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Abstract

Highly conductive fillers have a strong influence on improving the poor out of plane thermal con-
ductivity of carbon fiber reinforced composites. The objective of this study has been to investigate
the role of the diamond powder (DP) in enhancing the out-of-plane thermal conductivity of the
woven composites. Samples of the standard modulus T300 carbon fiber composite with 44% and
55% fiber volume fraction and the high modulus YS90A carbon fiber composite with 50% volume
fraction were fabricated with their matrices comprising of neat epoxy and different loading of
diamond powder within epoxy resin. Steady state thermal conductivity measurements were car-
ried out and it was found from the measurements that the out of plane thermal conductivity of the
standard modulus composite increased by a factor of 2.3 with 14% volume fraction of diamond
powder in the composite while the out of plane thermal conductivity of the high modulus compo-
site increased by a factor of 2.8 with 12% volume fraction of diamond powder in the composite.
Finite Element Modeling (FEM) with the incorporation of microstructural characteristics is pre-
sented and good consistency between the measurements and FEM results were observed.

Keywords

Carbon Fibers, Thermal Conductivity, Finite Element Analysis (FEA), Micro-Mechanics,
Thermal Measurements

“Corresponding author.

How to cite this paper: Srinivasan, M., Maettig, P., Glitza, K.W., Sanny, B., Schumacher, A., Duhovic, M. and Schuster, J.
(2016) Out of Plane Thermal Conductivity of Carbon Fiber Reinforced Composite Filled with Diamond Powder. Open Journal
of Composite Materials, 6, 41-57. http://dx.doi.org/10.4236/0jcm.2016.62005



http://www.scirp.org/journal/ojcm
http://dx.doi.org/10.4236/ojcm.2016.62005
http://dx.doi.org/10.4236/ojcm.2016.62005
http://www.scirp.org
http://creativecommons.org/licenses/by/4.0/

M. Srinivasan et al.

1. Introduction

Polymer-matrix composites with continuous carbon fiber are important for many high technology industrial or
research applications. Examples are lightweight structural materials in aerospace industry for aircraft radiators,
directed energy mirror structures, satellites, missiles [1]. The research and development reported in this paper
have been conducted in the framework of the experiments for particle physics, such as at the Large Hadron
Collider (LHC) [2] at the European Organization for Nuclear Research (CERN). Here light weight but very
stable support structures for high precision sensors are required with the additional constraint to remove the heat
produced from the read-out electronics and the sensors themselves. Carbon fiber reinforced composites are used
in this case to provide mechanical support and protection from thermal runaway of the detector. This study has
been intended to investigate the improvements of thermal properties of the composite, with the intention of
improving the thermal behavior of the support structure (Figure 1) of pixel detector of the ATLAS experiment
[3] at the LHC.

To define the environment and challenges of this application can be exemplified with the insertable B-Layer
(IBL) [4], which has recently been installed into ATLAS. Its local support structure of the subdetector is shown
in the Figure 1(a) and Figure 1(b). It is about 800 mm long and designed to hold the sensors and electronics in
positions with high accuracy of a few, minimizing the deformation induced by the cooling and at same time
keeping the temperature of the sensors at a constant temperature of about —20°C in order to minimize radiation
damage and prevent thermal runaway, while the electronics on the pixel sensors produce a relevant amount of
heat. This power is removed by a Titanium cooling pipe runs through the support structure to provide an
evaporative CO, boiling system. The thermal contact between the electronics and the cooling pipe is made
through a highly thermally conductive light carbon foam. Titanium has a thermal conductivity higher than the
carbon fiber but the titanium induces the potential problem of a coefficient of thermal expansion (CTE)
mismatch with the carbon foam. Furthermore it has a small radiation length, and therefore distorts the tracks of
charged particles and reduces the measurement precision. With the focus on future upgrade of pixel detector,
new support structures have to be developed with a reduced material budget, but with an enhanced thermal,
thermomechanical behavior so that the support structure can operate with much improved performance under
the significantly harsher conditions after the LHC upgrade high. Instead of a metallic cooling pipe one made of
carbon fiber would avoid some of the problems mentioned above. On the other hand, normally these carbon
materials have a rather low out of plane thermal conductivity (K, ). In this paper it is shown that this can be
significantly improved by using diamond powder as filler of the matrix of carbon fibers.

Thermal Properties of Composites

The favourable 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 [5] [6]. Woven fabric based composite
materials are an attractive option for a range of engineering applications. Although the mechanical properties are
not as good as those of their non-woven counterparts, they still offer reasonable specific stiffness and strength
with particularly good impact and energy absorption characteristics [6] [7]. PAN (Polyacrylonitrile) and Pitch
based carbon fibers are typical reinforcing materials in polymer matrix composites with thermal conductivity in
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the range of 15 - 1100 Wm K in the fiber direction [6] [8]. The pitch based carbon fibers have a large crystal
size, excellent electrical and thermal conductivity with high tensile modulus but low elongation. The PAN based
carbon fibers have very small crystal size, giving flexibility, very high tensile strength, high elongation but
lower thermal conductivity [6] [9]. However, in the through-thickness direction, the thermal conductivity of
carbon fiber reinforced composite is no more than 1 Wm ™-K* due to the laminate structure [6] [10]. The high
in-plane thermal conductivity promotes heat spreading but low out of plane thermal conductivity hinders heat
removal. Both in-plane heat spreading and out of plane heat removal are important for effective heat dissipation
[6] [11]. Most polymer resins are known to be thermal insulators. One of the alternative approach for achieving
a significant increase in the out of plane thermal conductivity is to manufacture composites based on 3D woven
fiber architectures where the through-thickness fibers have high thermal conductivities and the experimental
results showed that with a 3D z-fiber volume content of about 6%, the maximum possible out of plane thermal
conductivity could be increased by a factor of eight over that of a traditional uniaxial or biaxial laminate
composite [12]. Other common approaches for improving the thermal conductivity of a polymeric material,
polymer matrices are usually filled with the thermally conductive fillers and some of them are listed in the
Table 1 [13].

Jeon et al. reported that the incorporation of functionalised graphite flakes into epoxy resin yielded a thermal
conductivity of 1.53 Wm K at 10 wt% and an increase in the modulus of 1.03 GPa at 1 wt% than that of the
neat epoxy. The loss modulus to the storage modulus ratio (tano of the functionalised graphite flakes/epoxy
nanocomposite were much lower than that of pure epoxy [14]. This has been attributed to the interaction
between the carboxylic group of pyrenebutyric acid functionalized on the surface of the graphite flakes and the
epoxy matrix, which enhances interfacial adhesion and restricts the motion of the epoxy segmental chains [14]
[15]. Fusao et al. [16] prepared a polymer compaosite by impregnating the epoxy resin with a network like a-
alumina pellet containing 54% volume fraction of a-alumina particles and achieved a thermal conductivity of
4.2 Wm K™, Carbon based fillers like single-walled carbon nanotubes (SWNT), multi-walled carbon nano-
tubes (MWNT), vapor-grown carbon nanofibers (VCNFs) are being used as fillers for developing thermally
conductive resins [17]-[19] and recently Yang et al. observed no detectable change in the thermal conductivity
of vapour grown carbon nanofiber (VGCNF) liquid crystal polymer composites with VGCNF content of as high
as 15 weight% (wt%), which was attributed to the nonuniform dispersion of nanofibers and the lack of a
percolated network between them [20].

Patton et al. observed a 300% increase in the thermal conductivity of vapour grown carbon fiber (VGCF)
polymer composites with 39 vol% VGCF, however, the magnitude of the thermal conductivity remained
relatively low (0.8 Wm™K™) as compared to the intrinsic thermal conductivity of the filler and the low
magnitude of composite thermal conductivity was attributed to the low efficiency in transfer of thermal energy
between nanofibers [21]. Xing et al. reported an increase in thermal conductivity of the polymer composite up to
2.83 with high volume fraction (57.5%) of well-dispersed multi-walled carbon nanotubes and copper nanowires
in the epoxy matrix [22]. Wu et al. studied that a vertically aligned MWCNT array embedded in a composite can
provide direct channels for transmitting heat and more effectively increase the thermal conductivity of the
composite [23]. One of the important concern with the CNTs are towards the uniform dispersion of the nanotube
phase within the polymeric matrix and improved nanotube/matrix wetting and adhesion are critical issues in the

Table 1. Thermal conductivity of conventional thermal conductive fillers [13].

Filler Material Thermal Conductivity (Wm™-K™)
Aluminum Oxide 18
Aluminum Nitride 200 - 320
Silicon Carbide 611
Diamond 1300 - 2400
Copper 400
SWCNT ~6000
MWNT ~3000
Graphite 600
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processing of nanocomposites [24]. Another interesting filler material is graphene which is a single layer
structure of two-dimensional new carbon material [25] and it has attracted tremendous interest particularly from
engineers and scientists due to its unique physical and chemical properties like strong mechanical robustness
[26], excellent thermal conductivities (more than 5000 at room temperature) [27] and large specific surface area
(3100 for activation of graphene) [28].

As graphene is in the early stage of development, there are a few issues related to the production methods as
there are no good general synthesis methods that could produce graphene quickly and precisely. Some research
has proven that graphene is susceptible to oxidative environments and could exhibit toxic qualities [29]. In
comparison, the diamond powder (DP) being a carbon-based filler has a higher thermal conductivity (1000 -
2000 Wm K™, excellent corrosion resistance, and a lower thermal expansion coefficient than metal [13] based
fillers. Since the diamond's are isotropic, there would not be any necessity for special manufacturing techniques
for aligning the DP. It has been previously reported [30] that the mechanical properties of epoxy-diamond
composite increased with lower content of diamond powder but with the higher content the mechanical
properties decreased due to agglomeration. An understanding of relative behavior of the filler in the composite is
valuable for developing methods to predict out of plane thermal conductivity. The objectives of this paper were:

1. To investigate the effect of lower and higher contents of microscale diamond powder (DP) by dispersing it
on the dry fabric and also by matrix modification technique towards the out of plane thermal conductivity of
PAN (T300 Twill woven fabric) and Pitch based('YS90A Plain woven fabric) composites.

2. To investigate the thermal contact along with the formation of conductive paths in the composite.

2. Experimental Methods
2.1. Materials

PAN based T300 carbon fiber fabric woven in 2/2 Twill was supplied by Cytec Thornel, Inc and Pitch based
GRANOC YS90A carbon fiber fabric woven in plain weave was supplied by Nippon Graphite fiber Corporation.
Both the fabrics had the fiber diameter of 7. The fabric data and fiber material properties are given in the Table
2. The epoxy and hardener used in the fabrication are commercially available LARIT RIM 135 and LARIT RIM
134. The resin to hardener mixing ratio was 2:1, the pot life was 30 - 45 minutes and the set time was 5 - 6 hours.
Diamond Powder with diameter from 0.5 pm to 1 pm, thermal conductivity of 1000 Wm K ! and density of
3.5 g-cm® was supplied by AB Industrial Diamonds, Germany. Both T300 and YS90A On-axis (0° - 90°)
fabrics had same number of yarns in the weft and warp directions.

2.2. Fabrication of the Samples

2.2.1. Dispersion of Diamond Powder on Dry Fabric

Fabrication of woven fabric composite plates was performed at the Institute for Composite Materials (IVW),
Kaiserslautern. The vacuum assisted resin infusion technique was used to fabricate the composite plate. Five
layers of 2/2 twill fabric with an areal weight as specified in the Table 2 were used for fabrication of specimens
and this related to fiber volume fraction of 55%. The average dimensions of the composite specimens were 70
mm long, 70 mm wide and 2 mm thick. In this technique the diamond powder filler was deposited on the woven
carbon fiber fabric prior to impregnation (Figures 2(a)-(c)). The fabrics were weighed after deposition of the
diamond powder to know the weight fraction of the diamond powder in the composite. Epoxy resin and
hardener were mixed to ratio of 2:1 and the resin mixture was degassed for 20 minutes to remove air bubbles.
Vacuum assisted resin infusion was performed (Figure 2(d)) and the composite was cured in an autoclave at a
static pressure of 24 bar close to 9 hours (Figure 2(e)). One Sample without diamond powder and one sample
with 14% volume fraction of diamond powder in the composite were prepared.

Table 2. Fabric data and fiber material properties.

Fabric Data Fiber Material Properties [31] [32]
Fiber Fabric Fiber Density [31] [32] Areal Weight ~ Tensile Strength ~ Tensile Modulus  Axial Thermal Conductivity
T300 Twill 2/2 1.76 grem™ 395 g-em™? 3.75 GPa 231 GPa 8 Wm K™
YS90A  Plain Weave 218 gem® 125 grem 2 3.53 GPa 880 GPa 500 Wm LK
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Figure 2. Deposition of diamond powder on woven carbon fiber fabric (a)-(c); vacuum as-
sisted resin infusion (d); curing in an autoclave (e).

2.2.2. Matrix Modification Technique

Five different types of T300 composite plates were produced with this technique. Four layers of 2/2 twill fabric
with an areal weight as specified in the Table 2 were used for fabrication of specimens and this related to a fiber
volume fraction of 44%. The first type of the sample was prepared without the diamond powder and the resin
mixture was infused by vacuum into carbon fabric during the impregnation process. The remaining four samples
were prepared by incorporating diamond powder of different fractions (Table 3) into the epoxy. A vacuum
assisted hand layup technique was applied and the samples were cured in an autoclave. In the same way, YS90A
samples were also produced where twenty six layers of plain weave fabric (Table 2) with a total fiber areal
weight of 3250 g-cm 2 were used for fabrication of the samples. The average dimensions of the composite
specimens were 200 mm long, 250 mm wide and 3 mm thick. One sample without and two other samples with
the diamond powder of different fractions as listed in the Table 3 were prepared.

2.3. Thermal Conductivity Measurements

Steady state out of plane thermal conductivity measurements were performed with a measuring cell built in-
house at the Institute of Polymer Technology at University of Applied Sciences, Kaiserslautern according to
ASTM E1225-04 allowing measurements of circular samples with a diameter of 50 mm at thicknesses
(thicknesssampie) from 2 to 50 mm [12] [33] [34]. Water-jet cutting was used to prepare spherical specimens of 50
mm diameter, 2 mm thickness for T300 fiber specimens and 3 mm thickness for YS90A fiber specimens
(Figure 3(1-6)).

The measuring cylinder shown in the Figure 4 consisted of four individual components namely the outer
cylinder, insulating cylinder, meter bar and a cooling plate with a sample holder connected to the bottom of the
measuring cylinder. The outer cylinder was connected to a voltage device through which output A of the outer
cylinder was controlled, the meter bar was controlled by output B of the voltage device. Four thermistors were
used for the temperature measurement at the meter bar and the heating was provided through a cartridge heater
in the top meter bar. The height of the two bars Az including the sample are about 250 mm. Three thermistors in
the top meter bar were used to measure the temperatures T,, T, and T, and the temperature T, was
measured by the thermistor in the bottom meter bar which contacted a cool plate to provide a heat sink with a
constant temperature of 20°C beneath the bottom plate. The top meter bar was made of stainless steel (with a
thermal conductivity of K, =16.2W-m™.K™) and it was insulated with foam and additionally shielded by a
guard heater (Figure 4) to prevent the radial heat loss. Conductivity paste (OMEGATHERM201 with a thermal
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Figure 3. Composite samples of 50 mm diameter after water-jet cutting: YS90A composite samples without diamond
powder (1), with diamond powder volume fraction of 6% (2) and 12% (3) in the composite; T300 composite(fiber volume
fraction of 44) samples without diamond powder (4), with diamond powder volume fraction of 0.8% (5) and 3% (6) in the
composite.
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Figure 4. Measurement setup with the sample.

Table 3. Details of diamond powder contents in the samples.

Sample Number  Sample Thickness (mm) Composite 'E?:gti\églg/? )e Vg?g:g‘:ﬁiﬁ?ﬁ?&) ) Egr"a’gi;’r?'(;’/f)‘e
1 2 T300 44 0 56
2 2 T300 44 0.8 55.2
3 2 T300 44 16 54.4
4 2 T300 44 3 53
5 2 T300 44 8 48
6 3 YS90A 50 0 50
7 3 YS90A 50 6 44
8 3 YS90A 50 12 38
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conductivity of 2.3W-m™-K™) and a weight of 1.5 g was weighed twice and was applied on each side of the
sample in order to facilitate coupling and to reduce interfacial thermal resistance between meter bars and
samples. All the thermistor informations were evaluated by a LabView based program.

Calibration measurements were performed on isotropic specimens to determine the accuracy of the measuring
cell [12]. The materials (like steel, stainless steel, aluminum, polyamide) with known thermal conductivities
were measured and the matches were almost perfect with the [12] and the uncertainties were less than +3. The
thermal resistance R,, at the interfaces from the meter bars and the sample was determined to be
0.0004150798 K-m*W . Once the calibration measurements were completed, the samples were tested and the

out of plane thermal conductivity of the composite (K 1. ) Was calculated by the LabVIEW® (using Equation

(1)). The temperatures measured by the thermistors for the T,, T,, T, and T, were averaged to 60°, 51°, 40°

and 32° respectively. The Test was repeated at least four times in order to obtain the mean value of out of plane
thermal conductivity of the composite which are reported in the results and the typical percentage uncertainty
(based on the standard deviation) of the measurement data for the standard modulus (T300) and the high
modulus (YS90A) composite specimen was 0.71% and 1.06%.
K - thickness ;e M
e TN, 2,72 g
T,-T, K "

bar

3. Micromechanical Modeling

Generally, periodic models [35] [36] are employed for simplicity, assuming that the material has a deterministic
and ordered distribution of fibers. Fiber reinforced composites are far from being periodic materials because the
fibers are randomly distributed through the matrix [37]. GeoDict is a software (developed by Math2Market®) for
composites uses an integrated approach through #CT scan data allowing the analysis of a broad range of the
composite’s material properties as well as thermal conductivity analysis and parameters including damage and
failure [38]. Digimat is another software used in multi-scale analyses to predict the nonlinear micromechanical
behavior of plastics, composite materials and structures [39].

In order to have a detailed understanding of out of plane thermal conductivity of the on-axis woven T300 and
YS90A fabric composites, micromechanical finite element models were developed in Abaqus™. An algorithm
based on modified random sequential adsorption method was developed to generate the two dimensional unit
cell models of random distribution of fibers within the representative volume element(RVE) and diamond
powder fillers were randomly distributed within the matrix.

3.1. Algorithm Development-Unit Cell Generation

An algorithm [6] was developed (in Matlab) to generate random distributions of fibers in the unit cell which
would be statistically equivalent to the actual carbon fiber reinforced composite microstructure. fibers were
generated with the radius r = 3.5 um in the Representative VVolume Element (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 represented as 6 which related to side length of RVE L to the radius of fiber r

using the relationship & = L/r. A random point for the first fiber was created having coordinates (X1 yl) lying
the center area of window (Figure 5(a)). The radius of fibers were kept constant.

2. The second point (Xz,yz) represents the center of a 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 conditions in order to control the position of new point: the distance from (Xl, yl) to

(xz, yz), d, and the orientation angle 4, (Figure 5(b)) which is a random angle ranging between 0 and 2=

[37]. The distance between the center coordinates d, [40] was given a certain condition to avoid overlapping
and to fulfil this condition, the center coordinates of the i'" fiber must pass the following check

d, >2.07xr 0]
||xi—xk||zo|1 k=1--,(i-1) 3)
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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 situations, the fibers are kept at a minimum distance
from the surface of the RVE

s, >r+0.1xr 4)

4. Steps 2 and 3 were repeated to generate new fibers surrounding the first fiber (Figure 5(c)). 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. The fibers were generated through Abaqus™ python scripting.

6. A separate script was developed for generating the number of fillers (with a radius r; = 0.5 um) and their
coordinates based on their specified volume fraction within the RVE. A minimum center distance between the
fiber and the diamond filler were specified as shown in the Equation (5) in order to maintain a random
fiber-filler distance and another condition was specified to maintain the filler-filler distance which are shown in
the Equation (6).

d,>r+1.2xr, )
d,>r +1.2xr, (6)

The fillers were generated in the RVE through the python script after knowing their coordinates. The Figure
6 represents the development of RVE based on an algorithm by which YS90A carbon fibers were randomly
generated with 50% of fiber volume fraction and 12% volume fraction of Diamond Powder in the RVE.

(X2, y2)

(X1, Y1)

@

Figure 5. (a) Assigning a random point for the center of first fiber; (b) assigning second fiber based on nearest neighbor; (c)
assigning subsequent fibers [6].

Figure 6. RVE with randomly generated YS90A fiber of 50% volume fraction and 12% volume fraction of Diamond

Powder in the composite.
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3.2. Finite Element Modeling

A steady state heat transfer thermal analysis was carried out. Three different sets of FEM were performed;

1. A RVE with randomly generated T300 fibers (44% and 55% volume fractions) and YS90A fibers (50%
volume fraction) incorporated with randomly distributed diamond powder within the epoxy matrix and the
volume fractions of the diamond powder were maintained at 0.8%, 1.6%, 3%, 8% and 0.7%, 1.4%, 2.7%, 6%,
11%, 14%, 16% and 1.6%, 5%, 6%, 8%, 10%, 12% (Figure 6) of the composite.

The models were meshed with three node linear heat transfer triangular elements DC2D3 (Figure 7(a)). Two
temperature conditions were set represented as T, and T,. The insulated surfaces prevented convection and the
direction of heat transfer was perpendicular to boundary lines of the heat sink (Figure 7(b)). With prescribed
constant temperatures, the heat flux (Q) was calculated by integrating the entire T, surface formulated in the

Equation (7), where q(X, y) is the heat flux based on the Cartesian coordinate system.

Q= 2—1r1jth(x, y)dy (7)

Out of plane thermal conductivity ( K Leey ) Was predicted from the calculated heat flux (Q) and knowledge of
the temperature distribution ( AT ) across the distance ( Ah) of a medium represented by the Equation (8).
AhxQ
e T AT

(®)

4.. Results and Discussion
4.1. T300 Composite, 44% Fiber Volume Fraction

The experimental results of the T300 woven composite with a fiber volume fraction of 44% (Figure 8, Table 4)
indicated that the effect of diamond powder upto 3% volume fraction was not significant and the out of plane

thermal conductivity of the composite increased from 0.67 W-m™-K™ to 0.76 W-m™-K™. The content of

Ti=60°C
3
Insulated Insulated
2h
y
X1 L
X
1 3 - node element 2 To=20°C
(a) (b)

Figure 7. AbaqusTM heat transfer triangular element (a) [41], FEM boundary condition for the model setup (b).

Table 4. Out of plane thermal conductivity ( K, ) of T300 woven composite (fiber volume fraction of 44%).

T300 Fiber Diamond Powder K, (W-m™.K™) Improvement (factor)
Volume Fraction (%) Volume Fraction (%) FEM Test FEM Test
44 0 0.7 0.67
44 0.8 0.77 0.71 1.1 1.06
44 1.6 0.78 0.76 1.1 1.13
44 3 0.8 0.76 1.14
44 8 0.86 0.91 1.23 1.36
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Figure 8. FEM and experimental results comparison of T300-diamond powder
epoxy filled composite with 44% fiber volume fraction.

epoxy was higher than the fiber and diamond powder in the samples and epoxy being an insulator inhibited the
fiber-diamond powder filler interaction and filler-filler interaction. FEM results T300 composite with fiber
volume fraction of 44% shown in the Figure 8 and Table 4 also predicted the lack of improvement in thermal
conductivity at lower diamond powder content. The distance between the inter-filler (diamond powder-diamond
powder) and filler-fiber distance were larger at lower diamond powder content and the isolated diamond powder
particles did not show any significant effects towards a thermal conductivity improvement and it also resulted in
a lack of formation of conductive paths. At 8% diamond powder volume fraction (Figure 8, Table 4), experi-
mental and FEM results predicted a linear increase in out of plane thermal conductivity. With higher epoxy
content and even when the diamond powder content was increased, the increase in thermal conductivity was
again not significant.

4.2. T300 Composite, 55% Fiber Volume Fraction

FEM results with a fiber volume fraction of 55% as shown in the Figure 9, Table 5 also explains the physical
phenomenon of a lack of conductive path formation upto 1.4% volume fraction of diamond powder in the
composite. From 3% to 11% volume fraction of diamond powder, there was an effect of a rapid increase in the
out of plane thermal conductivity. The micromechanical modeling was carried out based on a two step
homogenization process (for the matrix and for the composite) by which, an increase in the volume of diamond
powder reduced the inter-diamond filler distance, which enhanced the polymer thermal conductive path and with
increase in filler content the fiber-diamond filler distance also reduced which increased the network of
conductive path for the composite. When the diamond powder volume content increased, interaction between
fiber and diamond powder accelerated which led to formation of additional conductive paths and the number of
contact points between the diamond powder filler and fibers in the microstructure increased due to a
homogeneous distribution of diamond powder in the composite leading to a rapid increase in the out of plane
thermal conductivity.

SEM image shown in the Figure 10(a) represents the behavior of fiber-filler (marked in red in the Figure
10(a)) and filler-filler interaction at 15% volume fraction of diamond powder which influence the formation of
thermal interface for T300 composite. Figure 10(b) shows the dispersion of the diamond powder in the epoxy
matrix. The behavior predicted by the FEM result after 11% volume fraction content of diamond powder
showed a saturation, where with the further increase in the filler content, the influence was not significant
(Figure 9, Table 5) where the thermal conductivity of the fibers determine the overall thermal conductivity of
the composite and the effective conductive path formation by the diamond powder becomes nullified even by
increasing the content of the diamond powder. This saturation point has been reported by Shan-Tung Tu et al. as
a physical property ratio which happens with the increase of volume fraction of the fillers and beyond this
saturated ratio, the physical properties of the composites cannot be further improved by enhancing the
corresponding property of the matrix material [42].
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Figure 9. FEM and Experimental results comparison of T300-diamond powder epoxy filled composite
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Figure 10. SEM images showing fiber-diamond filler matrix forming thermal interface (marked in red) in the T300
composite(55% fiber volume fraction) with 15% volume fraction of the diamond powder (a); dispersion of the diamond
powder in the epoxy matrix (b).

Table 5. FEM and the experimental results for the out of plane thermal conductivity of T300 composite (fiber volume
fraction of 55%).

T300 Fiber Diamond Powder K, (W -m*- K’l) Improvement (factor)

Volume Fraction (%) Volume Fraction (%) FEM Test FEM Test

55 0 0.74 0.8

55 0.7 0.77 1.04

55 14 0.8 1.08

55 3 1 1.35

55 6 16 2.16

55 11 1.78 24

55 14 19 1.85 2.57 2.3

55 16 1.96 2.65
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4.3. YS90A Composite

High modulus YS90A fiber being highly conductive showed an interesting behavior where the significance of
the diamond powder towards the out of plane thermal conductivity at the volume content below 5% in the
composite was again minimal. This phenomenon could be seen from the experimental and FEM results in the
Figure 11. From 6% volume fraction content of diamond powder in the composite, there was a rapid increase in
out of plane thermal conductivity and the steep increase remained until 12% volume fraction. Both measurement
and FEM predicted this behaviour (Figure 11 and Table 6) which led to an increase in the out of plane thermal
conductivity of up to 2.69W-m™-K™ (Test) and 2.3W-m™-K™ (FEM). The influence of the pitch fiber
in increasing the thermal conductivity could be seen and compared to the standard modulus (T300) composite, a
saturation behavior couldn’t be observed and it would be necessary to extend the numerical and experimental
work with the high loading of the diamond powder.

4.4. Percolation and the Conductive Path Formation in the Composite

The formation of the conductive path and the interaction between filler-filler and fiber-filler could be further
explained by the matrix percolation theory which refers to the onset of a sharp transition at which the cluster of
conductive connectivity forms. The percolation theory [43] not only predicts a conductive network above the
threshold, but also predicts near the percolation threshold where a steep increase in the thermal conductivity
would be exhibited and this obeys the universal power scaling law near the threshold which are shown in the
Equation (9), where the thermal conductivity of the matrix K_ were fit to the relation as mentioned below and
p, is the threshold volume fraction of the filler for thermal percolation, p is the total filler content and t is the
critical exponent at the overcritical region.

3
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E15
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0

0 2 4 6 8 10 12 14

Diamond Powder Volume Fraction (%)

Figure 11. Comparison of the FEM and the experimental results of the diamond powder filled YS90A composite (50% fiber
volume fraction).

Table 6. Out the of plane thermal conductivity of YS90A composite filled with the diamond powder.

YS90A Fiber Diamond Powder K, (W -m™- K’l) Improvement (factor)
Volume Fraction (%) Volume Fraction (%) FEM Test FEM Test
50 0 0.88 0.97
50 2 091 1.03
50 5 0.94 1.07
50 6 1.03 1.29 117 1.33
50 8 1.43 1.63
50 10 18 2.05
50 12 23 2.69 2.6 28
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Kmoc(p_pc)t' pzpc (9)

Literature data suggests that, in the case of randomly dispersed spherical particles, an estimated theoretical
value of the critical volume fraction of p, =15vol% are required for the onset of conduction [44]. FEM
results for matrix percolation (Figure 12) showed that, when the diamond powder are dispersed in an insulating
epoxy matrix, the formation of insulator to conductor transition was progressive in the matrix where the cluster
of filler-filler conductive network path within the matrix were formed. Further research with higher filler
loading would be necessary to prove a steeper increase in the thermal conductivity. When compared to other
fillers like CNT, the percolation threshold of diamond powder in the composite is higher due to lower the aspect
ratio of the diamond powder (only spherical shapes were considered in the FEM).

The ability of the composite to form the cluster of thermally conductive path are determined based on the
distances and the interactions between the fiber-fiber and diamond filler-fiber. In order to find the increase in the
conductive path for the FEM model, it would be necessary to determine the average distance between the
neighboring fibers and diamond filler within the RVE. The FEM models for the YS90A composite were taken
as a reference and the nearest neighbor distance distribution function based on the probability density function
were formed to determine the short distance interaction between fiber-fiber and fiber-filler-fiber and also to
determine whether the distance pattern shows some degree of clustering.

It could be seen from the Figure 13(a), the nearest neighbour distance of the numerically generated micro-
structure of 50 vol% fiber and 6 vol% diamond powder shows a lower peak at a higher distance, while the
nearest neighbour distance for the microstructure with 12 vol% diamond powder (Figure 13(b)) shows a higher
peak at a shorter distance. For the microstructure with 12 vol% diamond powder, the nearest neighbour
distances are very close to a peak as a result of clustering of diamond filler between the neighboring fibers. For a
randomly generated microstructure as shown in the Figure 13(c), the heat conduction and the conductive chain
formation are dominated by the fibers when they are in close contact with the neighboring fibers and the
diamond powder filler influences as a catalyst to form additional conductive path when they are in close contact
between the fibers.

To further emphasize the behavior of fiber-fiber interaction and fiber-diamond filler interaction, a periodic
distribution of YS90A fibers within a RVE along with diamond powder (12% volume fraction) are shown in
Figure 14. Even though it would be unrealistic to have a periodic distribution of fibers in the real composite, the
behavior shown in the Figure 14 explains that when fibers are aligned in close thermal contact with the
neighboring fibers and when the diamond fillers are between the fibers, then the heat conduction would be much
higher than the randomly generated microstructures (Figure 13(c)). The significance of heat conduction remains
sensitive to the distance between neighboring fibers and diamond powder. Physically this means that, if a better
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Figure 12. FEM result for matrix percolation.
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Figure 13. Nearest neighbor distance function for numerically generated microstructure for YS90A composite with diamond
powder of 6 vol% (a) and 12 vol% (b), FEM model for conductive path formation in YS90A composite with diamond
powder of 12 vol% (c).
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Figure 14. An example of heat conduction in the YS90A diamond powder filled (12 vol%) composite with the periodic fiber
distribution.

dispersion of diamond powder could be achieved the results would be further enhanced. For better dispersion,
the size and the volume content of the diamond powder are important as it influences the viscosity of the resin.
In terms of fabrication of the samples with the microscale diamond powder, the uniform dispersion was limited
due to the high viscosity of the diamond filled resin and the samples had to be fabricated by the hand layup
technique. The smaller the filler size, the larger the surface area and the percolation threshold would also be
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lower. By using this characteristics, diamond powder incorporated composites can show the thermal conduc-
tivity enhancement even at lower concentrations.

5. Conclusion

In this investigation, the out of plane thermal conductivity of the standard modulus T300 and the high modulus
YS90A woven composites were examined by FEM and thermal measurements. FEM investigations with the
higher diamond powder contents showed the formation of the conductive path through the interaction with fibers
which improved the thermal transport. Current experimental investigations by dispersing the diamond powder
on the dry fabric showed that the out of plane thermal conductivity of the T300 composite increased by a factor
of 2.3% for 55% fiber volume fraction-14% diamond powder volume fraction. Experimental investigation via
the matrix modification technique showed that the out of plane thermal conductivity of the YS90A composite
increased by a factor of 2.8 with 50% fiber volume fraction-12% diamond powder volume fraction. The results
showed that the thermal conductivity of the composites depends significantly on the fiber and diamond powder
filler volume fraction. The above improvement in the out of plane thermal conductivity using diamond powder
can benefit several composite applications. To extend this research, further activities towards the thermal
conductivity and mechanical properties of composites could be carried out with the nanodiamond filler as the
smaller size particles have the characteristics of higher aspect ratio and a lower percolation threshold as they
require fewer contacts and also could enhance the bonding behavior with the polymer. One of the other promis-
ing solution under consideration is to use cyanate ester resin as it has a high Glass Transition Temperature (Ty),
easy pre-cure at moderate temperature (125°C - 135°C) [45] and a low viscosity at the room temperature before
curing [46].
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