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ABSTRACT 

Advances in carbon nanotube (CNT) based composites over the past decade have demonstrated 

broad potential of utilizing them as multifunctional sensors because of their unique electrical 

properties. This article studies the thermoresistive behavior of binary-phase (CNT-epoxy) 

nanocomposites and ternary-phase hierarchical (CNT-fiber-epoxy) multiscale composites using in 

situ electrical resistance measurements during thermal cycling from 25-145ºC. A series of CNT-

based composites with controlled nanotube morphologies were created via three-roll-milling, dip-

coating and electrophoretic deposition methods. The results show that the thermoresistive behavior 

of CNT-based composites is influenced by the CNT concentration, thermal expansion, 

fiber/polymer properties, and interfacial interactions. CNT-epoxy nanocomposites with randomly 

dispersed CNTs show a positive temperature correlation of resistance (TCR). In comparison, 

multiscale composites with fibers show a double-crossover-shaped temperature dependence of 

their electrical resistance that is influenced by the changes of the CNT network that are induced 

by the polymer thermal motions and the residual thermal stresses. The thermal expansion behavior 

of the composites was characterized and a finite element model was used to examine the fiber-

matrix interfacial residual stresses. While the thermoresistive behavior of nanocomposites has 

been investigated more broadly, this research is a first step in understanding the processing-

structure-thermoresistive response relationship of multiscale CNT/fiber composites. 

Key Words: Carbon nanotube (CNT), nanocomposite, multiscale composite, thermoresistive 

behavior, temperature correlation of resistance (TCR) 
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1. Introduction 

The remarkable mechanical, electrical and thermal properties of carbon nanotubes (CNTs) has 

stimulated broad interest in the development of CNT-based nanocomposites [1,2,3]. While their 

reported high specific stiffness and strength motivated their use as nanoscale structural 

reinforcements [4,5], recent attention has focused on utilizing CNTs as a multifunctional additive 

for sensing applications. For example, CNT-based composites have been used as piezoresistive 

sensors for strain and damage detection [6-9] and structural health monitoring [10]. Other sensing 

applications examined for CNT-based composites include the detection of external stimuli 

including pressure [11,12], vapor [13,14], temperature [15,16], humidity [17], infrared radiation 

[18,19], and chemicals [14,20]. For practical applications, these sensors are exposed to varying 

temperatures throughout their use, and the temperature dependence of the electrical resistance, 

known as the thermoresistive behavior, must be considered when examining the response of CNT-

based sensors.  

Individual CNTs can have varying morphologies ranging from the tube-level, such as single-

walled carbon nanotubes (SWCNT) or mutli-walled carbon nanotubes (MWCNT), to hierarchical 

structures including entangled CNT networks, ropes, bundles, mats, and films. In addition to CNT-

based nanocomposites, where CNTs are dispersed within a polymer matrix, there is increasing 

interest in combining reinforcement scales of nanoscale reinforcements with traditional micron-

sized structural reinforcements. These composites often referred to as multiscale hybrid or 

hierarchical composites are distinctly different in terms of the morphology of nanotube networks 

as well as the interactions between the structural reinforcement and the CNTs. These various CNT-

based composites may demonstrate distinctive thermoresistive behavior due to a broad range of 

physical and chemical interactions. Individual SWCNT can be either metallic or semiconducting. 

Metallic SWCNTs show an increase in electrical resistance with increasing temperature raises, 

known as a positive temperature correlation (PTC). For semiconducting SWCNTs, the resistance 

decreases with increased temperatures and show a negative temperature correlation (NTC) 

depending on the tube diameter and chirality [21-23]. For MWCNTs only the outermost layer 

contributes to its electrical conduction [24,25]. Large diameter MWCNTs mostly show a metallic 

character with weak inter-tube coupling [26] while small-diameter MWCNTs behave similarly to 

SWCNTs [27].  
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Fischer et al. [28,29], Hone et al. [30], Bae et al. [31] and Skakalova et al. [26] have studied 

the electrical transport phenomena in SWCNT-thin films and thick mats. They found that both 

macroscopic networks of SWCNTs are semiconducting at low temperatures but are metallic above 

room temperature, following the interrupted metallic conduction model [32]. This response is 

dominated by the Schottky contacts between metallic and semiconducting tubes for the thin-

network of SWCNTs [26,33] and by the metallic tube-tube junctions for the thick-network of 

SWCNTs [26,31,34]. In comparison, MWCNT films show semiconducting behavior over a wide 

range of investigated temperatures, such as -272 to 27ºC [35,36], -150 to 300ºC [37], -48 to 147ºC 

[15], 20 to 150ºC [38], and 27 to 1627ºC [39]. The conduction mechanisms in these films are 

dominated by defects in tubes and inter-tube contacts at low temperatures and the inter-tube 

tunneling dominates at higher temperatures [36].  

Electrical conduction mechanisms become further complicated when CNTs are dispersed into 

polymers and the experimental data are widely scattered in literature. For example, Barrau et al. 

[40] studied the DC conductivity of the MWCNT-epoxy composites with 0.4 to 2.5 wt% CNTs 

across a temperature range of 20-110ºC. These composites showed an NTC that is dominated by 

the tunneling effect in the CNT network. On the other hand, Alamusi et al. [41] reported a PTC of 

MWCNT-epoxy composites with CNT concentrations ranging from 1-5 wt% over a temperature 

range of 60 to 100ºC, which was attributed to the temperature-dependent CNT-CNT tunneling 

effect. They found that the temperature coefficient of resistance (TCR) increases with increasing 

temperature and MWCNT content. Cen-Puc and co-workers [42] demonstrated a PTC for 

MWCNT-polysulfone composites from 25 to 100ºC with CNT concentrations ranging from 0.5-

25 wt%, but found the positive TCR increases as CNT content decreases. A PTC-to-NTC 

crossover behavior was observed in MWCNT-epoxy composites from -20 to 110ºC for 

concentrations of 2-3 wt% and were reported by Njuguna et al. [43]. In their work they showed 

that resistance first rises to a local peak of approximately 50ºC and then suddenly drops to a local 

minimum near 80ºC followed by a second increase. Based on differential scanning calorimetry 

and Raman spectroscopy analyses, they attributed this phenomenon to physical aging of the epoxy 

matrix and the rearrangement of the CNT network. MWCNT-HDPE (high-density polyethylene) 

composites show both PTC [44] and PTC-to-NTC crossover responses [45, 46] dominated by the 

CNT network and the polymer properties. NTC-to-PTC crossover behavior was also found in the 

thermoresistive response of 1 wt% MWCNT-polysulfone composites from -110 to 25ºC [47]. 
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These different behaviors have been noted in a variety of different matrix materials. For 

example, NTC responses were observed for SWCNT-polycarbonate [18] and MWCNT-PEEK 

[48], MWCNT-SEBS (styrene-ethylene-butylene-styrene) [16], MWCNT-polyamide-6 [49], and 

MWCNT-polyurethane [50]. On the other hand, MWCNT-polypropylene [51] shows PTC, and 

MWCNT-vinyl ester [52] and MWCNT-PVDF (polyvinylidene fluoride) [53] demonstrate a PTC-

to-NTC thermoresistive crossover response. Finally, the thin films of the SWCNT/PDDA+PSS 

[54] and MWCNT/PSS+PVA [55] exhibit a NTC-to-PTC crossover similar to SWCNT mats [26].  

To date, there have been few investigations on the thermoresistive behavior of CNT-based 

multiscale, hierarchical composites. Only very few studies have been performed on small-scale 

composite specimens. Gao et al. [56] grafted MWCNTs onto a single glass fiber through a dip-

coating procedure and then embedded them into an epoxy matrix, and then studied the resistive 

response from -150 to 180ºC, which exhibited a monotonic NTC. Later, Zhang and co-workers 

[57] repeated the same experiment with CNTs coated on fibers using an electrophoretic deposition 

(EPD) approach and found a strong PTC-NTC crossover phenomenon, which was closely 

correlated with local changes of polymer properties. However, a macro-level study of 

thermoresistive behavior of multiscale composites has not been reported in the literature.  

Lessons learned from the existing literature highlighted above underlines the need to better 

understand the mechanisms that contribute to the thermoresistive behavior of CNT-based 

multiscale composites. This research investigates several key parameters that could contribute to 

the bulk thermoresistive response including the morphological structures of nanotubes and tube-

based networks, the interfacial interactions between CNTs and the surrounding polymer, 

processing-induced residual stresses in the composites, and the polymer thermomechanical 

properties. To address these key parameters, four types of composites, illustrated in Fig. 1, with 

distinctive morphologies are investigated including (1) nanocomposite with randomly dispersed 

CNTs in epoxy, and multiscale CNT/fiber hybrid composites with (2) randomly dispersed CNTs 

in the matrix, (3) loosely-concentrated and (4) densely-concentrated CNTs near the fiber surface. 

In this work, the structure and morphology of these composites were characterized and a 

comparative study conducted examining the influence of morphology on their bulk thermoresistive 

response. A thermomechanical analyzer was used to examine the bulk thermal expansion of the 

composites and finite element analysis was performed to investigate the residual thermal stresses 

developed in fiber/epoxy composites. This investigation is aimed at creating a comprehensive 
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understanding of the thermoresistive behavior of CNT-based multiscale composites that is 

beneficial to guide their potential practical applications as sensors. 

(a) 
 

(b) 
 

(c) 
 

(d) 

Figure. 1. Schematic illustrations of the four morphological states of the CNT-based composites 
evaluated in this study: (a) randomly dispersed CNTs in epoxy, (b) randomly dispersed CNTs in 
the matrix surrounding the fibers, (c) loosely-concentrated CNTs at the fiber-matrix interface and 
(d) densely concentrated CNTs in a thin coating around the fiber.   

 

2. Experimental Methods and Simulations 
 
2.1 Materials, Composites Manufacturing and Specimen Preparation 

This section details the specific materials and manufacturing processes used to create the 

different morphologies highlighted in Fig. 1. For all composites the polymer matrix is an epoxy 

resin system composed of a bisphenol-f epichlorohydrin epoxy cured with an aromatic diamine 

curing agent (EPON 862 with EPIKURE W, Momentive Specialty Chemicals Inc.) at a weight 

ratio of 100:26.4 (862:W). All composites also underwent the same cure cycle of 130ºC for 6 hours. 

Prior to testing, all specimens were annealed at 130ºC and cooled in a desiccator cabinet for 48 

hours in order to minimize thermal history and moisture effects. Table 1 highlights the types of 

specimens, processing methods, composition, and specimen geometries used in this study.  

Table 1: Specimen information for different groups of CNT-based composites. 

Sample Group Processing 
Methods 

MWCNT 
(wt%) 

Fiber 
Type 

Sample 
Dimensions 

(mm) 

Number 
of Tested 
Samples 

Nanocomposite with Randomly 
Dispersed CNTs 3-Roll-Milling 0.25, 0.5 None 5×15×3 12 

Multiscale Composite with 
Loosely Concentrated CNTs  

Dip-Coating & 
VARTM 

0.05, 0.17, 
0.61, 0.77, 1.0 

Aramid, 
E-glass 13×102×0.5 36 

Multiscale Composite with 
Densely Concentrated CNTs EPD & VARTM   1.8, 3.4 Aramid 13×102×0.5 12 
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Multiscale Composite with 
Randomly Dispersed CNTs 

3-Roll-Milling & 
VARTM 0.25, 0.5  Aramid, 

E-glass 13×102×0.5 24 

Plain Nonwoven Composite  
(Control Sample) VARTM None Aramid, 

E-glass 5×15×0.4 12 

CNT Sizing Film on Glass Slide 
(Control Sample) Dip-Coating ~ 25.0 None 15×40×0.1 6 

1 All dimensions are average values and presented as width × length × thickness. 

2.1.1 Nanocomposites and CNT/Fiber Composites with Dispersed Carbon Nanotubes 

In order to create CNT nanocomposites with a high degree of dispersion and a CNT/fiber 

composite with carbon nanotubes uniformly dispersed throughout the polymer matrix (Fig. 1a and 

1b, respectively) a three-roll-mill (EXAKT 80E, EXAKT Technologies, Inc.) was used to disperse 

multi-walled CNTs into the epoxy resin following the technique developed in our prior research 

[58]. The as-received multi-walled CNTs (CM-95, 95 wt% purity, Hanwha Nanotech, Korea) are 

highly entangled and have diameters between 10 and 20 nm. The CNTs were weighed and mixed 

with the EPON 862 epoxy resin to achieve final target weight fractions of 0.25 and 0.5%. The 

mixture was repeatedly passed through the three-roll-mill where the adjacent rollers at gradually 

smaller gap settings down to the minimum setting of 5 µm. After milling, the mixture was degassed 

under vacuum for 20 min and the curing agent was added to the dispersion and mixed using a 

planetary centrifugal mixer (THINKY ARM-310). To create nanocomposites for characterization 

the mixture was poured into aluminum molds and cured. For CNT/fiber composites where the 

CNTs are uniformly dispersed in the matrix a standard vacuum assisted resin transfer molding 

(VARTM) approach was used [6]. CNT-epoxy resin was infused into randomly oriented aramid 

(Optiveil®, 27 g/m2, with the cross-linked polyester binder) and E-glass (Optimat®, 50 g/m2, with 

a polyvinyl alcohol (PVA) binder) fabrics. Technical Fiber Products, Inc. manufactured both 

fabrics. The fabrics, which are often used as a veil material for composites, have discontinuous 

fibers with a fiber length of 12 mm, binder content of 12.5 wt%, and similar porosity of about 90%.  

2.1.2 Composites with Loosely-Concentrated CNTs on the Fiber Surfaces 

To create composites with loosely-concentrated CNTs on the fiber surfaces (Fig. 1c) a dip-

coating approach developed in our previous work [6,9,11,59] was used to deposit CNTs onto the 

nonwoven fabrics. A commercially-available aqueous CNT sizing dispersion (SIZICYLTM XC 

R2G, Nanocyl, Belgium) used in the dip-coating process and has an approximate composition of 

1.5 wt% CNTs, 3.0 wt% sodium dodecyl benzene sulfonate (SDBS) surfactant, 1.5 wt% film 
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former, and 94% water, resulting in about 6 wt% residual solids after drying. In order to obtain 

composites with varying CNT concentrations, the CNT dispersion was diluted with ultra-pure 

water at different mass ratios (sizing:water) of 1:1, 1:2, 1:5, 1:20, and 1:50. The diluted sizing was 

pre-mixed using a centrifugal mixer (THINKY ARM-310) at 2000 rpm for 120 s followed by 

sonication for 15 min in an ultrasonic bath (Branson 1510). The fabric was then trimmed to the 

desired size and placed into the CNT sizing dispersion for 20 min. After drying at 160ºC, the epoxy 

resin was infused into the CNT-modified fabric using the VARTM process followed by curing. 

Five groups of aramid-sizing/epoxy composites with final concentrations of 1.0, 0.77, 0.61, 0.17, 

and 0.05 wt% CNTs were fabricated. An E-glass-sizing/epoxy composite with 1.0 wt% CNTs was 

also made for comparison.  

2.1.3 Composites with Densely Concentrated CNTs on the fiber Surfaces 

For creating composites with a dense and uniform CNT coating (Fig. 1d), an electrophoretic 

deposition (EPD) approach was employed. First, the multi-walled CNTs (CM-95, Hanwha 

Nanotech) were oxidized using an ultrasonicated-ozonolysis (USO) method [60,61] by bubbling 

ozone gas into a mixture of nanotubes and ultra-pure water under continuous sonication using a 

wand sonicator equipped with a flow cell (Sonicator 3000, Misonix, USA) for 15 hours. The 

oxidized CNTs were then functionalized with polyethylenimine (PEI, Mw = 25,000, Sigma-

Aldrich) and sonicated for another two hours. The pH of the dispersion was adjusted to 6.0 using 

glacial-acetic acid (Sigma-Aldrich, USA) [60] in order to protonate the PEI and to have a zeta 

potential of the positively-charged CNTs of about +40 mV. Next, EPD of the PEI-functionalized 

CNTs onto a sheet of aramid nonwoven fabric was performed at room temperature using stainless 

steel electrodes [60,61]. The fabric was placed firmly on the cathode and fully immersed in the 

CNT (1.0 g/L) dispersion. Cathodic depositions were conducted under a constant DC field of 37.5 

V/cm with deposition times of 5 and 10 min. After drying the fabric at room temperature for 24 

hours, the epoxy resin was infused into the CNT-coated fabric via VARTM. Two groups of 

aramid-EPD CNT/epoxy composites with 1.8 and 3.4 wt% CNTs were finally produced.  

2.1.3 Reference Specimens for Thermomechanical and Thermoresistive Measurements 

For thermomechanical characterization, a set of reference specimens of the nonwoven aramid 

and E-glass fabric were manufactured without any CNTs using the same VARTM approach. The 

composites without CNTs are electrically insulating. For thermoresistive characterization, an 
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additional set of specimens were created by depositing films onto glass slides by dip-coating the 

CNT dispersion.  

2.2 Materials Characterization and Simulation 

2.2.1 Scanning Electron Microscopy 

Scanning electron microscopy (AURIGATM 60 CrossbeamTM FIB-SEM with 3~5kV 

accelerating voltages) was used to examine the morphologies of the different composite systems 

used in this study. To view the hierarchical morphology of the composites, fracture surfaces of the 

different CNT-based composites were imaged. The composite specimens were fractured after 

freezing in liquid nitrogen for 5 min. To minimize sample charging, all fracture surfaces were 

coated with a thin conductive Pt/Au layer (~5 nm) in a vacuum sputter coater (Denton Desk IV, 

Denton Vacuum, LLC) prior to imaging.  

2.2.2 Thermomechanical Analysis 

The composite thermomechanical behavior was studied using a thermomechanical analyzer 

(TMA; Hyperion® TMA 402 F1, Netzsch). The samples were heated to 180ºC from room 

temperature at a ramp rate of 2ºC/min in a nitrogen environment at a flow rate of 20 mL/min. Neat 

epoxy and CNT nanocomposite specimens were tested under expansion mode using a flat probe, 

while the thin composite layers were tested using a tensile clamp with a 10 mm gage length. A 

static force of 100 mN was applied by the TMA probe to all specimens while testing. The linear 

coefficient of thermal expansion (CTE) is calculated based on the normalized change of specimen 

length with temperature.   

2.2.3 In situ Thermoresistive Characterization 

For thermoresistive characterization, electrodes were created by applying silver paint (SPI 

Supplies®, Structure Probe, Inc.) to the ends of the specimens and anchoring wires with a silver 

filled conductive epoxy (EPOXIES®40-3900, Epoxies, Etc.) and cured at 90ºC for 30 minutes. The 

specimens were tested in an environmental chamber (CSZ Z8-plus, Cincinnati Sub-Zero) and 

subjected to a total of three temperature cycles between 25 and 145ºC at a ramp rate of 2ºC/minute. 

An isothermal segment was programmed at 25 and 145ºC to ensure the specimens reach thermal 

equilibrium. The electrical properties of the CNT-based composites as well as temperature were 

measured in real-time using a data acquisition system controlled by a customized LabVIEW 

program (National Instruments). This integrated system contains Keithley 3706A System 
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Switch/Multimeter, Keithley 3750-ST terminal block, NI-SC-2345 signal conditioner, NI-SCC-

TC02 module, and a Type-K thermocouple. The specimens were tested under a constant current, 

which was varied between 10 mA to 10 µA depending on the volume resistivity of the tested 

specimen. Resistance was calculated based on measured voltage change. Results are presented as 

normalized percentage in resistance change, ΔR/R0, as follows: 

 ΔR/R0 = (R-R0)/R0 (1) 

where ΔR is the resistance change, R0 is the initial electrical resistance of the specimen at room 

temperature (T0), and R is the measured transient resistance at the measured temperature (T). In 

addition, the temperature coefficient of resistance (TCR) is defined as the normalized resistance 

change with respect to the unit change of temperature and calculated as follows: 

 TCR = 
𝑅𝑅−𝑅𝑅0
𝑅𝑅0

 / (T-T0)  (2) 

Volume resistivity, 𝜌𝜌𝑣𝑣, is calculated from the measured electrical resistance and the specimen 

dimensions:  

 𝜌𝜌𝑣𝑣  = 𝑅𝑅0
𝐴𝐴
𝐿𝐿
   (3) 

where A is sample cross-sectional area and L is sample length. Table 2 summarizes the measured 

resistances and volume resistivity for the different specimens used in this study. 

Table 2: Measured electrical resistances and volume resistivity of CNT-based composite 
specimens at 25 ºC. 

Composite Group  R0
1 

(kΩ) 
𝝆𝝆𝒗𝒗1 

(Ω·m) 

3-Roll-Mill CNT (0.5 wt%)-Epoxy 34.3±3.7 33.4±3.5 

3-Roll-Mill CNT (0.25 wt%)-Epoxy 112.5±23.4 105.2±21.4 

Aramid/3-Roll-Mill CNT(0.5 wt%)-Epoxy 607.4±83.6 38.0±5.2 

Aramid/3-Roll-Mill CNT(0.25 wt%)-Epoxy 2811.0±644 175.7±40.3 

E-Glass/3-Roll-Mill CNT(0.5 wt%)-Epoxy 1099.3±283.7 68.7±17.7 

E-Glass/3-Roll-Mill CNT(0.25 wt%)-Epoxy 5792.5±1348 362.0±84.3 

Aramid-Sizing (1.0 wt%CNT)/Epoxy 3.1±0.1 0.19±0.01 

Aramid-Sizing (1.0 wt%CNT)/Epoxy (After Post-Cure) 2.9±0.04 0.18±0.004 

Aramid-Sizing (0.77 wt%CNT)/Epoxy 4.7±0.5 0.30±0.03 

Aramid-Sizing (0.61 wt%CNT)/Epoxy 7.3±0.7 0.45±0.04 
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Aramid-Sizing (0.17 wt%CNT)/Epoxy 66.1±3.5 3.8±0.22 

Aramid-Sizing (0.05 wt%CNT)/Epoxy 402.3±28 25.0±1.7 

E-Glass-Sizing (1.0 wt%CNT)/Epoxy 2.6±0.3 0.16±0.02 

Aramid-EPD CNT (3.4 wt%)/Epoxy 442.4±83.4 27.2±5.1 

Aramid-EPD CNT (1.8 wt%)/Epoxy 3125±534 226.8±38.8 

CNT Sizing Film on Glass Slide (Control Sample) (60.7±4) × 10-3 (2.2±0.15) ×10-3 
1All data are shown as average value ± ½ difference between the highest and lowest value. 
 
2.2.4 Finite Element Analysis 

In fiber composites, thermal stresses result from the mismatch in CTE and Young’s moduli of 

the fibers and the matrix [62-68]. Because CNT coatings are located near the fiber-matrix interface, 

thermal residual stresses may play a significant role in the thermoresistive response. To examine 

the stresses at the fiber-matrix interface a simplified thermal stress simulation of the local 

constituents including fiber and matrix was performed using COMSOL Multiphysics® (Version 

4.3b) finite element (FE) analysis software. Figure 2 shows a representative volume element (RVE) 

of a fiber and surrounding matrix. The thermal expansion mismatch can induce stresses at the 

interface in the radial (σrr), hoop (σθθ) and axial (σzz) directions. The three-dimensional solid model 

comprising a quarter of two concentric cylinders with a height of 10-µm was modeled in 

cylindrical coordinates 

  
Figure 2. Schematic model of a cylindrical representative volume element from examining 
residual stresses at the fiber-matrix interface, and the detailed illustration showing the resolved 
normal stresses exerted on a typical volume element of the epoxy resin infiltrated CNT-coating on 
fiber surface. 

The FE model has two domains with different material properties, the fiber and epoxy matrix, 

that are discretized using tetrahedral elements and with eight layers of finer boundary layer meshes 

rx
y

z

θ

Resin

Fiber

Δz

σθθ
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in between the two domains (see supplementary information, Fig. S1). The boundaries are traction-

free and assigned to be symmetric. The software enforces the continuity of dependent variables 

across the internal boundaries between the two domains automatically. A specific temperature 

boundary condition was designated at the exterior surface of the matrix in the model. The initial 

and final temperature was set as 120ºC, near the glass transition temperature of epoxy, and 25 ºC, 

respectively. Above the glass transition temperature the system is assumed to be in a stress-free 

state [66-68] and then the thermal residual stresses are simulated during cooling. In this FE model, 

the E-glass fiber and epoxy are modeled as the isotropic linear elastic materials and the aramid 

fiber is considered as the orthotropic, transversely isotropic, linear elastic material. In real 

composites, carbon nanotubes are concentrated on the fiber surfaces and entirely immersed in 

epoxy. This fiber-CNT-resin interphase region was not directly modeled due to the lack of 

available effective material properties. In addition, perfect interfacial bonding was assumed 

between fiber and epoxy matrix. A 10 µm region surrounding the fiber and the resulting thermal 

stresses due to temperature changes were examined to understand the state of stress near the fiber 

surface. The material properties for the FE simulations are presented in Table 3. 

Table 3: Material property input for the FE models. 

Material Radius 
(µm) 

Young’s 
Modulus 

(GPa) 

Poisson’s 
Ratio 

CTE (α) 
10-6/ºC 

Thermal 
Conductivity 

(W/(m*K) 

Heat 
Capacity 
J/(kg*K) 

Density 
Kg/m3 

Epoxy Resin 
(isotropic) 

10 µm 
thick 

2.58 0.35 72 0.202 1060 1110 

E-Glass 
(isotropic) 10 75.0 0.22 5 1.275 802 2575 

Aramid Fiber 
(orthotropic) 6 

Err = 2.3 
Eθθ = 2.3 
Ezz = 80.0 

νrθ = 0.25 
νrθ = 0.60 

αrr = 78 
αθθ = 78 
αzz = -5.4 

0.040 1420 1440 

 

3.  Results and Discussion 

3.1 Composite Microstructure Characterization  

3.1.1 Composites with Dispersed CNTs  

Figure 3a shows the fracture surface of the CNT-epoxy nanocomposite with a concentration of 

0.5 wt% CNTs. The fracture surface shows significant surface roughness with numerous randomly 

distributed, short and curved structural features suggesting that the fracture was accompanied with 

localized plastic deformation [58,69]. The higher magnification image in Fig. 3b shows CNTs on 
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the fracture surface that are relatively short and show minimal nanotube pullout, suggesting a 

relatively strong interaction between CNTs and the epoxy matrix. The fracture surface of the neat 

epoxy (see supplementary information Figs. S2a and S2b) does not show similar microscale 

features and is indicative of brittle fracture. In addition, the nanocomposite with 0.25 wt% CNTs 

(supplementary information, Figs. S2c and 2d) shows relatively reduced surface roughness with 

fewer and more scattered CNTs. Figure 3c shows the fracture surface of the multiscale composites 

with aramid fibers and 0.5 wt% CNTs dispersed in epoxy matrix. Pullout of the aramid fibers are 

observed, suggesting the weak interfacial bonding between the matrix and fiber. Compared with 

the nanocomposite, the micron-scale surface roughness of the matrix phase is reduced. Figure 3d, 

shows a high magnification of the matrix fracture surface where carbon nanotubes are visible on 

the fracture surface. The comparatively flat fracture surface as compared to the nanocomposite 

suggests that most of the fracture energy was dissipated through fiber debonding and pullout rather 

than matrix fracture.  

 
Figure 3. SEM images showing fracture surfaces of (a) the nanocomposite with 0.5 wt% CNTs 
and (b) a high magnification image in the dashed region of (a), and (c) the multiscale composite 
with aramid fibers and CNTs (0.5 wt%) dispersed in the matrix and (d) high magnification image 
of the dashed area in (c).  

20 μm

a

500 nm

b

5 μm

Aramid 
FiberCNT-Epoxy 

Resin Zone

Fiber 
Pullout 

Hole

c

500 nm

d
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3.1.2 Composites with CNTs Localized at the Fiber Surfaces  

In this study, different CNT coatings on fiber surfaces were produced using a dip-coating 

approach and EPD, which result in different thickness and density coatings on the fibers. Figures 

4a-d and 4e-h show fracture surfaces of the composites with loosely (dip coating) and densely 

(EPD) concentrated CNTs, respectively. Figure 4a shows the fracture surface of the aramid 

composite with 0.75 wt% CNTs, where a non-uniform CNT-rich zone is observed bridging 

between adjacent fibers. As before, the aramid fibers are pulled-out of the matrix while the matrix 

in between the fibers shows a more brittle failure. The bridging of the CNT-rich region between 

fibers is also observed in the composites with 1.0 wt% CNTs (supplementary information, Fig. 

S3). Figure 4b shows the morphology of the epoxy-CNT-fiber interfacial region at a high 

magnification. The CNT coating appears to be fully infiltrated with the epoxy matrix but is locally 

inhomogeneous. Similar morphologies have been reported by Gao et al. [56] and Rausch and 

Mader [70] with dip coating techniques. Figure 4c shows the fracture surface of the E-glass 

composite with 1.0 wt% CNTs, where the fibers are fractured with small amounts of fiber pullout. 

The higher magnification image of the fiber surface, shown in Fig. 4d, reveals that CNTs remain 

on the surface of the glass fiber after fracture, suggesting stronger bonding between the CNT 

coating and the E-glass fiber surface than the aramid fibers. A matrix region where the fiber has 

debonded (supplementary information, Fig. S4) shows a similar level of texture. 

In contrast with the dip-coating process, where CNTs are loosely concentrated around the fibers 

and are often observed bridging between fibers, the fracture surfaces of the composites produced 

using the EPD method show a more highly concentrated CNT coating that is confined near the 

fiber-matrix interface (Fig 4e). A higher magnification image of this region, shown in Fig. 4f, 

shows a uniform, dense coating that is confined within a few microns of the fiber surface. Figure 

4g shows a side view where the fiber has debonded and the uniformity of the film along the length 

of the fiber is clear. In the EPD process, a highly porous film of the PEI-functionalized CNTs is 

formed on the fiber surfaces. The higher magnification images shown in Figs. 4f and 4h show that 

the epoxy resin has penetrated the porous network. It has been previously observed that the PEI-

CNTs form a strong bond with the epoxy matrix due to the reaction between the amine functional 

groups in the ozone-PEI treated CNTs and epoxide groups in the resin [60,61]. 
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Figure 4. SEM images showing the fracture surfaces of the multiscale composites including (a) 
aramid-sizing (0.75 wt% CNT)/epoxy composite, (c) E-glass-sizing (1.0 wt% CNT)/epoxy 
composite, and aramid-EPD-CNT (1.8 wt%)/epoxy composite with (e) a cross-sectional view and 
(g) a longitudinal view; (b, d, f, h) the high magnification images of dashed regions in (a, c, e, g), 
respectively.   
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3.2 Thermomechanical Response 

Figure 5 shows measurements of volumetric expansions as a function of temperature for 

nanocomposites and multi-scale composites with aramid and E-glass fibers. The CTE before the 

glass transition temperature (Tg) were measured from the linear portion of the curve beginning at 

ambient temperatures. Here, the Tg is taken as the onset of the abrupt change in slope in the linear 

thermal expansion curve. As shown in Fig. 5a, the neat epoxy shows a Tg near 121ºC and follows 

a crossover phase transition to its rubbery state after 130ºC in which the CTE becomes 

substantially higher than below Tg due to the increased segmental motion of polymer chains [71]. 

The sudden decrease in the thermal strain near Tg is likely due to the relieving of residual stresses. 

Post-curing results in an increase of crosslink density, the neat epoxy post-cured at 160ºC shows 

a 22% increased Tg. A sharp transition from glassy to rubbery is observed for the post-cured 

specimen because stresses are relieved during post cure and the specimen was cooled slowly. 

Compared with the neat epoxy, the nanocomposite with 0.25 wt% CNTs shows a 9% increase in 

CTE and 15% decrease in Tg while the 0.5 wt% CNT nanocomposite shows a slightly increased 

Tg and 8% reduction in CTE.  

Figures 5b and 5c show the thermomechanical response of the fibrous composites. The aramid 

(Fig. 5b) and E-glass (Fig. 5c) composites without CNTs have a nearly identical Tg  compared to 

the neat epoxy but a reduced CTE due to the confinement from the fibers. The thermal expansion 

of the nonwoven aramid and E-glass nonwoven fabric is also shown in Figs. 5b and 5c, respectively. 

The CNT sizing-based multiscale composite specimenss exhibit a slightly reduced Tg (~ -6%). In 

contrast, the multiscale composite with EPD-hybridized CNTs displays an unchanged Tg of 120ºC 

and about 9% reduction in CTE as compared to the plain composite. Table 4 summarizes the CTE 

and Tg measurements of the 12 different composites characterized in this study. Clearly, all 

composite systems expand as temperature raises until reaching glass transition. Later, the 

multiscale composites exhibited a reduced CTE as compared with the nanocomposites with an 

elevated CTE. For both sets of fibrous composites the CTE above Tg decreases and is dominated 

by expansion of the fiber because the Young's modulus of the matrix decreases substantially above 

glass transition. Also included in Table 4 is the Tg obtained from the TCR analysis, which is 

discussed in more detail in Section 3.4. 
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Figure 5. Thermomechanical responses showing dimensional changes as a function of temperature 
for (a) neat epoxy resin and CNT-based nanocomposites, (b) CNT-aramid, and (c) CNT-E-glass 
nonwoven multiscale composites produced via dip coating. 

 

Table 4: Summary of CTE and Tg of a selected group of CNT-based composites measured using 
thermomechanical and thermoresistive methods.  

Sample Group 
CTE- 
10-6/ºC 
(T<Tg) 

Tg (ºC) 
from 

TMA1 

Tg (ºC) 
from 
TCR 

Analysis2 

Sample Group 
CTE 

10-6/ºC 
(T<Tg) 

Tg (ºC) 
from 

TMA1 

Tg (ºC) 
from 
TCR 

Analysis2 
Aramid nonwoven 
fabric (no CNT) 15±3 

N/A 

N/A3 

Aramid/Epoxy 68±3 119±3 N/A 

E-Glass nonwoven 
fabric (no CNT) 23±2 

Aramid-Sizing 
(1.0%CNT)/Epoxy 65±4 114±5 114±3 

EPON 862 Epoxy 74±4 121±3 
Aramid-Sizing 

(0.6%CNT)/Epoxy 64±5 115±4 113±3 

EPON 862 Epoxy 
(post-cured at 160ºC) 64±2 148±2 

Aramid-EPD CNT 
(1.8%CNT)/Epoxy 61±3 120±3 119±2 

3 roll mill CNT 
(0.25%)-Epoxy 81±3 105±3 104±2 E-Glass/Epoxy- 38±2 121±2 N/A 

3 roll mill CNT 
(0.50%)-Epoxy 68±2 125±4 122±4 

E-Glass-Sizing 
(1.0%CNT)/Epoxy 36±3 110±2 115±2 

1 All Tg values shown for TMA were taken as 𝑇𝑇𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  and are the average of four specimens; 2 TCR analysis 
is explained in Section 3.5; 3 Specimens without CNT are electrically insulating.  
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3.3 Thermal Stresses at the Fiber/Matrix Interface 

Figures 6a and 6b show the development of residual stresses in the axial, hoop, and radial 

stresses that develop during cooling from a stress-free state at Tg (120ºC) to room temperature 

25ºC), for the aramid/epoxy and E-glass/epoxy systems, respectively. As temperature decreases, 

these stresses increase linearly in the matrix of both composite systems, where σθθ and σzz are 

tensile and σrr is compressive. The axial stress, σzz, reaches about 18 MPa in both systems. Although 

aramid has a negative coefficient of thermal expansion, the much larger CTE of the polymer matrix 

results in a tensile axial stress in the matrix. However, σrr and σθθ are 17 MPa and -12 MPa, 

respectively in the E-glass/epoxy composite, which are about five times higher than those in the 

aramid/epoxy system. The aramid system has comparatively low stresses in the radial and hoop 

directions because the transverse CTE of the aramid is very similar to the epoxy. Compared with 

their ultimate strength of about 55 MPa as reported in our previous studies [6,71], these residual 

stresses are not negligible and may influence the thermoresistive behavior of the embedded CNT 

network.  

 
Figure 6. FEA results of (a, b) thermal residual stresses in the close vicinity of the fiber-resin 
interface in (a) aramid and (b) E-glass composite system as cooling from Tg to 25ºC, (c, d) residual 
stress distributions in the radial direction of the matrix from the fiber-resin interface in (c) aramid 
and (d) E-glass composite system at room temperature (25ºC).   

 

Figures 6c and 6d show the stress distributions along the radial direction in the matrix with 

distance from the fiber/matrix interface at room temperature. The axial stress, σzz, is nearly the 

same for both composites. On the other hand, σrr and σθθ decrease with distance from the interface, 

exhibiting trends similar to those reported in the literature [62,63,66]. In the aramid/resin 
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composite, σrr and σθθ in the are less than 1 MPa at a distance of 5 µm from the interface. Likewise, 

at the same location in the E-glass/resin composite σθθ and σrr are 10 MPa and -2 MPa, respectively. 

For composites where CNTs are concentrated at the fiber/matrix interface, these residual stresses 

may have a significant influence on the thermoresistive behaviors.  

3.4 Thermoresistive Behaviors 

3.4.1 Nanocomposites and CNT/Fiber Composites with Randomly Dispersed CNTs  

Figures 7a and 7c show the typical thermoresistive responses of the CNT-epoxy nanocomposite 

specimens with CNT concentrations of 0.25 wt% and 0.5 wt%, respectively. The left column of 

the figures shows the response under repeated cycling and the right column show the first heating 

cycle only. In general, both nanocomposites display a reversible trend with a PTC during thermal 

cycling between 25-145ºC. The nanocomposite with a lower CNT concentration of 0.25 wt% 

shows a larger thermoresistive response with a 13% resistance change over the temperature range 

as compared to a 5% change for the nanocomposite with 0.5 wt% CNTs. This thermoresistive 

sensitivity to CNT concentration is similar to the trend observed for piezoresistive 

mechanical/electrical coupling where the sensitivity to strain increases when concentrations get 

closer to the electrical percolation threshold [5]. The PTC is likely due to the thermal expansion 

of the epoxy matrix increasing the CNT-CNT electrical tunneling gap, leading to an increase in 

resistance [41]. As the temperature increases further, there is a more rapid increase in resistance, 

and as the polymer matrix reaches the Tg the matrix expands further due to the increased mobility 

of the polymer chains [52]. The curve of the nanocomposite with 0.25 wt% CNTs, shown in Fig. 

7a, mirrors the overall thermal expansion from TMA. On the other hand, the nanocomposite with 

0.5 wt% CNTs as shown in Fig. 7c, shows a PTC with a shape of the thermoresistive curve that is 

slightly concave-downward with a sharp increase above the Tg. With the increased content of 

CNTs, the reinforcement at the microscale may hinder the mobility of the polymer chains as the 

temperature approaches Tg, leading to a reduced rate of resistance growth [69,72,73].  

The relationship of the temperature coefficient of resistance (TCR) has been widely used to 

evaluate the thermoresistive sensitivity of CNT nanocomposites [16,18,41,44,52]. The TCR 

responses of the nanocomposites during the first heating cycle are shown in Figs. 7b and 7d. In 

general, the TCR curves of the 0.25 wt% CNT nanocomposite shows more sharp changes with 

higher amplitudes than the nanocomposites with 0.5 wt% CNTs. At lower CNT concentrations it 

is likely that there are fewer redundant conductive pathways, leading to more pronounced TCR 



19 
 

changes with varying temperature, similar to the influence of CNT concentration on 

thermoresistive sensitivity. Similar TCR correlations have also been reported by others [16,41,43-

45,49]. Structural changes of the CNT networks occur during glass transition, which causes the 

inflection points in thermoresistivity are seen as characteristic minima or maxima in the TCR curve. 

These are shown in Fig. 7b and 7d and are observed at 104ºC and 122ºC, respectively, which 

correlate well with the observed Tg based on the TMA results. 

 
Figure 7. Thermoresistive responses of the CNT-epoxy nanocomposites under 25 to 145ºC 
thermal cycles. (a) Left, the resistance change response of nanocomposites with 0.25 wt% CNTs 
and, right, the first temperature ramp used to calculate the TCR, and (b) the TCR relationship for 
the first heating cycle; (c) Left, the resistance change response of nanocomposites with 0.5 wt% 
CNTs and, right, the first temperature ramp used to calculate the TCR, and (d) the TCR relationship 
for the first heating cycle.  
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Figures 8a and 8c show the thermoresistive responses of the aramid and E-glass fiber 

composites with 0.5 wt% CNTs dispersed in the epoxy matrix during 25-145ºC thermal cycles. 

Although both resistance change curves have very different shapes, they are reversible with minor 

cycle-to-cycle variations. These curves are distinctly different from the 0.5 wt% CNT 

nanocomposites, which always show PTC. At low temperatures both the aramid and E-glass fiber 

composites show NTC behavior. At higher temperatures, the aramid composite starts to show PTC 

behavior while the E-glass composite continues show NTC behavior. It is likely that the residual 

thermal stresses due to the mismatch in CTE between the matrix and fibers play a significant role 

in this different response. The fibers constrain the matrix during cooling, resulting in a residual 

tensile stress in the matrix. The aramid and E-glass composites with 0.5 wt% CNT dispersed in 

the matrix have a significantly different electrical resistivity of 38.0 Ω·m for aramid and 68.7 Ω·m 

for E-glass at room temperature (see Table 3), despite having similar fiber volume fractions. The 

difference in electrical resistivity for the aramid composite is 14% and the E-glass composite is 

106% more than that of the 0.5 wt% CNT nanocomposite (33.4 Ω·m). In addition, the CTE below 

Tg of the aramid/epoxy composite is the same as the 0.5 wt% CNT while the CTE of the E-

glass/epoxy is more than 40% less, suggesting that fiber constraint plays a significant role. 

Figures 8b and 8d show the TCR relationships of the two multiscale composites with dispersed 

CNTs. The aramid composite (Fig. 8b) shows an increasing TCR, indicating that the 

thermoresistive sensitivity increases as thermal expansion dominates the thermoresistive response. 

The peak in the TCR curve is observed at 126ºC and correlates closely with the Tg measured by 

TMA. The TCR curve of the E-glass composite is shown in Fig. 8d and shows low amplitude 

variations with changing temperature and an average TCR of -300×10-6/ºC. However, it is difficult 

to determine Tg based on the local features shown in Fig. 8d. For comparison, the thermoresistive 

responses of the aramid and E-glass multiscale composites with a CNT concentration of 0.25 wt% 

are included in supplementary information (Fig. S5). Both composites show an initial NPC 

response up to 65ºC and a sharp double-crossover transition in the region of 65-145ºC. 
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Figure 8. Thermoresistive responses of (a) aramid/dispersed CNT (0.5 wt%) epoxy and (c) E-
glass/dispersed CNT (0.5 wt%) epoxy multiscale composites under 25 to 145ºC thermal cycles 
and (b, d) the corresponding TCR relationships for the initial heating cycle in (a and c). 
 

3.4.2 Composites with Loosely Concentrated CNTs 

The composites produced by dip-coating the fabric have a local structure of loosely 

concentrated CNTs around the fibers. The thermoresistive responses of composites with aramid 

fibers and different weight fractions of CNTs are shown in Figs. 9a-d. All composites show an 

overall NTC behavior with a double crossover transition in the heating ramp. Similar to the trends 

observed for the nanocomposites and the multiscale composites with dispersed CNTs, the 

composites with the higher CNT concentrations of 1 and 0.6 wt% (Figs. 9a and 9b) show less 

thermoresistive sensitivity than the composites with lower concentrations of 0.17 and 0.05 wt% 

(Figs. 9c and 9d). The thermoresistive response of all of these composites is significantly different 

from the nanocomposites and the aramid fiber composites with dispersed CNTs (Figs. 7 and 8).  
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The thermoresistive response of the composites produced by dip-coating can also be viewed in 

the context of the residual stresses in the composites. Here, the CNTs are more localized around 

the fibers and will be more influenced by the residual stresses that occur at the fiber-matrix 

interface. During heating, the residual thermal stresses in the multiscale composites release 

gradually and then the pre-tensioned CNT network likely contracts, reducing CNT tunneling gaps 

resulting in the observed NTC response up to 70ºC. Afterwards, the thermoresistive curves show 

a local increase of resistance that is likely influenced by the bulk thermal expansion of polymer 

matrix. The second crossover transition is observed at the local peak around 105ºC and decreases 

with increasing temperature. At temperatures higher than the Tg, the residual stresses are relieved.  

 

 
Figure 9. Thermoresistive responses of the aramid-sizing/epoxy multiscale composites with CNT 
loadings of  (a) 1.0 wt%, (b) 0.61 wt%, (c) 0.17 wt%, and (d) 0.05% wt%, (e) the 1.0 wt% 
composite (a) after post-curing at 160°C for 30 minutes, and (f) E-glass-sizing (1.0 wt% 
CNT)/epoxy composite during 25-145°C thermal cycles (Note: ∆R/R0 in all Figs. are in [0.5%, -
5.5%] scale).  
 
  

-5.5
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5

20 45 70 95 120 145

Δ
R

/R
0

(%
)

Temperature (ºC)

Aramid-Sizing
(1.0 wt% CNT)/Epoxy

20 45 70 95 120 145
Temperature (ºC)

Aramid-Sizing
(0.61 wt% CNT)/Epoxy

20 45 70 95 120 145
Temperature (ºC)

Aramid-Sizing
(0.17 wt% CNT)/Epoxy

-5.5
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5

20 45 70 95 120 145

Δ
R

/R
0

(%
)

Temperature (ºC)

Aramid-Sizing
(0.05 wt% CNT)/Epoxy

20 45 70 95 120 145
Temperature (ºC)

E-Glass-Sizing
(1.0 wt% CNT)/Epoxy

20 45 70 95 120 145
Temperature (ºC)

Aramid-Sizing
(1.0 wt% CNT)/Epoxy

(After post-cure @160C)

Heating

Cooling

∆R
/R

0
(%

)

∆R
/R

0
(%

)

∆R
/R

0
(%

)

∆R
/R

0
(%

)

(a)

(d) (e) (f)

(b) (c)



23 
 

All four different aramid composites (Figs. 9a-d) show some cycle-to-cycle resistance changes 

likely due to slight post-curing of the epoxy when the temperature is above Tg. Figure 9e shows 

the thermoresistive response of the composite with 1.0 wt% CNTs that was post-cured at 160ºC. 

The observed Tg for this composite of 148ºC (Table 4) is above the temperature range of the test, 

and there are minimal cycle-to-cycle variations. In addition, the peaks that occur in the heating 

cycle above 70ºC are eliminated, suggesting that the cross-link density of the matrix influences the 

thermoresistive response at higher temperatures.  

For comparison, the thermoresistive behavior of the composite with E-glass fibers and 1.0 wt% 

CNTs (Fig. 9f) shows a continuous and decreasing NTC. There is a slight deviation from the linear 

response observed from 80-110ºC that corresponds to the temperature range where the peaks are 

observed in the aramid composites. As observed in the composites with dispersed CNTs, the 

constraint of the E-glass fibers likely dominates the overall response. As a reference, the bulk 

structure of CNT-coated E-glass fiber was replicated by depositing a CNT film on a planar glass 

substrate without introducing epoxy (supplementary information, Fig. S6a). The  thermoresistive 

response (Fig. S6b) shows a linear NTC trend, further suggesting that the constraint of the fiber 

influences the overall thermoresistive response. 

Figures 10a and 10b show the TCR responses of aramid-sizing/epoxy composites with 1.0 and 

0.05 wt% CNTs, respectively. The TCR curve of the 0.05 wt%-CNT composite shows more 

dramatic fluctuations overall than the 1.0 wt%-CNT composite, indicating a more sensitive 

nanotube network with fewer CNTs that also correlates with the thermoresistive dependence of 

CNT concentration observed in the CNT-nanocomposites (Fig. 7). The post-cured 1.0 wt% 

composite shown in Fig. 10c at elevated temperature reveals a nearly constant TCR of 50×10-6/ºC 

during 100-130ºC. Additionally, Fig. 10d shows the TCR curve of the E-glass-sizing/epoxy 

composite that reveals relatively low amplitude variation with a single transition. In Figs. 10b and 

10d there are clear local minima at 118ºC, and 115ºC that correlateswell with the observed Tg 

measured by TMA. This is less evident in the 1.0 wt% CNT aramid composite, but the TCR curve 

does show a slight shoulder near the onset of glass transition around 114ºC.  
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Figure 10. TCR relationships of the aramid-sizing/epoxy multiscale composites with CNT 
concentrations of (a) 1.0 wt% and (b) 0.05 wt%; (c) TCR relationship of the 1.0 wt% CNT aramid 
composite (shown in a) after post-curing at 160 °C for 30 minutes; (d) TCR relationship of the 1.0 
wt% CNT E-glass/epoxy composite.  
 

3.4.3 Composites with Densely Concentrated CNTs 

It is clear that the residual stresses due to differential expansion of the fiber and matrix play a 

major role in the thermoresistive response. In order to shed more light on this behavior, the EPD 

approach was used to deposit a thin layer of functionalized CNTs on the fiber surfaces. Figures 

11a and 11c show the typical thermoresistive responses of the aramid composites with different 

concentrations of CNTs. Both curves show an overall NTC response. The shapes of the curves are 

similar to the specimens produced using the dip-coating approach but show less pronounced 

nonlinear behavior at temperatures above 70ºC as compared to the dip-coated specimens (Fig. 9). 

The specimen with the lower concentration of CNTs, 1.8 wt% (Fig. 11c), shows a higher overall 

resistance change compared to the composite with higher CNT concentration, 3.4 wt% (Fig. 11a), 

following the inverse dependence of CNT concentration on thermoresistive sensitivity observed 
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previously. The magnitude of the resistance change over the temperature range of the test is several 

times higher than the resistance changes observed in the composites produced with the dip-coating 

approach. This further suggests that the stresses at the fiber-matrix interface play a significant role 

in the thermoresistive behavior. For the aramid composites the radial and hoop stresses are small 

(Fig. 6c), so the response is likely dominated by the stresses in the axial direction of the fiber 

because the CNTs are highly localized at the fiber-matrix interface.  

 
Figure 11. Thermoresistive responses of the aramid-CNT composites produced via EPD with CNT 
concentrations of (a) 3.4 wt% and (c) 1.8 wt%; (b, d) the corresponding TCR relationships for the 
3.4 wt% and 1.8 wt% CNT composites in (a and c).  
 

Similar to the CNT composites produced by dip-coating, the EPD processed composites also 

show some degree of cycle-to-cycle resistance changes, resulting from the slight post-curing of 

the epoxy matrix when heating above the Tg. Figures 11b and 11d show the corresponding TCR 

responses. The TCR curves are qualitatively similar to the TCR response for the dip-coated 

composites (Figs. 10a and 10b) where there is a peak occurring near 90-100ºC followed by a 
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decrease. For both of the TCR curves in Figs. 11b and 11d there is a local minimum that occurs at 

119ºC after which the TCR curve begins to flatten. This temperature correlates closely with the 

measured onset of Tg by TMA.  

 
4.  Conclusions 

CNT-based composites have found a number of applications as sensors, including mechanical 

strain/damage sensing, structural health monitoring, and process monitoring. The majority of these 

sensors have been studied in the laboratory under controlled temperature conditions. For 

applications these sensors will be exposed to varying temperatures during their use. As a result, it 

is important to understand the temperature-dependence of their electrical properties. We examined 

experimentally the thermoresistive behaviors of the CNT-based nanocomposites and multiscale 

composites containing CNTs and traditional fiber reinforcements. Composites were created with 

four different morphologies including (1) nanocomposite with randomly dispersed CNTs in epoxy, 

and multiscale CNT/fiber hybrid composites with (2) randomly dispersed CNTs in the matrix, (3) 

loosely-concentrated and (4) densely-concentrated CNTs near the fiber surface. The 

thermoresistive behavior was characterized for these composites over a temperature range of 25-

145ºC. Combining the results from SEM, TMA and FE modeling with the in situ thermoresistive 

data of the CNT-based composites, we have found several key parameters that can directly 

influence the bulk thermoresistive responses including CNT concentration, CNT arrangement-

and-rearrangement, fiber properties, interfacial interactions, thermal expansion, and polymer 

thermal transitions.  

The two-phase CNT-epoxy nanocomposites show a PTC that is influenced primarily by 

volumetric expansion of the polymer matrix where expansion increases the CNT-CNT electrical 

tunneling gaps, leading to an increase in resistance. For all composites, the concentration of CNTs 

influences the thermoresistive sensitivity, where lower concentrations of CNTs have fewer 

redundant conductive pathways, which leads to more pronounced TCR changes with varying 

temperature. For these composites, it has also been shown that the TCR can be an indicator to 

detect glass transition temperatures, and the TCR response correlates closely with the onset of 

glass transition as measured by TMA. The multiscale composites demonstrated a reversible but 

crossover-shaped thermoresistive response suggesting that the thermoresistivity of these 

composites is influenced by structural changes of the CNT network and are affected by residual 
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thermal stresses and polymer thermal motions at different temperatures. The presence of fibers 

generates thermal residual stresses, leading to a pre-stressed CNT network upon cooling after 

manufacturing at elevated temperatures. These residual stresses develop on cooling from the 

stress-free state above the glass transition temperature. By adding fibers when CNTs are uniformly 

dispersed in the matrix the composites show an initial NTC response where the different types of 

fibers influence the response at higher temperatures. The room-temperature electrical resistivity 

for composites produced with aramid and E-glass fibers are significantly different and suggests 

that pre-tensioning of the polymer matrix on cooling is significant and depends on the fiber 

properties. Particularly, for composites with aramid fibers where CNTs are localized near the 

interface show double-crossover transitions at elevated temperatures. This behavior appears to be 

closely related to the crosslink density of the polymer matrix, since post-curing at higher 

temperatures minimizes the NTC to PTC transitions. Composites produced using the EPD 

approach have CNTs that are confined closely in the region of the fiber-matrix interface. These 

composites show the highest thermoresistive sensitivity which further highlights the influence of 

fiber-induced stresses on the thermoresistive response. The knowledge obtained from this study 

represents a first step in better understanding about the thermoresistive behavior of the CNT-based 

composites that can serve as a guide for developing CNT-based composite sensors for practical 

applications where these sensors are exposed to temperature variations.  
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