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Abstract

Thermal conductivity data reported for chemical vapour deposited (CVD) diamond films have been used to calculate the
effective thermal conductivity of continuous diamond-fibre-reinforced metal-matrix composites. It is concluded that the very high
thermal conductivity values (about 2000 W m~!K™!) reported for CVD diamond may be difficult to achieve in practical
composites. However, the combination of properties such as thermal conductivity, elastic modulus and density predicted for
diamond-fibre composites are far superior to those offered by alternative materials. With hollow fibres the ability to combine
conductive and convective cooling increases the design options in thermal management systems.
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1. Introduction

There are an increasing number of applications that
require a material with high thermal conductivity (TC)
as well as high strength and minimum weight. Aerospace
applications include heat exchangers in hypersonic vehi-
cles operating at 520-930 °C, cooling fins in space power
systems operating up to 780°C [1] and multichip
modules in electronics, where severe thermal manage-
ment problems are associated with the high power
densities [2,3]. Metallic thermal conductors such as
high-purity copper and low-density aluminium and mag-
nesium have relatively low strengths, and any solute-
strengthening additions severely reduce their conductiv-
ity. This has led to the development of graphite-fibre-
reinforced copper composites with a combination of
thermal conductivity, strength and lower density [1],
but these may be limited by galvanic corrosion. CVD
diamond may possess a unique combination of proper-
ties, with high values for TC, elastic modulus and
electrical resistivity and low density. In this paper the
potential for thermal conductors based upon diamond-
fibre-reinforced composites is considered.

2. Continuous diamond fibres

Diamond fibres can be made by CVD on to metallic
wires or non-metallic fibres [4,5]. Provided the core

diameter is small compared with the fibre diameter the
fibre properties depend primarily on the diamond prop-
erties. In the present paper calculations have been made
for continuous solid diamond fibres containing a 20 pm
diameter tungsten wire core (Fig. 1(a)) and for hollow
fibres. Two types of hollow fibre are possible. One type
can be made by etching out metallic or ceramic cores,
since diamond is resistant to attack by most reagents.
This leads to a very smooth diamond core surface
(Fig. 1(b)), since the diamond replicates the smooth wire
or ceramic core surface, The etching process is slow, and
long fibres with small-diameter cores may be difficult to
obtain by this method. An alternative type of hollow
fibre is made by diamond deposition on to helical
tungsten wire coils (Fig. 1(c)) [6]. Long hollow fibres
and a variety of core diameters (from about 50 um
upwards) have been made by this method. This core
surface is rougher than for the etched core. Hollow cores
can lead to a reduction in composite density and may
provide channels for gases or liquids for convection
cooling.

3. Effective thermal conductivity of CYD diamond films

The local TC of CVD diamond films increases with
increasing thickness t [ 7,87. For t <300 um, TC is greater
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Fig. 1. Diamond fibres: (a) solid fibre with tungsten wire core;
(b) hollow fibre produced by etching out core; (¢} hollow fibre
produced using tungsten wire coil.

in a direction parallel to the long axis of the columnar
diamond grains (normal to the substrate) than in direc-
tions normal to this direction. The diamond films on
fibres can be considered to be composed of thin concen-
tric layers of different TC or thermal resistance [8]. The

effective TC of a diamond film can then be obtained
from the rule of mixtures (ROM), with heat flow in the
radial “series” direction (4 ) given by the lower boundary
value and heat flow in the longitudinal “parallel” direc-
tion (A;) given by the upper boundary value. Based
upon the data obtained by Graebner and co-workers
[7,8], the effective TC of diamond films up to 300 um
are plotted in Fig. 2 for the principle fibre directions.
For thin diamond layers the TC values are slightly lower
for coatings containing a tungsten helix, because the
helix introduces an initial layer of lower TC. For t=
300 um or above, TC values in both the R and L
directions are greater than 1800 W m~* K ™!, and the
effect of the helix on TC is negligible.

4. Thermal conductivity and stiffness of diamond-fibre/
metal-matrix composites

In this paper the effects of thermal resistances at core—
diamond or diamond-matrix interfaces and of thermal
expansion mismatch are not considered. The TC values
for composites will depend on the volume fraction of
diamond, which is proportional to the fibre diamond
film thickness and the number of fibres (fibre volume
fraction). With the possibility of different hollow core
diameters, a wide range of composites properties are
possible.

Composites requiring both strength and toughness as
well as TC will be limited to small-diameter fibres (less
than 200 um) and to fibre volume fractions of about 0.5,
typical values for commercial metal-matrix composites
[9]. For example, a hollow fibre of diameter d, =205 pm
and a core diameter d; =65 um would have a diamond
film thickness of t=70 um. This film would give an
effective fibre wall thermal conductivity of A, =796 W
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Fig. 2. Effective diamond film thermal conductivity versus diamond
film thickness. Ar., Ag,, for helical wire core; ACu=thermal conductivity
of copper.
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Table 1

Predicted properties for diamond fibre composites with Cu, Al and Mg matrices
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Property Copper Aluminium Magnesium
Matrix Composite Matrix Composite Matrix Composite
Relative density, p 8.96 6.06 2.7 293 1.74 245
Thermal conductivity (W m™ K1)
/ radial 640 557 517
403 238 157
/. longitudinal 559 477 437
A/p radial 105 190 211
45 88 920
longitudinal 92 163 178
Modulus, E (GPa) 130 506 70 476 45 463
E/p 14.5 83.5 26 162 20 189

Composite with 50 vol.% fraction fibre, fibre with d, =205 um, hollow core d; =65 um (10% vol. fraction), diamond coating thickness t=70 pm.

m~ ! K 'and x=1152W m™* K™, A composite con-
taining 0.5 volume fraction of this fibre in a copper,
aluminium or magnesium matrix would have an out-
standing combination of thermal conductivity, stiffness,
and low density compared with the matrix alone, as
shown in Table 1.

‘When high thermal conductivity is a priority, the wall
thickness may be kept constant at =300 um to give a
constant wall thermal conductivity of A, =1817W
m~*K~!tand A, =2129 W m™~! K™%, The fibre diameter
and core volume fraction will then increase with increase
in fibre core diameter, as shown in Fig. 3 for fibres up
to 1 mm diameter. Consider a solid diamond fibre with
a 20 um diameter tungsten core (fibre diameter 620 pm).
A monolayer of these fibres embedded in copper with a
1 um surface layer of copper would produce a thin foil
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Fig. 3. Fibre hollow core diameter d; versus fibre diameter d,, for
high thermal conductivity fibres with a constant diamond film
thickness of 300 pm and constant fibre wall thermal conductivity. ¥,
is volume fraction of hollow core in fibre.

hollow core volume fraction V¢ %

0.622 mm thick. With a maximum theoretical fibre pack-
ing density of about 0.78, the composite effective proper-
ties would be 4, =1526 W m~*K~! and i;=1816 W
m™* K™}, p=4.7, E=796 GPa. Note that this type of
fibre with a hollow core could only have about 12%
core volume fraction for a relatively large (about 1 mm)
diameter fibre (Fig. 3), equivalent to about 9% core
volume in a composite.

5. Conduction and convection cooling

Hollow diamond fibres offer not only lower-density
composites [4], but the possibility of convection cooling
by passing gases or liquids through the diamond fibre
cores. Such cores can be very small, enabling convection
cooling of thin sections. However, for a given fibre
diameter, a larger core diameter Jeads to thinner dia-
mond films and lower TC. A compromise might be to
keep a core volume fraction of 0.5 and vary the diamond
film thickness t and fibre diameter d, to suit the compos-
ite section thickness, as shown in Fig. 4. For d,=
0.998 mm and t=146 um, the fibre wall effective TC
would be A =1193W m™'K~' and /z=1727TW
m~t K1, If this fibre was embedded in a 1 mm thick
foil with a packing density of 0.78, the effective foil
material properties would be A, =1019 Wm™! K ™! and
Ar=1228 W m~*K~! and the composite properties
would be E=411 GPa, p=23.34 with 39% hollow core
volume fraction. For a large area foil L, = L, =100 mm
(Fig. 5), containing the above monolayer of continuous
fibres 100 mm long, the surface area of the fibre cores
would be about 222 ¢cm? compared with the foil face
area of 100 cm? Doubling the foil thickness would
double the core area without change in the foil face
area. The high stiffness of the foils also suggests the
possibility of through-thickness edge cooling of extended
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Fig. 4. Fibre wall thermal conductivity vs fibre diameter for fibres
with a constant core volume fraction of 0.5. t=diamond wall thickness.
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Fig. 5. Diagram showing composite cooling panel with cooled face
area L; x L, and thickness ¢ containing two layers of hollow fibres
for convection cooling. Possible cooling slot position shown for
monolithic metal panel.
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substrate foils in 3D multichip modules with L, =
~2mm, L,=100mm (Fig.5). Cooling slots for
enhanced cooling [2] would be unnecessary, since the
increase in cooling surface area due to a slot would be
less than the area lost due to fibre cores.

6. Conclusions

The above analysis indicates that the very high TC
values (approx. 2000 W m~* K~1) assumed for CVD

diamond [2] may be difficult to achieve in practical
composites, because of the TC gradient inherent in CVD
diamond films. For tough metallic composites there may
be additional limitations imposed by a need for large
numbers of small-diameter fibres and a limit on fibre
volume fraction. Nevertheless the effective TC, stiffness
and density values predicted for diamond-fibre compos-
ites are far superior to those offered by alternative
materials. The use of hollow fibres to combine conduc-
tive and convective cooling will increase the options in
the design of thermal management systems.
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