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ABSTRACT 

In this research, a modeling and experimental study was conducted to explore the effects of nanoparticle type (alumi- 
num nanoparticles and carbon nanotubes), filler concentration and interactions between the nanoparticle and reinforcing 
fibers on through-thickness conductivity of nanoparticle/epoxy nanocomposites and nanoparticle/fiber-reinforced mul- 
tiscale composites. Multiple, notable micromechanical models were evaluated to predict through-thickness thermal 
conductivity of both composite systems, and then compared to the experimental results. The results showed that filler 
volume fraction ranges and thermal conductivity differences of the constituent materials for the thermal conductivity 
ratio (km/kf or kf/km) used in the models can affect the resulting predictions. Certain models were found to be suitable for 
varying conditions on the thermal conductivity ratio. Finite element models (FEM) were developed to reveal heat 
transport mechanisms of the resultant nanocomposites and multiscale composites. The nanocomposite design for finite 
element analysis (FEA) provided close predictions and performed better than the micromechanical models. On the mul- 
tiscale composite system, predictions were concluded to be dependent upon the FEM design where the interactions be- 
tween nanoparticles and fibers are critical to accurately determine the through-thickness thermal conductivity.  
 
Keywords: Thermal Conductivity; Micromechanical Models; Finite Element Models; Nanocomposites; Multiscale 

Composites; Carbon Nanotubes 

1. Introduction 

Composites can be placed under the following categories: 
metal matrix composites (MMCs), ceramic matrix com-
posites (CMCs), carbon-carbon composites (CCCs) and 
polymer matrix composites (PMCs) [1]. MMCs and CCCs 
demonstrate great propensity to have high thermal con- 
ductivity in both in-plane and through-thickness direc- 
tions. CMCs and PMCs have the lowest thermally con- 
ductive values in the through-thickness direction, spe- 
cifically but can produce high mechanical values [1]. In 
the area of thermal management, it would be ideal to take 
advantage of the lightweight and mechanical strength 
properties of PMCs. However, their low thermal conduc- 
tivity creates disadvantages. Improving the through-thick- 
ness thermal conductivity of PMCs would increase its 
value for use in thermal management applications [2].  

Constituent matrix materials in PMCs, the polymeric 
resins, such as epoxy resin, have a low thermal conduc- 
tivity of around 0.2 W/mK [3,4] because the through- 
thickness heat transport is largely dominated by resin 
matrices due to composite laminate structures. This correlates 

to lower through-thickness thermal conductivity since 
resin works as an insulator due to its stable chemical 
bonding, composition and structure [3]. The electron or-
bits are filled making strong covalent bonds. The ele- 
ments used in the molecular chains are not conductors 
and semiconductors. Instead, resins are made of non-con- 
ducting elements such as oxygen, nitrogen and hydrogen 
[3]. 

To increase the thermal conductivity of PMCs, high 
conductive fillers and reinforcing materials can compen- 
sate for the low thermal conductivity of the matrix. 
Nano-metallic fillers can be used to compensate for the 
low thermal conductivity of the matrix [5-10]. Single- 
walled carbon nanotubes (SWNTs), multi-walled carbon 
nanotubes (MWNTs) and vapor-grown carbon nanofibers 
(VCNFs) are being used as fillers for developing thermal 
conductive resins [11-13]. PAN and pitch-based carbon 
fibers are typical reinforcing materials in PMCs, having a 
thermal conductivity range between 15 - 1100 W/mK in 
the direction of the fiber axis [14]. Particularly, pitch- 
based carbon fibers range from 120 - 1100 W/mK [3,14]. 
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However, in the through-thickness direction, the thermal 
conductivity of the carbon fiber-reinforced composite is 
no more than 1 W/mK due to the laminate structure [15]. 

This research investigates the thermal conductivity im- 
provements of epoxy resin using carbon nanotubes (CNTs) 
and aluminum nanoparticles (AlNPs) at high loadings. 
AlNP enhanced resin is combined with IM7 (HexTowTM 
IM7 HS-CP-5000 plain woven fabric) and EWC-300X 
(ThermalGraph® Fabric EWC-300X, 8 Harness Satin) 
carbon fibers to make multiscale composite systems to 
improve the through-thickness properties. Additionally, 
this research uses multiple micromechanical models and 
finite element analysis to understand the resultant ther- 
mal property improvements. An objective is to reveal the 
effectiveness of various models for thermal conductivity 
predictions and explore the reasons behind the effective- 
ness or ineffectiveness of the models used. 

2. Experimentation 

2.1. Micromechanical Models 

Table 1 shows the micromechanical models widely used 
for through-thickness thermal conductivity predictions of  

composites [16-19]. This research uses each model to 
predict the conductivity of the AlNPs, CNTs and multis- 
cale composite samples based on their constituent mate- 
rials properties. The prediction results were compared to 
the measured value of the samples to evaluate the effect- 
tiveness of each model. The following notations are uni- 
versal for each model. 

Notations: 
K = Composite through-thickness thermal conductivity; 
kf = Fiber thermal conductivity; 
km = Matrix thermal conductivity; 
vf = Fiber volume fraction; 
vm = Matrix volume fraction. 

2.2. Nanoparticle/Epoxy Nanocomposite 

Epoxy nanocomposites samples were made using SWNTs 
obtained from Thomas Swan, MWNT from Sigma-Al- 
drich, and 150 nm diameter AlNP from Sigma-Aldrich. 
Epon 862 (Shell Chemical Company) and the SWNTs 
and MWNTs were mixed at 1%, 2%, 5%, 10%, 15% and 
23% volume fraction through sonication and three-roll 
milling mixing machine at the Florida State University  

Table 1. Micromechanical models. 
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High-Performance Materials Institute (HPMI) [20]. Due 
to the lower aspect ratio of the AlNPs, the AlNPs were 
able to be mixed with Epon 862 at 20%, 30%, 40% and 
50% weight fractions [20]. 

Each sample was cured at 177˚C for 2 hours and made 
into a 10 × 10 mm squares to be tested at room tempera- 
ture in a Netzsch LFA 457 laser flash system for thermal 
diffusivity measurements. With TA Instrument Q100 
differential scanning calorimetry (DSC), the specific heat 
(Cp) values of the samples were measured. Gathering the 
diffusivity (α) results along with the measured density (ρ) 
and Cp, using Equation (1), the thermal conductivity (K) 
of the samples was calculated. 

pK C                 (1) 

2.3. AlNP Multiscale Composites 

The Epon 862/AlNP epoxy nanocomposites at the re- 
spective weight fractions were applied to make multis- 
cale composites with two types of carbon fibers: IM7 
carbon fiber (HexTowTM HS-CP-5000 plain woven fabric) 
and EWC-300X (ThermalGraph® Fabric 8 Harness Satin) 
with roughly a 60% fiber volume fraction [20]. IM7, be- 
ing a PAN-based carbon fiber, has a low thermal conduc- 
tivity of 15 W/mK [13]. EWC-300X is pitch-based car- 
bon fiber with high thermal conductivity rated at 300 
W/mK. The samples underwent the same curing process 
and were cut into 10 × 10 mm squares to conduct thermal 
conductivity tests. 

Calculating the through-thickness conductivity of the 
resultant multiscale composite using the micromechani- 
cal models required two steps. The combined AlNP and 
epoxy nanocomposites were considered as the matrix 
material. The carbon fiber reinforcements were the other 
constituent material. The measured AlNP/epoxy material 
thermal conductivity value was used as the value for km 
(matrix), and the thermal conductivity of the fiber as kf 
(fiber) was used for the models to predict thermal prop- 
erties. 

2.4. Finite Element Modeling 

A representative unit was needed to create a functioning 
model of the multiscale composite for use in COMSOL 
Multiphysics. Figure 1 shows the representative unit 
created based on 60% fiber volume fraction correlating 
to the size ratio with fibers at 5 microns diameter in a 13 
micron space dimension. The AlNPs used in the experi- 
ment were 150 nm spheres, which were large enough to 
incorporate them in the unit representative model to pro- 
vide an accurate multiscale composite system. Figure 1 
shows the model design used for 20%, 30%, 40% and 
50% weight fraction of AlNP that correlates to 4%, 6%, 
9% and 12% volume fraction respectively distributed 

randomly in the multiscale composite. Figure 2 shows 
the represented unit of AlNP/epoxy nanocomposites of a 
1 µm × 1 µm dimension representative unit with the 
AlNP having a 150 nm diameter size for 20%, 30%, 40% 
and 50% weight fractions.  

The models were steady state and since the heat trans- 
port equation is second order in space, two boundary 
conditions were specified as known parameters. In Fig- 
ure 3, two temperature conditions were set represented 
as T1 and T0. 

The insulated surfaces prevented convection and main- 
tained a constant temperature gradient. The direction of 
heat transfer was perpendicular to lines of constant tem- 
perature. With prescribed constant temperatures, the heat 
flux can be calculated by integrating the entire T0 surface 
formulated in Equation (2) [21]. 

 1
, d

2

x

x

Q q x y
x 

  y           (2) 

Then, using Fourier’s law, determination of the thermal  

 

Figure 1. FEM of AlNP/carbon fiber multiscale composites 
with different AlNP loadings: (a) 20 wt% (b) 30 wt% (c) 40 
wt% and (d) 50 wt%. 

 

Figure 2. FEM of AlNP/Epoxy nanocomposites with differ-
ent AlNP loadings: (a) 20 wt% (b) 30 wt% (c) 40 wt% and 
(d) 50 wt%. 
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conductivity (K) of the medium was made using the cal- 
culated heat flux (Q) and knowledge of the temperature 
distribution (T) across the distance (x) of a medium rep- 
resented by Equation (3) [21,22]. 

Q x
K

T

 



              (3) 

3. Results 

3.1. Nanoparticle/Epoxy Nanocomposites 

The results from the micromechanical models and the 
experiment were compiled for the SWNTs, MWNTs and 
AlNPs epoxy nanocomposites shown in Figures 4 and 5. 
The results for the parallel model are not presented in the 
graph due to its extreme overestimation. In no case did 
the parallel model come close to predicting the thermal 
conductivity of fillers in an epoxy matrix. The values 
inputted for kf for the fillers were: 6000 W/mK for 
SWNTs [23,24], 3000 W/mK for MWNTs [25] and 210  

 

Figure 3. Illustrated conditions for model setup. 

 

Figure 4. Thermal conductivity results for SWNT/Epoxy 
nanocomposites. 

W/mK for AlNPs [26], which exceeded the km for the 
epoxy resin, which may lead to errors or off balancing of 
the km/kf term in the models.  

For the results on the SWNT and MWNT nanocompo- 
site samples shown in Figures 5 and 6, the Rayleigh 
model formula showed no change in the thermal conduc- 
tivity across all volume fractions based on the high ther- 
mal conductivity values for the SWNTs and MWNTs, 
which affected the γ value with the km/kf ratio. The re- 
maining models did not come close to the predictions. 
These models have a thermal conductivity value ratio, 
dividing the thermal value of the fiber by the matrix 
value or vice versa, which results in the models not being 
sensitive due to the extreme ratios. The formulations us- 
ing the CNTs’ thermal conductivity greatly offset the  

 

Figure 5. Thermal conductivity results for MWNT/Epoxy 
nanocomposites. 

 

Figure 6. Lewis-Nielsen model for SWNT and MWNT with 
changes to A parameter. 
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predictions and underestimated the results. For all mod- 
els, the thermal conductivity prediction trend did not fol- 
low in the same manner. As more CNTs were loaded into 
the epoxy, the experimental curve started to plateau as it 
reached a saturation point. If the micromechanical mod- 
els continued to have increased volume fraction, the 
thermal conductivity would continue to increase. Perhaps 
only the Geometric Mean and Lewis-Nielsen models 
would provide reasonable results at volume fractions less 
than 20% to 30% for ultra-high thermal conductivity of 
the fillers. 

The Lewis-Nielsen model considers the aspect ratio of 
the filler. For CNTs, the aspect ratio is enormous com- 
pared to the A value listed in Table 1. However, the A 
parameter could be altered for a better convergence in the 
predictions to the experimental results. Figure 6 shows 
the results of the Lewis-Nielsen model as A was changed 
to 10 for SWNTs and 14 for MWNs. The graph only 
speculates that the new A values would prove a better fit 
at the point of 23% volume fraction, but at lower volume 
fractions still falls short for a close approximation. Only 
perhaps at higher volume fractions could the Lewis- 
Nielsen model provide good predictions with the changes 
to A. 

The modeling results of the AlNP/epoxy composites 
were far more accurate than that of the CNTs except for 
those of the Geometric Mean shown in Figure 7. The 
Lewis-Nielsen, Rayleigh and Halpin-Tsai models upheld 
the predictions very well as they were designed to apply 
for spherical inclusions or some obstacle. The models 
were more congruent to the experimental results on two 
possible counts. One reason can be largely due to the 
higher volume fractions used for the AlNP. Second, the 
thermal conductivity of the AlNP was more reasonable 
for the models with moderate thermal conductivity ratios 
(kf/km or km/kf). 

 

Figure 7. Thermal conductivity results for AlNP/Epoxy na- 
nocomposites. 

Comparing the results for each type of fillers, the 
thermal conductivity value and the volume fraction of the 
materials seemed to greatly affect how the predictions 
compared to the experimental results. For all models, the 
CNTs could be considered as short fibers due to their 
shape but have completely different thermal conductivity 
and physical values normal to that of conventional metal, 
graphite and carbon fibers. This feature could lead to 
large errors or be invalid in the models, particularly em- 
pirical or semi-empirical models. CNTs could not be 
generalized for such models, but must have a specific 
model designed around the CNTs as Bagchi and Nomura 
have demonstrated [27]. It can also be seen that all these 
nanoscale fillers are not very effective in enhancing the 
overall thermal conductivity values due to their discon- 
tinuous distribution, which is not able to provide effec- 
tive phonon transport paths in the materials. 

3.2. AlNP Multiscale Composites 

The through-thickness thermal conductivity of AlNP/ 
IM7 and AlNP/EWC-300X multiscale composites was 
studied. IM7 carbon fiber, with a thermal conductivity of 
15 W/mK, provided fairly good predictions with the 
Halpin-Tsai, Springer-Tsai, Rayleigh, and Lewis-Nielsen 
models, as shown in Figure 8. Perhaps the low thermal 
conductivity value of the fiber formulated in the models 
provided a means for closer predictions. No one model 
can be said to be better than the other.  

As shown in Figure 9, the multiscale composite using 
EWC-300X carbon fiber, with a thermal conductivity of 
300 W/mK, produced different predictions, unlike those 
of the IM7 carbon fiber. Only the Cheng-Vachon model 
proved to provide good predictions. The results of the 
Cheng-Vachon were highly sensitive to the volume fraction  

 

Figure 8. Thermal conductivity of IM7/AlNP epoxy multis- 
cale composites. 
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of the fiber.  
The only reasonable explanation for the results chang- 

ing in the modeling with the EWC-300X fiber compared 
to the IM7 fiber is the large thermal conductivity differ- 
ence between fibers and nanocomposites. The question 
arises why the Lewis-Nielsen model did not provide a 
close prediction. The answer is in the parameter value of 
A. From Table 2, the A parameter was given a value of 
0.5 for a uniaxially orientated fiber noted for the heat 
flow in transverse to fiber direction. If the A parameter 
was higher in value, then the model would converge 
closer to the experimental results. Therefore, this would 
seem to show that the Lewis-Nielsen model works better 
for lower fiber thermal conductivity. The Cheng-Vachon 
model can be better for higher thermal conductive fillers 
and fibers of at least 300 W/mK but not ultra-high values 
as for the CNTs in this study.  

3.3. AlNP Multiscale Composites and Conductive 
Resins Finite Element Modeling 

Figures 10 and 11 show the results of the experimental  

 
Figure 9. Thermal conductivity of EWC-600X/AlNP epoxy 
multiscale composites. 

Table 2. Shape factors for parameter A [19]. 

Filler Type Aspect Ratio A 

Cubes 1 2 

Spheres 1 1.5 

Random Fibers 2 1.58 

Random Fibers 4 2.08 

Random Fibers 6 2.80 

Random Fibers 10 4.93 

Random Fibers 15 8.38 

Uniaxially Oriented Fibers - 2L/D(a) 

Uniaxially Oriented Fibers - 0.5(b) 

(a) Heat flow in direction of fibers; (b) Heat flow in transverse of fiber 
direction. 

 

Figure 10. AlNP multiscale composites FEM thermal con- 
ductivity results vs. experimental results. 

 

Figure 11. AlNP/Epoxy nanocomposite FEM thermal con- 
ductivity results vs. experimental results. 

values compared to the FEM modeling results for the 
AlNP multiscale composite and the AlNP/epoxy nano- 
composite case. The FEM results provided excellent 
predictions to the AlNP/IM7/epoxy multiscale composites. 
The method of using volume fraction ratios in the design 
instead of designing a system on exact size ratio differ- 
ences proved to function very well in this case.  

However, the modeling results for the EWC-300X 
multiscale composites resulted in less accuracy. Knowing 
that the design of the model affects the prediction could 
be the contributing factor that affects how the heat flow 
is distributed into the system. For instance, the design 
does not account for possible fiber filament contact 
where a large thermal transport would take place for high 
conductive materials. An alternate model design is nec- 
essary to account for higher conductive fibers or be more 
sensitive to the heat flux involved with the fillers when 
contact properties are significant.  

The FEM analysis for the AlNP/epoxy nanocompo- 
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sites provided excellent results in comparison to the mi- 
cromechanical models. The system design used in COM- 
SOL created a very adequate representation of the ex- 
perimental systems. 

4. Conclusions 

The micromechanical models of composite thermal con- 
ductivities are dependent upon the thermal conductive 
values or ratios and the volume fraction of the constituent 
materials in the system. The experiments showed that 
each model produced varying predictions based on the 
inputs used. Nearly all models performed better when the 
volume fraction of the filler was greater than 20% and 
had a small thermal conductivity ratio between the nano- 
filler and matrix. No one model can be used for thermal 
predictions across any composite system within accept- 
able error margins. The use of models for predicting 
CNTs/epoxy nanocomposites was not adequate due to 
the extreme thermal conductivity differences between the 
fillers and matrix, and the low volume fraction content of 
the CNTs. Only the Lewis-Nielsen and Geometric Mean 
model could provide a reasonable trend of the thermal 
conductivity predictions in this study.  

The issues involved with the CNT systems were not 
present with the AlNP nanocomposite where the models 
had better predictions. The Lewis-Nielsen and Rayleigh 
models provided the closest results. The Cheng-Vachon 
model considers spherical inclusions unlike the Rayleigh 
model. However, the difference is that the Cheng-Va- 
chon model is designed to model a parabolic distribution 
of the fillers, whereas the Rayleigh model is a square 
array of obstacles. Interestingly, the multiscale compos- 
ites with the AlNP and carbon fibers showed how the 
change in thermal conductivity of the filler can affect the 
modeling outcomes. It seems evident that the Cheng- 
Vachon model is more suited for higher conductive fill- 
ers. Despite the experiment giving possible parameters 
for which micromechanical models to be used, the mod- 
els can be considered unreliable at best. Only finite ele- 
ment modeling proved to be the effective means for ac- 
curate predictions of all systems studied. This accuracy 
would largely be dependent on the appropriate model 
design to cover actual microstructure features and heat 
flux flow of the composites, limiting conductivity ratio 
effects. It would require more extensive research work 
with experimental results to validate that each model 
design provides adequate tools for thermal conductivity 
predictions of nanofiller-based composites.  
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