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ABSTRACT 

The broader adoption of composite materials in next-generation aerospace architectures is currently 

limited by the geometrical constraints and high energy costs of traditional manufacturing techniques of 

PMCs such as autoclave and vacuum-bag-only oven curing techniques. Here, an in situ curing 

technique for PMCs using a resistive heating film comprised of an aligned carbon nanotube (A-CNT) 

network is presented. A carbon fiber reinforced plastic (CFRP) prepreg system is effectively cured via 

a single-side CNT network heater incorporated on the outer surface of the laminate without using an 

autoclave. Evaluation of the curing efficacy shows that composites cured by A-CNT film heaters can 

achieve degrees of cure that are equivalent or better than composites cured by an autoclave. This 

manufacturing technique enables highly efficient curing of PMCs while adding multifunctionality to 

finished composites. 

 

1 INTRODUCTION 

Polymer matrix composites (PMCs), especially carbon-fiber-reinforced plastic (CFRP) composites, 

are widely used as structural materials because of their exceptional physical properties and 

multifunctionality. Although there are several manufacturing processes for curing PMCs using 

external stimuli such as heat [1–5] and light [2–4], autoclave curing remains the industrial standard 

technique for achieving PMCs with the desired properties. In the traditional autoclave manufacturing 

technique, PMCs are subjected to high temperatures for polymer crosslinking, and high pressure for 

high fiber volume fraction and low void content. However, manufacturing via autoclave is 

accompanied by high initial installation costs as well as operating costs of a high temperature 

pressurized vessel. Most importantly, since an autoclave has size and shape constraints on PMC 

components, and effective energy transfer for curing is restricted by the indirect heat transfer 

mechanism via convection of a gas medium inside the vessel, the autoclave manufacturing technique 

cannot meet the demand for manufacturing flexibility required by state of the art PMCs. Also, the 

amount of energy for curing composites scales with the size of the component, and is limited by the 

capacity of autoclave because of fixed volume of gas medium inside of vessel. Thus, the autoclave 

manufacturing process consumes a fixed amount of energy no matter how large or small the 

components are. Even an alternative manufacturing technique using microwave heating has the similar 

drawbacks related in the size and shape constraints due to radiation shielding [6]. Therefore, much 

interest in new manufacturing technology for PMC has developed. 

Here we utilize A-CNT networks as a heating element for a new manufacturing technology (called 

“out-of-oven”) that eliminates the need of an autoclave for the thermal processing of PMCs. The 

recent studies on A-CNT networks indicated that re-oriented A-CNT network made via roller 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by DSpace@MIT

https://core.ac.uk/display/89355883?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Jeonyoon Lee, Itai Y. Stein, Erica F. Antunes, Seth S. Kessler, and Brian L. Wardle 

densification are highly scalable [7, 8], and have tunable electron transport properties [7, 9–11]. In 

addition, since A-CNT network have very low density [9] compared to metal materials, because of the 

intrinsic density and volume fraction of CNT network [8], A-CNT network based microheaters are 

suitable for applications requiring a lightweight heating element, such as an anti/deicing system for  

airplane wings [12]. Thus, using such an A-CNT film heater, we show that PMCs can be effectively 

and efficiently cured outside an autoclave or oven.   

 

2 MATERIALS AND EXPERIMENTAL 

 

2.1  SYNTHESIS OF ALIGNED CNT ARRAYS AND FILM 

Vertically aligned CNT arrays were grown in a 44mm internal diameter quartz tube furnace at 

atmospheric pressure with a thermal chemical vapor deposition (CVD) process [13, 14]. The CNTs 

were grown on 40mm x 50mm Si substrates with catalytic layer of 10nm/1nm of  Al2O3/Fe 

respectively deposited by electron-beam evaporation. The 40mm x 50mm Si substrate placed in the 

middle of the quartz tube furnace were first annealed at 680°C under a flow of 1040 sccm of hydrogen 

gas in order to form nano-particle catalyst. Then, 400 sccm of ethlylene gas was injected into the 

furnace as the carbon source. The length of CNTs was controlled by changing the time of ethylene gas 

insertion. In order to obtain better electrical conductivity after densification [7] and enable more 

electric energy to be dissipated as thermal energy at operating voltage [15], the height of the  CNT 

forests were higher than300 µm. After terminating the insertion of ethylene gas, helium gas was 

introduced with hydrogen gas in order to weaken bonding between CNT forests and the Si substrate 

[16] so that the CNT arrays can be easily removed from the substrate. The grown CNTs were reported 

to have an average outer diameter of 7.8 nm (3-7 walls with an average inner diameter of 5.1 nm), 

intrinsic CNT density of 1.6  g/cm3, average inter-CNT spacing of 59 nm, and a volume fraction of 

1.6% CNTs [7, 17, 18]. To produce a film-like material, the vertically grown CNT arrays were 

densified and reoriented horizontally by using a 10 mm radius rod after covering with a Guaranteed 

Nonporous Teflon (GNPT) film. Because of the bond-weakening post growth process, the reoriented 

CNT film was cleanly transferred onto the GNPT film. 

 

2.2  MANUFACTURING OF THE A-CNT HEATER 

To utilize an A-CNT film as a heater, two copper mesh electrodes (2CU4-100FA from Dexmet, 

Inc.) used for lightning strike protection of composite structure were attached to both ends of A-CNT 

film, ensuring the CNT perpendicular alignment to the length of the electrodes. A-CNT film was held 

together with the electrodes using a composite surfacing film (TC235-1SF from Tencate Advanced 

Composite USA, Inc.). In addition to virtual elimination of porosity and imperfections on the 

composite surface, the surfacing film offers electrical insulation ensuring that electron transport is 

confined on the A-CNT film, and that proper Joule heating is achieved. A scheme of an A-CNT heater 

is presented in Figure 1. 

 

   
 

Figure 1: The side view of vacuum bag scheme for curing via an A-CNT film heater [19, 20]. 
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2.3  CURING A COMPOSITE VIA THE A-CNT FILM HEATER 

Hexply IM7/8552 pre-impregnated fiber reinforced plastic (prepreg) from Hexcel Corporation was 

used for the baseline (cured by autoclave) and specimen (cured by A-CNT heater). To minimize the 

complex heat transfer caused by the orientation of carbon fibers, the curing experiment was performed 

with a 16-ply unidirectional layup. After laying up, an A-CNT heater was attached onto one side of the 

uncured laminate as depicted in Figure 2a. The recommended vacuum bag as described  in the Hexply 

8552 technical data sheet [21] was precisely followed for the baseline specimen, while the air breather 

was removed from the original vacuum bag arrangement for the specimen with A-CNT heater so that 

the surface temperature of the A-CNT heater can be measured directly (Figure 2b). For Joule heating 

of the A-CNT heater, the DC power supply was connected to the two copper mesh electrodes of the A-

CNT heater. Input voltage and current were recorded every 300ms during the whole cure cycle using 

digital multimeters (Hewlett Packard 34401A). Thermography was taken via a thermal camera (PCE-

TC 3 from PCE Group, 160 x 120 pixels with range of -10 to 250°C and 0.15°C resolution) every 6s, 

and the average surface temperature of the CNT film heater in operating region was calculated from 

the recorded temperature profile. Curing with A-CNT heater was performed by manual adjustment of 

input voltage ensuring that the average temperature of A-CNT heater matches the provided cure cycle 

in the technical data sheet. The following cure cycle was used for all curing processes: cure 

temperature of 225°F with a hold time of 30min; and post cure temperature of 350°F with a hold time 

of 120min; ramp rate in the range of 3-5°F/min. 

 

 
 

Figure 2: (a) A 16-ply unidirectional layup with A-CNT film heater placed on the surface. (b) A 

prepared vacuum bag. The red peel plies were inserted at both ends of each layer for delamination 

after curing to assess the cure state through thickness. 

 

2.4  DEGREE OF CURE ANALYSIS 

After thermal processing of the composite, the degree of cure (DoC) was calculated to evaluate 

whether the thermal energy yielded from A-CNT heater was effectively transferred into the composite. 

To analyze spatial DoC, differential scanning calorimetry (DSC) was conducted on three delaminated 

layers among 16 layers (2nd, 7th, and 15th ply of the laminate). In each layer, three regions defined as 

left, middle, and right area were analyzed additionally to obtain in-plane DoC (see Figure 3). The DoC 

was calculated by comparing the area of the exothermic peak of the cured laminate to that of the 

uncured prepreg, after heating up to 300°C at 4°C/min ramp up rate. In this work, the DoC of the 

uncured prepreg is then defined as 0%, while the DoC of a fully cured laminate is defined as 100%. 

DSC was conducted with a TA Instruments DISCOVERY DSC under a constant N2 flow rate of 

50mL/min as a purge gas. The amount of cured composite (4-8mg) was used for analysis of each 

region. 
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Figure 3: (a) A manufactured composite. (b) Illustration of analyzed regions on 2nd, 7th, and 15th 

layer [19, 20]. Dashed lines in both figures indicate the operating region of A-CNT film heater. 

 

3 RESULTS AND DISCUSSION 

 

3.1 THERMOGRAPHY AND RESPONSE OF A-CNT FILM HEATER DURING CURING 

The temperature of CNT film heater was manually controlled to follow the recommended cure 

cycle. Figure 4 (a) presents the thermography of A-CNT film heater at an average temperature of 

350°F (Initial cure stage). Since the electrical current flowed in the area between the two electrodes, 

Joule heating occurred in that area with maximum temperature at the center. Since the CNT film 

heater was not thermally insulated, temperature gradients were observed at the edges of the CNT 

heater. Also, because the temperature of the A-CNT heater was obtained as an area average of the 

working region (see the dashed box in Figure 4) where Joule heating occurred, the temperature at the 

center of the heater was higher than the initial cure temperature. However, the thermal distribution 

changed after the initial curing region where flow, gelation, and vitrification of polymer occur [22]. 

Since the rate of polymer infusion into the A-CNT network and gelation varies through the thickness 

of the A-CNT film heater, the resistance at each region does not change uniformly. Therefore, in order 

to obtain a uniform resistance change throughout the A-CNT film heater during the initial cure stage, 

the underlying physics of polymer infusion process into A-CNT network should be explored.      

 

 
 

Figure 4: Thermography of the A-CNT film heater. (a) Thermal distribution at the starting point of the 

initial cure stage (Stage II). (b) Thermograph at the post cure stage (Stage IV). See Figure 5 for the 

definition of Stages II and Stage IV. Inner dashed box indicates the operating region of heater, and 

outer box presents the A-CNT heater including electrodes.   
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Figure 5 presents the thermal response during the cure process illustrating that the temperature of 

the A-CNT heater followed the specified cure cycle precisely. The electrothermal response of the A-

CNT film heater during the cure process consists of five stages as follows: three ramps stages (I, III, 

and V), an initial cure stage (II) where flow, gelation, and vitrification of polymer occur, and a post 

cure stage (IV) where polymer crosslinking occurs [22]. In Stage I, where the temperature ramps up 

from room temperature to 225°F, the resistance of A-CNT heater first decreases from ≈13Ω to ≈11Ω, 

and then increases to ≈12.5Ω, while power increases from 0W to ≈10.8W. Before reaching the initial 

cure temperature, the resistance of A-CNT film heater decreases due to negative thermal coefficient of 

resistance (TCR) of the A-CNT network. Once the temperature reaches the initial cure temperature, 

the resistance starts to increase because the infusion of polymer into the A-CNT network [23] 

increases the  CNT-CNT junction resistance [24]. In Stage II, temperature is held at 225°F, while the 

infiltration of polymer in to the A-CNT network continues. The resistance increases from ≈12.5Ω to 

≈16.5Ω, while power decreases from ≈10.8W to ≈10.3W. Here, the liquefied polymer transforms to a 

rubber-like state, and then to a solid glassy state [25]. In stage III, the temperature ramps-up to the post 

cure temperature of 350°F. Resistance decreases from ≈16.5Ω to ≈15.2Ω because of negative TCR of 

the A-CNT network similar to Stage I, while power increases from ≈10.3W to ≈24W. In Stage IV, 

where temperature is  maintained at 350°F for the post cure process, the resistance increases from 

≈15.2Ω to ≈17.6Ω, and power decreases from ≈24W to ≈20.8W. At this stage, the crosslinking occurs, 

and the desired mechanical properties of the composite are acquired [22]. Stage V consists of 

temperature ramp-down after post curing and the resistance increases from ≈17.6Ω to ≈20Ω due to 

negative TCR. 

 

 
 

Figure 5: Thermal and electrical response of the A-CNT film heater during curing cycle. 
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3.2 EVALUATION OF DEGREE OF CURE 

To assess the efficacy of the A-CNT film heater for thermal processing of carbon fiber composite, 

an analysis of the degree of cure was conducted to evaluate the composite quality, since DoC is one of 

important parameters determining the mechanical properties of a composite [26]. As presented in 

Figure 6, overall DoCs (≈90%-96%) for the out-of-oven technique are within the range of the DoC 

evaluated for a baseline composite processed via autoclave (≈92%). Figure 6 (a) shows that the DoC 

of the layer right below the surface (2nd layer) strongly depends on the surface temperature of the A-

CNT film heater. Since the final extent of DoC is limited by the cure temperature [27], uniform 

thermal distribution within the A-CNT film heater is necessary for the production of composites with 

uniform quality. Figure 6 (b) illustrates that the average value of DoC in each layer decreases as the 

distance from the surface (i.e. the layer number) increases. This is because the asymmetric (one-sided 

heater) and uninsulated setup used here simulate the worst case scenario where heat is conducted from 

the 1st layer to the 16th layer while suffering significant thermal losses throughout the laminate. Thus, 

the region closer to the CNT heater shows a higher temperature and respective DoC. Moreover, the 

spatial variation of the DoC in the composite processed via A-CNT film heater shows good agreement 

with the thermal distribution within the laminate. Once a uniform thermal distribution is achieved 

within the A-CNT film heater and thermal insulation is used on the whole vacuum bag setup, out-of-

oven curing of composites with homogenous DoCs will become possible. 

 

 
 

Figure 6: Spatial degree of cure in composite processed in autoclave and out-of-oven technique. (a) 

The DoCs of the 2nd layer as a function of temperature. Temperature corresponds to the post cure 

temperature each region, and (b) Average value of the DoCs as a function of layer number. See Figure 

4 for the illustration of analyzed region and definition of layer number.  

 

4 CONCLUSIONS 

In summary, a new polymer matrix composite processing technique that utilizes a nanostructured 

resistive heating film comprised of an aligned carbon nanotube (A-CNT) network is reported. The 

resistive film heater is incorporated into the finished part as a nanocomposite of the surfacing film 

typically used in finished composite parts. The experimental results show that the carbon fiber 

reinforced plastic (CFRP) prepreg laminates are effectively cured via a single A-CNT film heater 

attached to the top surface of the laminate without using an autoclave. The efficacy of this curing 

method is quantified via a degree of cure (DoC) analysis, which illustrates that the in-plane spatial 
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variation of the DoC are directly correlated to the maximum temperature of each spot in the laminate 

during the cure process. Through-thickness spatial variation in the DoC is found to be < 6% for the 

one-sided curing experiment, and the overall DoC is found to be ~90%, which is the usual DoC for the 

structural composites. While the A-CNT film heater is shown to be effective for curing the autoclave-

designed prepreg material, it is not a solution to the poor interlaminar properties (e.g., high void 

content) that are generated with the use of vacuum but not pressure. Other materials, such as out-of-

autoclave (OoA) or other solutions should be sought. However, compared to conventional curing 

methods, the use of an A-CNT film for curing may decrease the energy required to cure polymer 

matrix composites (<25W maximum peak for the A-CNT film heater, >1KW maximum peak for the 

autoclave), since ~25-50% of total acquisition cost of carbon composites originate from thermal 

processing [28]. After being used as a heating source for curing, A-CNT film can be integrated into the 

laminate, adding multifunctionality with potential applications for anti/deicing systems on 

aerosurfaces. In the future, the underlying physics that govern the electron transport properties of the 

aligned CNT network should be explored to enable precise control over the A-CNT film heater output 

power during curing. Integration of these findings into next-generation polymer matrix composite 

manufacturing techniques may enable real-time curing status sensing, and reduction of total cure cycle 

through ramp rate optimization.  
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