that the maximum heating rates of T700 unidirectional composites increase as 

the number of layers increases, reaches a maximum, and then decreases. For our experimental 

setup the penetration depth was found to be 1.2 mm.  

 

Figure 9: (a) Transverse conductivity of T700 unidirectional composites as a function of 

increasing CF layers (b) Maximum heating rates of T700 unidirectional composites 

perpendicular to field, as a function of increasing thickness[39]  

As the distance of the sample from the fringing field applicator increases, the field becomes weaker 

till at one point, no substantial heating is induced in the sample. Thus, no heat is generated in any 

of the CF layers that are outside of this penetration depth. These higher layers of CFs and epoxy 
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in the composites show heating only due to heat transfer from the bottom layers and not due to 

local heat generation, confirming our hypothesis.  

As the number of carbon fiber layers increases, the bulk conductivity of the sample increases as 

well (Figure 7c). This further implies that the RF induced heating rate does increase linearly with 

increasing bulk conductivity of the sample. Figure 8 displays the heating rates as a function of 

frequency of T700 unidirectional composites with varying number of CF layers. We can see that 

there is a slight shift in the frequency at which maximum heating occurs as the number of layers 

increases. This further adds to the notion that the sample as a whole has a particular impedance 

which affects its RF induced heating rate. Figure 9 shows that the conductivity of the samples 

increases with increasing number of layers. It also shows how the heating rate varies with 

increasing thickness of these composites. The thickness of the composites increases almost linearly 

with increasing number of CF layers. The deviation from the linear trend occurs due to unwanted 

variations in pressure that occur while impregnating the composites with epoxy.  

3.5 Simulations 

The heating response of unidirectional CF tows were simulated using COMSOL Multiphysics to 

validate our experimental results. The geometry used for the simulations consisted of the sample, 

the surrounding air, and the fringing-field. A lumped port was used to supply the RF power, and a 

series of frequencies from 5 to 300 MHz were used to solve the system's temperature profiles. The 

frequency at which maximum heating occurs was found. Keeping this frequency (180 MHz) 

constant, the conductivity of the sample was varied. The simulation assumes an input power of 30 

W. In the simulation, the RF field is applied only for 3 s at each value of conductivity (Figure 10).  
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Figure 10: Simulated temperature profiles of RF heating at 180 MHz of T700 unidirectional 

tows. The temperature bar on the right shows the temperature in °C. The images are taken at 3 s 

of heating at 30 W when the tows are kept perpendicular to the RF field.[39]   
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Figure 11 shows simulations of how the heating rates of T700 unidirectional tows vary with 

conductivity when the sample is kept perpendicular to the RF field (Figure 11a), and parallel to 

the RF field (Figure 11b).  

 

Figure 11: Simulated heating rates of unidirectional T700 tows at 30 W as a function of 

conductivity when tows are kept in different orientations (a) parallel (b) perpendicular. The 

conductivity on x-axis represents conductivity of bulk sample measured in the direction of the 

RF field. (c) Heating rates as a function of frequency at 30 W. σL is longitudinal conductivity and 

σT is transverse conductivity. (d) Simulated temperature profile of RF heating of T700 

unidirectional tow at 30 W, captured at 3 s. The tow is oriented perpendicular to the field.[39] 

T700S was selected as the sample to simulate the heating rates because the material properties of 

T700S are readily available in the literature. The conductivity values of T700S and IM7 are very 
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close, and it is difficult to simulate the minute differences between the different types of carbon 

fibers.  

In the simulations we see that the heating rates of the sample when placed perpendicular to the 

field depend on the bulk transverse conductivity; and when placed parallel to the field, they depend 

on the bulk longitudinal conductivity. The simulations show that the fibers heat up more when 

placed perpendicular to the RF field, thus quantitatively validating the experimental results.  

The simulations also show that the heating rates do not vary monotonically with the conductivity 

of the sample (Figure 10). Figure 11c shows that since the simulation assumes an ideal sample, 

only a single, clean peak is observed at the resonant frequency. The peak in the simulations is not 

as sharp as the experimental peaks observed at 120 MHz either. This is because the simulations do 

not consider the mismatch of impedance that occurs at the discontinuities within the sample. The 

simulation assumes a sample where the impedance is gradually changing across the frequency 

range, thus giving rise to a broader peak. The heating rates in the simulations are very small when 

compared to the experimental results. This could be attributed to the fact that (i) the simulations 

assume an ideal sample, applicator, and environment; and (ii) the simulations assume a uniform, 

bulk sample with anisotropic conductivity. However, in reality the system is more complex, and 

the sample is made up of distinct carbon fibers. There may be local points of resistance or electric 

field concentration where the carbon fibers touch each other laterally. It is remarkable that the 

experimental heating rates far exceed those seen in the simulations of the bulk material by a factor 

of almost 500. In simulations also point out that at very high conductivities, the heating rates 

decrease, thus implying that the field gets reflected. This is similar to what we observed in the 

experimental results.  
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4. SUMMARY & CONCLUSIONS 

The heating behavior of carbon fibers and their composites when exposed to radio-frequency fields 

were investigated. Heating response of fibers is dependent on two major factors: electrical 

conductivity, and orientation of exposure to field. With rise in electrical conductivity, the heating 

response initially increases before reaching a maximum value, beyond which it decreases. This 

ultimate decrease in heating occurs because the reflectance of the RF field increases with 

increasing electrical conductivity of the CFs. We have also observed that the temperature 

distribution and efficiency of heating depends on the geometry of the RF applicator used. 

Unidirectional carbon fibers (and their composites) have shown faster heating rates when placed 

perpendicular to the RF field lines. This could be because the heating rate of the CF sample when 

placed parallel to the field depends on its longitudinal conductivity, and the heating rate of the CF 

sample when placed perpendicular to the RF field depends on its bulk transverse conductivity. As 

the conductivity of the sample increases significantly, its heating rate decreases. At higher 

conductivities, the RF field is reflected by the sample. In the case of composites, the matrix has a 

significantly lower electrical conductivity; thus, overall heating response is much lower compared 

to bare fibers. Finite Element simulations of the RF heating process were performed using 

COMSOL Multiphysics, and qualitatively a similar trend of heating rate as a function of sample 

conductivity was observed. These findings help us better understand the factors that affect the 

heating response of macroscopic filler composites when exposed to electromagnetic fields, which 

will prove useful in scaling up of manufacturing processes involving these materials.  
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APPENDIX A 

OPTICAL MICROSCOPY IMAGES OF T700 AND IM7 FIBERS 

 

Figure A6: Optical microscopy image of T700 to measure its radius.  

 

Figure A7: Optical microscopy image of IM7 to measure its radius.  
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APPENDIX B 

RECYCLE AND REUSE OF CONTINUOUS CARBON FIBERS FROM THERMOSET 

COMPOSITES USING JOULE HEATING 

In collaboration with Anubhav Sarmah of our lab group, I worked on the Joule heating of carbon 

fibers to recycle T700 continuous carbon fibers from thermoset composites. This work gave me 

an understanding of the applications of volumetric heating of CFs when they interact with electric 

fields. Our work entitled ‘Recycle and Reuse of Continuous Carbon Fibers from Thermoset 

Composites Using Joule Heating’ (shown below) was published in the Journal ‘ChemSusChem’ 

in August 2022.  
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Recycle and Reuse of Continuous Carbon Fibers from 
Thermoset Composites Using Joule Heating 

Anubhav Sarmah,[a] Sevketcan Sarikaya,[b] Jonathan Thiem,[c] Shegufta T. Upama,[b] 
Aida N. Khalfaoui,[a] Smita Shivraj Dasari,[a] Kailash Arole,[b] Spencer A. Hawkins,[d] 
Mohammad Naraghi,[b, e] Aniruddh Vashisth,[c] and Micah J. Green*[a, b] 

This study demonstrates a new and sustainable methodology 

for recycling continuous carbon fibers from end-of-life thermo- 
set composite parts using Joule heating. This process addresses 
the longstanding challenge of efficiently recovering carbon 

fibers from composite scrap and reusing them to make fresh 

composites. The conductive carbon fibers volumetrically heat 
up when an electric current is passed through them, which in 

turn rapidly heats up the surrounding matrix sufficiently to 

degrade it. Fibers can be easily separated from the degraded 

matrix after the direct current (DC) heating process. Fibers 
reclaimed using this method were characterized to determine 

their tensile properties and surface chemistry, and compared 

against both as-received fibers and fibers recycled using 

conventional oven pyrolysis. The DC- and oven-recycled fibers 
yielded similar elastic modulus when compared against as- 
received fibers; however, an around 10–15% drop was observed 

in the tensile strength of fibers recycled using either method. 
Surface characterization showed that DC-recycled fibers and as- 
received fibers had similar types of functional groups. To 

demonstrate the reusability of recycled fibers, composites were 

fabricated by impregnation with epoxy resin and curing. The 

mechanical properties of these recycled carbon fiber compo- 
sites (rCFRCs) were compared against conventional recycling 

methods, and similar modulus and tensile strength values were 

obtained. This study establishes DC heating as a scalable out-of- 
oven approach for recycling carbon fibers. 

Introduction fibers from these parts a particularly challenging task.[6,7] Tradi- 
tionally, thermoset CFRC waste has been incinerated or 
disposed of in landfills.[8] This has led to high disposal costs and 

negative environmental impacts.[9] Thermoset matrices deterio- 
rate under mechanical and thermal stresses or undergo 

chemical degradation with repeated use and age. On the other 
hand, carbon fibers remain intact because they have high 

thermal, chemical, and mechanical stability.[10] Thus, carbon 

fibers can be recovered from end-of-life cured composites and 

from partially cured ‘pre-preg’ scraps with minimal loss in 

properties, so that they can be reused.[11,12] Reusing carbon 

fibers also eliminates the large amount of energy required to 

Carbon fiber reinforced composites (CFRCs) have myriad 

applications in the military, aerospace, and automotive 

industries.[1,2] Their popularity is due to the superior properties 
of carbon fibers, such as high tensile strength, light weight, and 

high modulus.[3,4] CFRCs can be broadly classified into thermo- 
plastic composites and thermoset composites based on the 

type of matrix used. Here, we focus on the specific challenge of 
recycling continuous carbon fibers from thermoset CFRCs. 

The matrix in thermoset composites is usually the product 
of an irreversible crosslinking reaction;[5] thus, it cannot be 

reprocessed or remolded in any way, rendering the recycling of produce virgin carbon fibers.[11,13–15] Therefore, there is a 

growing need to develop a method to degrade the epoxy 

matrix from thermoset composites and then reclaim continuous 
carbon fibers. 
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methods produce only short carbon fibers; composites made 

using chopped fibers are not competitive with CFRCs made 

from continuous fibers.[21] In the solvolysis method, organic 
solvents are used to degrade the epoxy matrix. However, this 
process is time-consuming, and the solvents are environ- 
mentally hazardous.[22] Supercritical fluids have also been 

investigated for use in solvolysis.[23] These fluids require equip- 
ment that can withstand high pressures and temperatures, thus 
increasing capital costs.[11,24] In electrochemical methods, chlori- 
nation inside an electrochemical cell degrades the epoxy 
matrix.[25] Disadvantages of this method include the post- 
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process drying of the carbon fibers, the long process times, the 

requirement of large volumes of electrolytes, and the use of 
expensive materials such as platinum electrodes; these factors 
make this process difficult to scale up.[26] 

Oven pyrolysis is currently the most commonly used 

method for carbon fiber recycling.[11] In this method, the matrix 
is decomposed i°n an ine°rt environment at temperatures 
ranging from 350 C to 700 C.[27–29] This process is convention- 
ally carried out in large-scale ovens. Pyrolysis is typically 

followed by oxidation of the retrieved carbon fibers to remove 

the epoxy char on the surface of the fibers.[11] The entire 

process, including oxidation, requires a minimum of about 
30 min for a sample size of 250 g.[30] Another method that uses 
high temperatures for carbon fiber recycling is the fluidized bed 

process, which invo°lves heating the CFRC composite using air 
drawback of the fluidized bed method is that initial continuous 
fibers are broken down into short and fluffy chopped fibers. 
Recently, using microwaves to thermally degrade the matrix has 
garnered attention. The microwaves h°eat and °degrade the 

matrix at temperatures ranging from 450 C to 650 C, and fibers 
are retrieved at the end of the process.[30,31] 

Figure 1. Schematic showing closed-loop recycling of carbon fibers from 

end-of-life composites using DC heating, and fabrication of recycled carbon 

fiber composites for industrial applications. 
between 450–550 C in a bubbling sand bed. The major 

ship between the power required for composites of various 
sizes. 

The engineering community thus faces a difficult task: 
despite the need to recycle carbon fibers from thermoset 
CFRCs, the actual technology to do so remains elusive. It is 
highly desirable to develop a method to retrieve continuous 
carbon fibers from end-of-life composites without using envi- 
ronmentally toxic solvents and reagents. 

Results and Discussion 

We first describe the DC heating process to recycle carbon 

fibers from composite scrap. Next, we assess the properties of 
DC-recycled fibers and compare them against as-received fibers 
and conventionally recycled fibers. Finally, we demonstrate the 

application of recycled fibers to fabricate rCFRCs, and compare 

against composites fabricated from as-received fibers. 
We first determine the relevant degradation temperatures 

of the matrix using thermogravimetric analysi°s (TGA). A temper- 
ature ramp from room temperature to 600 C (in air) showed 

that the matrix for cross-weave and unidire°ctional composites 
used in this study degraded at aroun°d 400 C (Figure S1). Next, 
isothermal TGA runs in the air at 400 C showed that at the end 

of 10 min, the cross-weave composite had a residue of 77 %, 
while the unidirectional composite had a residue of 55% 

(Figure S2). These numbers roughly correspond to the fiber to 

matrix weight ratio in the composite, and we aimed to achieve 

these ratios with our DC heating experiments. 
We next demonstrate our DC heating methodology to 

degrade the matrix and recycle the fibers (Figure 2a). A current 
was allowed to pass through 4-ply thick samples of cross-weave 

and unidirectional composites with in-plane dimensions 1 cm× 

1 cm. This allowed the conductive fibers to heat up volumetri- 
cally and tran° sfer the heat to the surrounding resin. A temper- 
ature of 400 C (Figure S3) was maintained for about 10 min by 

modulating the DC voltage, based on feedback from the 

thermal camera; uniform heating of the sample was observed, 
which ensured that the matrix in the entire sample was evenly 
degraded. Visual observation confirmed that after the elapsed 

time, the matrix was eliminated, and the fibers had begun to 

fray and separate. 

To address this objective and avoid the problems associated 

with existing technologies, we propose the use of Joule heating 

via direct current (DC). Joule heating, or resistive heating, occurs 
when an electric current is passed through a conductive 

material. Our group has previously shown that DC heating can 

heat up conductive pixels for thermal patterning.[32] Joule 

heating has also been successfully used to synthesize graphene 

fibers from graphene oxide.[33] In another study, Joule heating 

was used to recover precious metals from electronic waste.[34] 
In this study, we explore a methodology for out-of-oven 

thermal recycling of carbon fibers from scrap composites 
(Figure 1). A DC voltage is applied across a CFRC using a DC 

power source; the conductive fibers enable a current to pass 
through it, heating up in the process. The hot fibers heat up the 

surrounding matrix, and since the degradation temperatures of 
fibers are much higher than that of the matrix, the process 
temperature can be monitored and controlled to target the 

matrix without affecting the fibers specifically. Fibers retrieved 

using this method were characterized and compared against 
fibers recycled using conventional oven pyrolysis; surface 

characteristics and fiber strength turned out to be consistent 
across samples degraded using the two heating methods. Next, 
to test the utility of the recycled fibers, we made recycled 

carbon fiber composites (rCFRCs) by reinfiltrating the fibers 
with epoxy and curing the composite; similar mechanical results 
were obtained for the composites made using fibers recycled 

via DC heating and conventional oven pyrolysis. Finally, the 

scalability of this method was investigated by finding a relation- To show that this method can be scaled up to continuous 
composite rolls, longer composites of in-plane dimensions 
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Figure 2. (a) Schematic of DC heating setup. CFRC sample (black) is placed on the ceramic tile; electrical contact is established using copper tape and 

conductive silver paste. The sample is connected to a DC power source using alligator clips; temperature is monitored using a thermal camera. (b) Time- 
temperature data (inset: thermal image from forward-looking infrared (FLIR) camera at t=200 s) during DC heating of cross-weaved IM7 and (c) unidirectional 
IM7 composite. 

approximately 7 cm×1  cm were hea°ted; the temperature was 

rapidly ramped up to about 400 C within a minute and 

maintained isothermally for 10 min (Figure 2b, c). Typical 
weights of the composite before and after DC heating are 

shown in Table S1; these weight ratios were close to the ones 
obtained from TGA. This shows that DC heating can be 

successfully used to recycle continuous carbon fibers from scrap 

CFRCs, without using environmentally hazardous reagents. 
The surface chemistry of the recovered carbon fibers was 

analyzed using X-ray photoelectron spectroscopy (XPS); the XPS 

spectra of the carbon fibers are shown in Figure S4. The as- 
received carbon fibers show O and C peaks, but do not show 

any N peaks. These as-received fibers have a thin coating on 

them which enhances cross-linking between the fiber and 

matrix; this is called ‘s°izing.’ The as-received fibers were 

thermally treated at 450 C for 15 min to remove the sizing. 
After removal of the sizing on the fibers, the ‘de-sized’ carbon 

fibers show N, C, and O peaks. The N peak that appears in the 

de-sized carbon fibers belongs to the N atoms present in the 

carbon fiber itself (remnants of the polyacrylonitrile-based 

precursor) and the amine (NH2) functional groups. After the DC 

recycling process, the N peak becomes stronger compared to 

the de-sized carbon fiber. C, O, and N percentages for each 

carbon fiber are listed in Table S2. The as-received carbon fibers 
and de-sized carbon fibers have a slightly higher O/C ratio (21 % 

and 17 %, respectively) than the DC-recycled ones (12.9%). The 

O/C ratio quantifies the oxygen-containing functional groups 
on the surfaces of the carbon fibers and indicates the active 

surface area of chemical bonding between the carbon fibers 
and epoxy resin. The as-received carbon fibers and de-sized 

carbon fibers may have a slightly higher O/C ratio than the DC- 
recycled ones because de-sizing and DC recycling slightly 
oxidizes the surface of carbon fibers and cleaves the functional 
groups that contain oxygen. 

CÀOÀC (285.02–286.03 eV), and O-C=O (287.9–288.4 eV), ac- 
cording to their distinguished binding energy. The results of C 

1s spectra fittings of carbon fibers are shown in Figure 3a–d, 
and the contents of the functional groups are listed in Table S3. 
The same types of functional groups were found on the 

surfaces of recycled and as-received fibers. These functional 
groups help create covalent bonds between the carbon fibers 
and the epoxy matrix during re-impregnation. The DC- recycled 

carbon fibers have a noticeably higher density of hydroxyl 
groups and carbonyl groups compared to de-sized carbon 

fibers. This is likely because the DC recycling of CFRC 

composites leaves some functional groups from the original 
matrix on the surface of the carbon fibers. 

The surface morphologies of as-received, DC-recycled, and 

oven-recycled carbon fibers were investigated via scanning 

electron microscopy (SEM, Figure 3e–g) and optical microscopy 

(Figure S5). No major damage on carbon fibers was observed in 

the SEM images. Also, there is very little epoxy remaining on 

the surface of the DC-recycled carbon fibers. This residue was 
removed after washing the carbon fibers in an ultrasonic bath. 

Tensile testing of recycled individual carbon fibers was 
performed to measure the tensile strength and modulus, and to 

determine if their mechanical properties were altered during 

recycling. Fibers recycled using DC heating and oven pyrolysis 
have similar modulus values of around 180–190 GPa, as shown 

in Figure 3h. However, we see an about 10–15% decrease in 

tensile strength of DC and oven-recycled fibers when compared 

to as-received fibers (Figure 3i). This loss in strength is 
consistent with previous studies which involved thermal 
degradation of the matrix to reclaim carbon fibers.[31] Individual 
tensile test outcomes in box plot format are shown in Figure S6. 

Incineration of CFRCs produces 3.39 kg of CO2 per kg of 
CFRC waste. Greenhouse gas emissions associated with virgin 

carbon fiber production have been estimated previously at 
31 kg CO2 equiv. per kg, which is 10 times more than conven- 
tional steel at 3 kg CO2 equiv. per kg production.[35,36] Recover- 
ing carbon fibers from CFRC wastes could help compensate for 

The functional groups on the fiber surface were determined 

by C 1s deconvoluted spectra. The C 1s narrow spectra were 

deconvoluted to show three peaks, namely CÀC (284.4 eV), 
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Figure 3. Deconvoluted XPS spectra of (a) as-received IM7 fibers, (b) de-sized IM7 fibers, (c) DC-recycled IM7 fibers, (d) oven-recycled IM7 fibers. SEM images of 
(e) as-received IM7 fibers, (f) DC-recycled IM7 fibers, and (g) oven-recycled IM7 fibers. (h) Modulus of elasticity and (i) strength of single fibers of as-received 

IM7 CFs, DC-recycled IM7 CFs and oven-recycled IM7 CFs. 

these production impacts and reduce the greenhouse emissions 
from incineration. Additionally, recycling of carbon fibers from 

CFRCs is of growing importance on account of environmental 
legislation becoming stricter by the day. Thus, it is imperative to 

adopt a sustainable method to recycle carbon fibers. In this 
work, we have successfully established DC heating as an 

effective methodology to recycle continuous carbon fibers from 

end-of-life composites. 

To demonstrate applications of recycled carbon fibers, we 

fabricated rCFRCs, which were 4-ply thick with in-plane 

dimensions 70 mm× 10 mm using the same resin system as the 

initial composites (Figure 4a). The mechanical properties of 
composites made using fibers recycled via both DC heating and 

conventional pyrolysis were compared. A composite of similar 
dimensions made from as-received IM7 fibers was used as a 

control specimen. Composites made using DC-recycled and 
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Figure 4. (a) Fabrication of rCFRC. (b) Modulus of elasticity and (c) strength of single fibers of as-received IM7 CFs, DC-recycled IM7 CFs and oven-recycled IM7 

CFs. 

oven-recycled fibers had similar modulus values; however, these 

values are about 20% lower than the modulus of composite 

made using as-received fibers (Figure 4b). The tensile strength 

of composites made from DC-recycled fibers was measured to 

be about 440.5 GPa, which is higher than the value observed 

for composites made using oven-recycled fibers (around 

362.9 GPa). We observed drops of approximately 20% and 37% 

in tensile strengths for the composites made using DC heating, 
and oven heating recycled fibers, respectively, compared to the 

control specimen (Figure 4c). 
The drop in mechanical properties of DC-recycled rCFRCs 

when compared to composites made using as-received fibers 
may be attributed to the fact that thermal treatment (both DC 

heating and oven pyrolysis) removes the sizing of carbon fibers. 
The sizing is a highly proprietary coating on virgin carbon 

fibers, which enhances cross-linking between fiber and matrix 

and strengthens the fiber-matrix interface; thus, its absence in 

recycled fibers affects the modulus and strength of the final 
cured part. Reapplying the sizing on these recycled fibers could 

likely improve the mechanical properties of the resulting 

rCFRCs; however, due to its unknown nature,[37] re-sizing can 

only be carried out by the fiber manufacturer. Composites 
made of fibers recycled using DC heating fared significantly 

better when compared against composites made using conven- 
tionally recycled fibers. 

Next, the scalability of this methodology was analyzed to 

investigate the potential transfer of technology from the 

laboratory to the industry. The power and energy required to 

recycle composites of varying sizes and weights were measured. 
Power required for recycling was plotted against the composite 

volume in Figure 5a; the plot follows a sub-linear relationship. 
Moreover, it can be seen that the energy required per unit mass 

° ° Figure 5. (a) Power required vs. volume of composite to maintain the sample at T=400 C. (b) Energy required per unit weight vs. weight of the sample to 

maintain T=400 C for 10 min. 
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for recycling decreases with an increase in sample weight 
(Figure 5b). Thus, this methodology of recycling continuous 
carbon fibers can be potentially ramped up to a commercial 
scale without an extreme rise in energy usage. 

copper tape was attached to the ends of the composite; silver paste 

was used to ensure proper electrical contact between the tape and 

the composite. Alligator clips were used to connect the copper 
tapes to a direct current power source. The DC supply voltage was 
modulated manually to ramp up the sample to its target temper- 
ature and maintain it for the desired residence time. The temper- 
ature was monitored using a FLIR A655sc thermal camera. 

Conclusions 

X-ray photoelectron spectroscopy 
We have successfully recycled continuous carbon fibers from 

end-of-life thermoset composites using direct current (DC)- 
induced Joule heating; these recycled fibers could be poten- 
tially reused to make composites for various multi-functional 
applications. The surface morphology and chemistry of as- 
received carbon fibers and DC-recycled carbon fibers are 

comparable, with the same types of functional groups found on 

the surfaces of both types of fibers. While the elastic modulus 
of as-received and DC-recycled fibers are similar, there is an 

around 10–15% decrease in tensile strength of the DC-recycled 

fibers when compared to the as-received fibers. DC-recycled 

fibers were reused successfully to fabricate recycled carbon 

XPS was performed on carbon fibers using an Omicron X-ray 

photoelectron spectrometer employing an Mg-sourced X-ray beam 

at 15 kV with aperture 3. The scan spectra were recorded in the 

range 0–1100 eV. The carbon (C), nitrogen (N), and oxygen (O) 
traces were scanned. The binding energy was calibrated by 

° referring to the C 1s peak at 284.8 eV. For this characterization, 
some as-received fibers were thermally treated at 450 C for 15 min 

to remove the proprietary coating or ‘sizing’; these fibers are 

referred to as “de-sized” fibers. XPS scans of as-received carbon 

fibers, de-sized carbon fibers, oven-recycled carbon fibers, and DC- 
recycled carbon fibers were compared. 

Scanning electron microscopy fiber composites (rCFRCs), with a loss of about 20% in 

mechanical properties. We have also established that this 
method has the potential to be scaled up to the industrial level. 
The production of virgin carbon fibers causes large CO2 

emissions and is also an energy-intensive process.[36] Thus, using 

the current method proposed here, we demonstrate the 

recycling and reuse of carbon fibers which could diminish the 

environmental impact of using carbon fiber reinforced compo- 
sites (CFRCs). 

The surface morphologies of the as-received, DC-recycled and 

oven-recycled carbon fibers were observed using a scanning 

electron microscope (Tescan LYRA-3 Model GMH Focused Ion Beam 

Microscope) to investigate the degree of degradation of the resin 

matrix and potential damage to the fiber surfaces. The operating 

accelerating voltage was 10 kV. 

Single fiber testing 

Unidirectional carbon fibers extracted from composites thermally 

treated using DC heating and conventional oven pyrolysis were 

used for single fiber mechanical testing. A paper sample tab with a 

gauge length of 10 mm was used to mount the samples to the 

tensile stage, as seen in Figure S8. The strain rate was set to be 

0.5 mmsÀ1, and a minimum of 20 samples were tested from each 

fiber type. Modulus and tensile strength were measured for each 

fiber type using the data from this experiment. As-received 

unidirectional IM7 fibers were used as the control specimen for this 
experiment. 

Experimental Section 

Materials 

For this study, thermoset composites with IM7 (Hexcel, Stamford, 
CT) carbon fibers were used. The first type of composite had 

unidirectional carbon fibers impregnated with epoxy made from 

EPON 862 epoxide cured with Epikure 

Danbury, CT); the second composite used in this study had the 

W (Miller-Stephenson, 

same matrix system with the cross-weave IM7 carbon fibers cured 

° ° with the same matrix (Figure S7). Both composites were 4 layers 
thick and were cured at 121 C for 1 h, followed by 177 C for 2.5 h 

using a heated platen press. 

Matrix reinfiltration and mechanical testing of composites 

After DC heating or oven pyrolysis, the laminas in 4-ply cross-weave 

composites were separated for cleaning. The laminas were kept in 

an ultrasonic bath of deionized water for 15 min at room temper- 
ature to remove traces of the residual epoxy. Once dried, an 

aluminum mold with in-plane dimensions of 70.5 mm × 10.5 mm 

was used for making composites from the recycled fibers. Layers (or 
lamina) of the fibers were laid one by one, and each layer was 
impregnated with the same resin system used to make the original 

Thermogravimetric analysis 

TGA ramp experiments were performed in the air for cross-weave 

and unidirectional composites to determine the degradation 

° ° temperature of the matrix; the temperature was ramped from room 

temperature to 600 C at a rate of 10 C minÀ1. Next, isothermal TGA 

experiments were performed at the degradation temperature 

determined from the temperature run; the sample was heated 

rapidly to the degradation temperature and held isothermally for 
10 min. The residual weight at the end of each run was noted. 

com°posite. The curing cycle c°onsisted of keeping the system at 

121 C for 1 h, followed by 177 C for 2.5 h in a heated platen press. Composites with dimensions of 70 mm ×10 mm made of fibers 
recycled using DC heating or oven pyrolysis were mechanically 
tested to measure tensile strength and modulus. An Instron model 
#2630-101 frame with a 50 kN load cell was used for these tests; 
the displacement rate was set at 1.27 mmminÀ1 
Composite made using as-received IM7 weave was used as the 

control specimen for these tests. 

for all tests. DC heating 

The DC heating setup used for recycling carbon fibers is shown in 

Figure 2a. The CFRC composite was placed on a ceramic tile and 
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1 – 8 
Carbon fiber recycling: A direct 
current (DC) power supply is used to 

induce electric currents in an end-of- 
life carbon fiber composite. Joule 

heating of the conductive fibers 
degrade the surrounding epoxy 

matrix, thus allowing for recycling of 
carbon fibers from the composites. 
These reclaimed fibers are re-infil- 
trated with epoxy and cured to make 

recycled carbon fiber composites. 

Recycle and Reuse of Continuous 
Carbon Fibers from Thermoset 
Composites Using Joule Heating 


