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Abstract
An analytical and micromechanical modeling study was conducted to predict
through the thickness thermal conductivity of composite filled with diamond powder are developed and validated. A Finite Element Method (FEM) incorporated the
microstructural characteristics to explore the effects of filler concentration, aspect
ratio and interactions between the filler and reinforcing fiber on transverse thermal
conductivity of composite are presented. An algorithm based on modified random
sequential adsorption method were developed to generate the two dimensional unit
cell models of randomly distribution of fibers within the Representative Volume Element (RVE) and the fillers were randomly distributed within the matrix based on
position and orientation. The heat transport mechanism of composite revealed by the
finite element models impinge the effects of filler volume fraction ranges, filler aspect
ratio which affects the change of filler dispersion and their ability to form conductive
chain. FEM results showed that the diamond powder filler developed the thermally
conductive path which led to strong fiber-filler interaction to increase the transverse
thermal conductivity of the composite. The application of microscale diamond powder
increased the transverse thermal conductivity of the composite from 0.6 (W/mK) to
4.5 (W/mK). For special reference cases, the FEM results are compared and checked
with the analytical micromechanical models.

1

Introduction

Advanced thermal stability systems envisioned for the mechanical support structures of the
pixel detectors used in high energy physics require rapid construction of heat away from
support structures. The favorable specific properties of carbon fiber reinforced polymer
composites are based on the low density of the matrix resins used and the high strength of
the embedded fibers [1]. PAN (Polyacrylonitrile) and Pitch based carbon fibers are typical
reinforcing materials in polymer matrix composites having thermal conductivity range between 15 - 1100 W/mK in the direction of fiber axis [2]. The pitch based carbon fibers have
large crystal size, excellent electrical and thermal conductivity [3] with high tensile modulus but low elongation. The PAN based carbon fibers have very small crystal size, gives
flexibility, very high tensile strength [3], high elongation but lower thermal conductivity.
However, in the through-thickness direction, the thermal conductivity of carbon fiber reinforced composite is no more than 1 W/mK due to the laminate structure [4]. Although the
polymer matrix is not conductive, the carbon fibers in the composite render the composite
high in-plane thermal conductivity. The high in-plane thermal conductivity promotes heat
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spreading. However,a drawback of these composites is the low through-thickness thermal
conductivity, which hinders heat removal in the through-thickness direction. Both in-plane
heat spreading and through the thickness heat removal are important for effective heat dissipation [5]. The proposed concept was to use traditional fiber reinforcements for in-plane
load carrying and the filler reinforcement for improving through-thickness performance as
well as other resin dominated properties of resultant composites. This research investigates
thermal conductivity improvements of the composite reinforced with T300 carbon fiber and
epoxy resin enhanced with microscale diamond powder filler at different weight fraction
through FEM. To define a RVE of composite materials for micromechanical analysis, one
of the important issues are to determine the spatial arrangement of fibers [6]. This research
also includes an algorithm based on modified random sequential adsorption algorithm was
developed to generate statistically isotropic unit cell of carbon fiber containing up to 60 %
of volume fraction in the RVE along with random distribution of spherical and ellipsoidal
diamond powder particles embedded in the matrix based on the position and orientation.
The effects of aspect ratio, shape and particle size on thermal conductivity of the composite were studied. Furthermore, analytical micromechanical models are included for special
reference cases to compare the FEM results inorder to understand the resultant thermal
property improvements. An objective was to reveal the predictions and explore the reasons behind the effectiveness of thermal conductivity predictions using diamond powder
enhanced composite.

2

Diamond Powder Multiscale Composite

Diamond powder enhanced epoxy at respective weight fractions were reinforced with T300
carbon fiber. T300 being a PAN based carbon fiber have longitudinal thermal conductivity
of 8.5 W/mK and through the thickness thermal conductivity of 5 W/mK [7]. T300 fibers
are known for balanced composite properties, high quality, reliability and consistency [8].
Epoxy resin have a thermal conductivity of 0.2 W/mK. Synthetic diamond powder [9] with
a thermal conductivity of 2200 W/mK were combined with epoxy based on 5 %, 10 %,
20 %, 30 %, 40 % and 50 % weight fractions. The synthetic polycrystalline diamonds are
based on a discovery of a new technology by producing a short and powerful explosion,
thus transforming graphite into diamond [9].

2.1

Micromechanical Analytical Models

Hybrid matrix in which diamond powder fillers are mixed in epoxy are combined to consider
as matrix material and the carbon fiber reinforcements were other constituent material.
The hybrid matrix of diamond powder/epoxy thermal conductivity values are noted as km0
and the thermal conductivity of fiber are noted as kf .
km0 =

1
vm0 vp0
+
km
kp

(1)

where kp and vp0 are the thermal conductivity and volume fraction of the diamond filler.
Some of the widely used micromechanical models for through thickness thermal conductivity predictions of composites like Rule of mixture Series, Geometric mean and Halpin
Tsai models are used [10]-[11].
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Rule of Mixture Series:
K=

kf km0
kf vm + km0 vf

(2)

where kf , vf and vm are the thermal conductivity of the fiber and volume fraction of the
fiber and matrix.
Geometric Mean:
(3)

K = (kf )vf (km0 )vm
Halpin-Tsai Model:
K = km0 [

(1 + ζηvf )
kf /km0 − 1
]⇒η=
(1 − ηvf )
kf /km0 + ζ

ζ=1

(4)

Each material model were used to predict the conductivity of Diamond powder enhanced
multiscale composite based on their constituent material properties.

3

Algorithm development - Unit cell generation

Algorithm was developed in Matlab and its purpose was to generate random distribution
of fibers in the unit cell which would be statistically equivalent to the actual Carbon Fiber
Reinforced Plastic (CFRP) microstructure. Statistical functions were used to distribute
the fibers with a radius r = 3.5 µm in the RVE.
1. The side length of the RVE was kept as L, the radius of fiber as r. The object
was considered as a quadrate area, the size of the RVE was reprensented as δ which
related to side length of RVE L to the radius of fiber r using the relationship δ =
L/r. A value of δ = 50 [12] was used to generate microstructures within the RVE
measuring 175 × 175 µm2 . A random point for the first fiber was created having
coordinates (x1 , y1 ) lying the center area of window (see figure 1a). The radius of
fibers were kept constant.
2. Second point (x2 , y2 ) represents the center of second fiber which would be the center
of first nearest neighbor of the previous fiber. According to this algorithm all the
accepted random coordinates of the fibers must pass certain condition in order to
control the position of new point: the distance from (x1 , y1 ) to (x2 , y2 ), d1 and the
orientation angle θ1 (see figure 1b) which is a random angle ranging between 0 and
2π. The distance between the center coordinates d1 [13] was given certain condition
to avoid overlapping and to fulfill this condition, the center coordinates of the ith
fiber must pass the following check
(5)

d1 > 2.07r
kX i − X k k > d1

k=1,. . . , (i-1)

(6)

3. If the fiber surface touches the surface of RVE or if they are very close, it may not
be possible to mesh or the generated FEM mesh might be distorted. To avoid these
situation, the fibers are kept at a minimum distance from the surface of the RVE
s1 > 0.1r

(7)
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Figure 1: (a)Assigning a random point for the center of first fiber. (b)Assigning second
fiber based on nearest neighbor. (c) Assigning subsequent fibers
4. Step 2 and 3 were repeated to generate new fibers surrounding the first fiber (see
figure 1c). Throughout the procedure, checks were performed to ensure the distance
between the fiber centers and also the distance from the surface of RVE to make sure
the fibers lie within the window.
5. The algorithm was made to move to the second fiber and steps 2, 3 and 4 were
repeated.The entire process was repeated to all the fibers thereafter until the desired
fiber volume fraction was reached or until the sample area was filled (see figure 2a).
Figure 2a shows the development of RVE based on algorithm by which carbon fibers
were randomly generated up to 60 % of fiber volume fraction, figure 2b represents
RVE used for multiscale calculation based on the randomly generated fibers to avoid
computational complexity.

3.1

Finite Element Modeling

Advanced numerical simulations that take into account the details of microstructure are
thus critical to understand the role played by different factors and to develop microstructurally based constitutive models. 2D FEM models of RVE with unidirectional carbon
fibers in the unit cell along with spherical and ellipsoidal particle filler embedded in the
matrix were randomly generated. 3D FEM models with random spherical and ellipsoidal
fillers were not carried out due to computational difficulty. Algorithm was developed with
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Figure 2: (a)Randomly generated fiber using algorithm. (b)Multiscale Calculation
Matlab [14] program through which python script was developed to generate the model in
ABAQUS [15].

Figure 3: Representative volume element of multiscale composite with spherical filler of
40% weight fraction.
The diamond powder filler was generated randomly based on position and orientation
within the matrix without overlapping. Diamond powder filler with a diameter of 1 µm
of spheres (see figure 3), ellipsoids with an aspect ratio of 1.5 (see figure 4) were used
which were large enough to incorporate them in the unit representative model to provide
an accurate multiscale composite system. Diamond powders were loaded with weight
fractions of 5 %, 10 %, 20 %, 30 %, 40 % and 50 % that correlated to 1.7 %, 3.5 %, 7.5 %,
12 %, 18 % and 25 % volume fraction of the composite were distributed randomly in the
composite.
The fiber and the fillers were meshed using three node linear heat transfer triangular
elements DC2D3 and the epoxy was meshed using four node linear heat transfer quadratic
elements DC2D4. The average finite element model the composite with 50 % weight
fraction of ellipsoidal diamond filler comprised approximately 76156 elements and 44562
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Figure 4: Representative volume element of multiscale composite with ellipsoidal filler of
30% weight fraction.
nodes. Steady state heat transfer thermal analysis of composite was carried out using finite
element software ABAQUS. The heat flow through the composite unit cell was modeled
with a strictly vertical heat flux of 7.2 mW/mm2 and T0 =200 C (see figure 5).

Figure 5: Schematic representation of conditions for model setup
The insulated surfaces prevented convection and the direction of heat transfer was
perpendicular to lines of heat sink. With the prescribed constant heat flux and prescribed
constant temperature at the vertical boundaries, the problem was solved with the following
boundary condition
T (−h, y) = T0

(8)

qx (h, y) = q0

(9)

where T0 and q0 are independent of y and surfaces y = -h and y = h are insulated. The
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temperature difference would be
1
∆T =
2h

Zh
T (h, y) − T (−h, y)dy

(10)

−h

In order to evaluate transverse thermal conductivity coefficient of the model, heat flux was
calculated on the upper and lower faces of RVE and the thermal conductivity coefficient
was determined by equation (11)
λtc =

2h.Q
∆T

(11)

with λtc , the effective transverse thermal conductivity of composite, Q, the calculated heat
flux, ∆T temperature distribution between both faces of composite across the distance
(2h).

4

Results

In the multiscale composite system, prediction of transverse thermal conductivity by FEM
depends on the interaction between the diamond powder conductive filler and fibers. Figures 6 and 7 presents the contour plots of the temperature distribution and heat flux
components across the composite RVE with spherical and ellipsoidal diamond filler. HFL
2 in the figures 6 and 7 represents the calculated heat flux in the y-direction.

Figure 6: Contour Plots of the temperature and heat flux distribution in the RVE with 50
% weight fraction of spherical diamond filler
The numerical results showed that the fiber inclusions demonstrate a significant influence for the heat flux distribution in the RVE and the heat fluxes are concentrated through
the fiber-filler interaction. FEM results also indicated that most of the heat was carried
out through the fibers in the composite and the diamond fillers remains as a catalyst in the
fiber-reinforced structural composite to provide potential improvement for resin dominated
through the thickness thermal conductivity of the composite.
The critical task also depends on controlling the spatial distribution of filler within the
matrix and the filler aspect ratio affects the change of filler dispersion and the formation of
conductive chain. Aspect ratio (AR) also determines the packing efficiency of the conductive fillers in the composite [16]. Composite with randomly oriented ellipsoidal diamond
fillers with an Aspect Ratio (AR) of 1.5 resulted in slightly higher through the thickness
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Figure 7: Contour Plots of the temperature and heat flux distribution in the RVE with 50
% weight fraction of ellipsoidal diamond filler

thermal conductivity than the spherical filler (aspect ratio = 1) at a given loading of 20%,
30% and 40% weight fraction (see figure 8). The ellipsoidal fillers were able to form conductive chains more easily than the spherical fillers and were able to conduct heat across
the composite.

Figure 8: Thermal conductivity results of T300/Diamond powder epoxy composite

The interaction between the carbon fibers and diamond powder filler (ellipsoidal and
spherical) are indispensable to determine through the thickness thermal conductivity of
the composite. The application of microscale diamond powder proved to be a catalyst to
increase the transverse thermal conductivity of the composite upto to 4.5 (W/mK) for 50%
filler weight fraction. Figure 8 shows the comparison results of FEM and analytical model
for the transverse thermal conductivity of the composite. The analytical micromechanical
models were mainly dependent on the thermal conductivity ratios and the volume fraction
of the constituents. The results of analytical micromechanical models resulted in less
accuracy with only rule of mixture series for 50% weight fraction of diamond filler was
near to the FEM results.
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5

Conclusions

The effect of through the thickness thermal conductivity of the composite with different
weight fraction of diamond powder were studied though a combination of numerical simulations and analytical micromechanical models. The dominance of fiber inclusions with
their significant influence for the heat flux distribution in the RVE and the concentration
of heat fluxes through the fiber-filler interactions were studied. An increase in transverse
thermal conductivity of the composite based on the aspect ratio and the shape of the filler
was predicted by the FEM models. The use of analytical micromechanical models for the
composite was not adequate and are unreliable due to their dependence on thermal conductivity ratios and volume fraction of constituent materials. A thought on the validity of
the FEM models are still in progress with the preparation of samples and development of
an experimental device enabling the thermal conductivity measurement of the composite.
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