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ABSTRACT 

With strength and stiffness properties several 100 times 
better than that of steel and conductivity better than 
copper, carbon nanotubes (CNT) have extraordinary 
intrinsic electrical, thermal and mechanical properties 
making them potentially attractive materials for use in 
lightweight spacecraft structures and subsystems.  

Research on the possibility of using such materials for 
improving the properties of known materials such as 
Carbon Fiber Reinforced Plastics (CFRP), has been 
performed, and the results indicate that some 
improvement is indeed possible as observed by 
Kostopoulos et al [1]. 

In the field of thermomechanics of space structures, the 
needs on material developments are focused on 
adjusting/increasing thermal properties for high 
temperature gradients or improving the stability of 
structural parts and the bonding of elements of  
sandwiched structures. 

The main objectives of the work presented in this  paper 
are to identify and to investigate possible improvements 
on CNT reinforced cyanate ester materials. More 
precisely, the thermal and thermomechanical properties 
have been measured and compared with neat cyanate 
ester resinand other reinforcements like carbon felt or 
unidirectional carbon fiber ply. The surfaces of CNT 
have been chemically activated with functions like OH 
and COOH in order to increase the wettability during 
the infiltration process and to increase the adhesion of 
the nanotubes with the polymer. 

The results illustrate the effect of the surface  activation 
on the  thermal conductivities. With a lower coefficient 
of thermal expansion (CTE) and better thermal 
conductivities, the developed CNT reinforced polymer 
is an excellent candidate for applications in the field of 

thermal management or even for bonding structural 
elements on optical benches. 

1. INTRODUCTION  

Since their first observation in 1991 [2], the 
performance and properties of CNT have been 
described, characterized and studied in a lot of works as 
shown in [3]. In the frame of this paper, the CNT 
properties to be exploited are the thermal conductivity 
and the coefficient of thermal expansion.  

 
Fig. 1: CNT Paper as Received: 100 mm diameter, 

0.5mm thickness. 

The thermal conduction in carbon materials is carried by 
phonons i.e. by vibration modes. As CNT possess stiff 
and strong sp2 bonds, velocity of sound is high and 
therefore the thermal conductivity λ should be 
comparable to that of monocrystalline diamond or 
single graphene layer. Theoretically a thermal 
conductivity of 6600 W/m·K was predicted for CNT 
with single wall structure at room temperature [4]. 

Kim et al. measured the thermal conductivity λ and the 
mean free path for phonons for CNT with multi-wall 
structure at room temperature and obtained values 
around 3200W/m·K and 500nm respectively [5-6]. For 
comparison pyrolytic graphite possesses values of 1200-



 

 

2000 W/m·K and carbon fiber in general provides 
values of some hundreds W/m·K up to 1000 W/m·K. As 
thermal (phonon) conduction is domained by scattering 
any structural defects or intergraphene, layer 
interactions will reduce the conduction efficiency in 
graphitic materials. The lower values for the thermal 
conductivity of CNT-MW compared to the theory, can 
also explained by the lacking registry between the 
tubular layers in CNT-MW resulting in a significantly 
weaker interlayer coupling. Molecular vibrations also 
play the major role on the deformation of the CNT on 
changing temperature.  

Recent CTE calculations predict negative linear and 
volumetric expansion coefficients for CNT [7]. Heating 
the CNT from room temperature to 100°C results in a 
linear contraction of ca. 0.15% and a volumetric 
contraction of about 1%. The maximum overall 
contraction increases with temperature and is found to 
be at ca. 900°C about 0.6% for the linear CTE and 2.8% 
for the volumetric CTE. For further increasing 
temperatures the CNT expands. At about 1030°C the 
CNT is larger than it is at room temperature. The linear 
CTE and volumetric CTE are respectively -12.5ppm/K 
and -62ppm/K at room temperature and respectively 
0ppm/K and 15ppm/K at 1030°C. The main 
contribution to the contraction process is predicted to 
come from the optical pinch mode these results have 
been verified experimentally by studying the CTE of 
CNT-SW/Epoxy nano-composites [8]. 

The objectives of the proposed paper are to identify and 
to investigate possible benefit of using carbon nanotube 
reinforced cyanate ester materials. For this CNT paper 
(Fig. 1) with various surface modifications have been 
infiltrated and the thermal, electrical and mechanical 
behaviours have been tested.  

2. EXPERIMENTAL WORK 

2.1. Carbon Nanotube Papers  
The CNT were produced by a CCVD method developed 
at Future Carbon GmbH (Germany). In this method, a 
carbon containing a gas feed is decomposed over a 
catalysis in a reactor at a certain gas flow, temperature 
and pressure for a given time. The catalyst and the 
growing conditions can render 4 basic types of carbon 
fibers: single wall CNT, multi wall CNT, CNT platelets 
and planar graphene sheet fibers where the sheets lay in  
an angle to the filament longitudinal axis. In the frame 
of this paper the multi wall CNT are the basis material 
of interest.  As can be seen on Fig. 2, the average 
diameter of produced CNT is 22 nanometres. The 
properties of the CNT are summarized in Table 1:  

After purifying the raw material further modifications 
have been made: homogenization, functionalization or 
annealing. Homogenization results in a narrowing of the 
CNT length distribution. Functionalization is the 

addition of -OH- and - COOH-groups at the surface for 
a better resin compatibility. By annealing, we means a 
thermal treatment at high temperature (1000°C or 
above) under vacuum and release all organic and 
residual elements at the surface.  

Table 1: CNT properties 

Diameter [nm] 10-25 

Length [µm] 20-40 

Number of walls 5-15 

Purity [min. w-% C] 98+ 
 

The next step of the process is the elaboration of a 3D 
networks of CNT to form a paper. Contrary to previous 
elaboration of composite, the CNT paper (Fig. 1) are 
also immobilized from a liquid dispersion with the aid 
of several drying methods. 

 

 
Fig. 2: Microscopy of a CNT. 

The main advantage is the elaboration of very 
homogenised structure (see Fig. 3) which will be 
infiltrated later by the matrix. In this case, the problems 
of aggregation or agglomeration of the CNT are reduced 
which yields to a very good repartition of the CNT 
within the composite. 

2.2. Cyanate Ester 
The cyanate ester (CE) resin was provided by Lonza 
(Primaset PT4000). CE resins, developed during the 
1980s, join epoxy resins and bismaleimide resins as the 



 

 

third major class of thermosetting resins. 
Polycyanurates or cross-linked cyanate resins are 
prepared by the cyclopolymerization of aromatic 
cyanate esters. These cyanate esters are bisphenol 
derivatives containing a plurality of cyanate functional 
groups. When heated, the cyanate functionality 
undergoes exothermic trimerization to form substituted 
triazine rings. Subsequent curing produces the 
thermosetting resin [9]. 

 

 
Fig. 3: The 3D networks of CNT paper. 

 

Cyanate ester resins have been touted as potential 
replacements for epoxies in high temperature 
encapsulation applications. These matrices possess high 
thermal stability and moisture resistance, low ionic 
contaminant concentration, good dielectric properties, 
and have the benefit of being single component 
materials [10]. 

2.3. Infiltration process 
The infiltrations of CNT paper were done by using the 
capillary effect of the heated resin at low viscosity. Due 
to a thin thickness, the capillary effect enables the 
absorption of resin within the paper. Parallel contact 
angle measurements confirmed the good wettability of 
the CNT with the CE resin and other resin like epoxies. 

After the infiltration, up to 3 layers of CNT papers were 
stacked together between 2 Teflon sheets to reach 
approximately a thickness of 1mm. During the curing, 
the 3D structure was not pressed or compacted due to an 
intermediate sheet of Teflon. The maximum 
temperature of the curing was 260°C. 
 

 

 
Fig. 4: Infiltration process. 

 
 
The dimension of the specimens was 1mm x 2,5cm x 
3cm. In Table 2, all produced samples show a 
repartition of the CNT content from 8% to 25 %. The 
lower percentages are due to dilatation of the CNT 
paper after curing. Differences are also due to the 
variation of the CNT density within the paper and the 
number of layers. 

 

Table 2: CNT composite matrix 

CNT 
Wght % 

Function on 
CNT 

Comments 
 

Nb. 
Layers 

0.09 OH Dilatation 1 
0.08 OH Dilatation 1 
0.08 OH Dilatation 1 
0.15 COOH   2 
0.18 COOH   2 

0.15 
 Annealed 

1000°C   3 

0.13 
Annealed 
1000°C   2 

0.10 OH Dilatation 2 
0.25 COOH   2 

 

2.4. Microstructure of nano-composites 
The structure of the composite was observed on a 
Scanning Electron microscope. As can be seen on Fig. 
5, the infiltration is quite homogeneous and no 
differences has been seen between the various 
functionalizations. 
 



 

 

 
Fig. 5: SEM image structure of CNT composite. 

 
 
3. RESULTS AND DISCUSSION 

3.1. Thermal testing 
The specimens were prepared from the samples with 
different weight fractions of nanotubes. In addition, we 
produced conventional composite with non-woven 
carbon fibers and unidirectional carbon fiber bundles.  

 

 
Fig. 6: Coefficient of Thermal expansion 

 
Fig. 6 shows the coefficient of thermal expansions 
(CTE) measured between -25°C and +100°C usind a 
dilatometer DIL 402C from Netzsch. The values are 
quite stable within this range of temperature as can be 
seen on Fig. 6. 

The CTE of the reference CE resin yields a value of 45. 
10-6/K which is usually observed in the literature. With 
the increase of the CNT weight fraction, the CTE 
decreases to approximately 15.10-6/K. This remains far 
above the almost zero CTE that an unidirectional 
Carbon fiber composite can have. 

 

 
Fig. 7: Specific Heat 

 
Concerning the specific heat, measured with a 
DSC404C from Netzsch, we observed a decrease of the 
value with an increase of the CNT content. Similarly to 
the CTE, the value of the UD composite were not 
reached.  
 

 
Fig. 8: Thermal Conductivity, calculated with thermal 

diffusivity of laser flash and specific heat 
measurements. 

 
In order to calculate the thermal conductivity, the 
thermal diffusivity was measured on 1cm x 1cm plates 
by laser flash (LFA 427 - Netzsch). The measurement 
was done transversally to the thickness (┴). On 
Unidirectional composites, a stack of 12 samples was 
bonded together and then cut to measure the thermal 
diffusivity parallely to the fibers (//). On Fig. 8, the 
calculated thermal conductivity are compared showing 
the very high properties of the UD composite in the 
parallel direction. The CNT composites exhibit a slight 
increase of the conductivity in the transverse direction 
compared with traditional CFRP, but the value is low 

Reference,  Cyanate Ester 

CNT 8%
CNT 25% 

Non-woven carbon fibers (┴) 

CNT 15%UD carbon Fibers(┴) 

UD, Carbon Fibers (//): 180W/m.K 

Reference,  Cyanate Ester

Reference,  Cyanate Ester 

CNT 8%

CNT 15% 

CNT 25%

UD, Carbon Fibers 
Non Woven, Carbon Fibers 

Reference,  Cyanate Ester

CNT 8%
CNT 15%

UD, Carbon Fibers



 

 

compare to conductive materials like copper or 
aluminium.  
 

3.2. Electrical conductivity 
The electrical conductivity was recorded in direct 
current mode. The bulk volume electrical resistance was 
measured via a custom test rig at the University of 
Patras (Greece). A 4 wire method was used in order to 
eliminate any inference of probe resistance. The 
measurements were conducted on CNT composites with 
8% weight fraction and on CNT paper without matrix. 
As shown on Fig. 9, the electrical conductivity yields a 
value of about 10-2 S/mm, which is typical for semi 
conductive material. The CE reference has a lower 
value at about 10-12 S/mm and can be considered as an 
insulator.  
 

 
 

Fig. 9: Electrical Conductivity, Direct Current. 
 

3.3. Mechanical testing 
Tensile behaviour was characterized at INEGI 
(Portugal) using mini tensile dumbbell specimens (see 
Fig.10) tested at a speed of 0.2 mm.min-1. The tests 
were performed using both a TIRAtest® 2805 table unit 
electromechanical universal testing machine and an 
INSTRON® model 4208 electromechanical universal 
testing machine. 
 
The small size of the sample plates determined that mini 
tensile specimens had to be used. Several alternatives 
were considered and both the ASTM [11] and JIS [12] 
standards were discarded because their dumbbell 
specimens required a gripping region with a large width 
that would in most cases preclude obtaining more than a 
single tensile specimen. The ASTM microtensile 
specimen was also too long (length ≥ 38 mm) for some 
of the existing sample plates. The choice for specimen 
geometry (Fig. 10) was one proposed in a study 

addressing metals tensile testing [13, 14] in situations 
where not enough material is available to extract 
standard tensile specimens, as in the case where welded 
joints have to be characterized or in case of component 
failures with not enough material available for 
investigation. 

 

Fig. 10: Dimensions of the mini tensile specimens 

 
The tensile resistance and elastic modulus results from 
tensile tests, are presented in Table 3. It seems clear that 
the elastic modulus values for the obtained composite 
structures are either similar than the CE reference for 
low CNT content and higher for high CNT content. 
These values are however less than for the UD 
composite, which yielded a modulus value about seven 
times higher.  
 

Table 3: Tensile resistance and elastic modulus 

Composite σt (MPa) E1 (GPa) 
Reference CE 86 2.6 
9% CNT 50 3.2 
11% CNT 67 2.7 
26% CNT 49 4.6 
C Fiber Felt 29 2.5 
C Fiber Non Woven 60 3.1 
C Fiber UD 476 18.2 

 
The tensile resistance for the neat resin is higher than 
those of the CNT and carbon felt based composites - ca. 
1.5 to 3 times higher, depending on the particular 
composite and UD composite is also much higher 8 to 
17 times higher.  
 

3.4. Thermal Mechanical testing 
 
The thermal mechanical behaviour of the materials was 
evaluated by INEGI (Portugal) from room temperature 
up to 300 ºC at a heating rate of 1.5 ºC.min-1, and a 
frequency of 1 Hz, on a Polymer Laboratories Mk II 
dynamic mechanical thermal analyzer fit with a 
Composites Head unit. The specimens were loaded in 
single cantilever mode with a free length of 22 mm, all 
materials had their specimens tested edgewise. This was 

CNT 8% 

Reference,  Cyanate Ester



 

 

done to maintain the same testing conditions for the 
highest possible quantity of available materials. Testing 
flatwise lead to low signal resolution due to low 
specimen stiffness in the case of the lower thickness 
structures. 
 

 
 

Fig. 11: Storage modulus of  dynamic mechanical 
thermal analysis 

The dynamic mechanical thermal analysis curves 
depicted in Fig.11, reveal room temperature bending 
storage modulus (E’) very close values between the 
CNT and carbon felt composites but higher than the CE 
resin value, with a 15-45% increase (see Table 4). 
However, the storage moduli values of the composites 
are significantly less than those that can be predicted by 
the rule of mixtures for random orientation individual 
MWNT-reinforced composites.  

 
Fig. 12: Dynamic mechanical thermal analysis spectra 

As the temperature raises and move through the glass 
transition into the rubbery plateau this difference is 
amplified. The gap between storage moduli in the 
rubbery phase temperature range is now obvious 
between different composites and all composites show 
values clearly above the one of neat CE resin, five times 
highest for CNT composites.  

For the five materials studied, the loss factor, tan δ (see 
Fig.12), presents a peak above 237ºC, which indicates a 
glass-to-rubbery transition in the resin, i.e. the glass 
transition temperature, Tg, presented in Table 4. One 
can observe an important shift of glass transition 
temperature towards higher values for UD carbon fibres 
composite. The height of tan δ peak is quite similar for 
the resin and CNT composite sample and considerably 
higher than that of the carbon felts and fibres 
composites. The very low tan δ peak indicates no 
significant energy loss and the lowest value is observed 
for UD carbon fibres composite, which has also the 
higher glass transition temperature and consequently it 
is the more thermo mechanically stable composite 
produced in this study. 

Table 4. Glass transition temperature. 

Material E' 
(GPa) 

Tg 
(ºC) 

CE resin 2.52 247 
9 wt% CNT 2.94 246 
Low-cost carbon fiber felt 3.25 237 
Non-woven carbon fiber felt 3.62 250 
UD carbon fibers 22.28 260 

 

3.5. Discussion 
From the experimental results presented above, we 
observe that the content of CNT in the Cyanate ester 
resin has a real influence on the thermal and electrical 
properties. 
 
These properties are however lower than measured on 
UD composite in the fiber direction. It is also a very 
difficult challenge to take advantage of a local 
properties of the CNT (nanometer level) and to 
extrapolate this properties at a macro level. 
 
From the works of Frogley et al. on CNT reinforcement 
of rubber and resins [15], it has been observed with 
Raman spectroscopy that the very high difference 
between the CTE properties of CNT and resin can lead 
to internal stresses on CNT, that are stretched during the 
cooling phase. As the load transfer depends on the 
interfacial shear stress between the fiber and the matrix 
[16], the influence of the mismatch of CTE can lead to 
lower properties than expected. In [16], an increase 
from 3.1 GPa to 3.7 GPa at 5wt% CNT was observed, 
much lower than the theoretical estimation for a 
composite. With a Young's modulus of 1000 GPa for 
CNT and a volume fraction of 10% the rule of mixture 
would give for example 100GPa for the Young's 
modulus  if CNT are all oriented in one direction! 
 
The improvement of CTE has already been measured 
for CNT reinforced polymers at high volume fraction 



 

 

[17], which is confirmed by our experimental works: the 
greater weight fraction of CNT, the lower the CTE. 
 
As mentioned before, the thermal conduction in carbon 
materials is carried by vibration modes and thermal 
conductivity of 3200W/m·K at room temperature are 
already be observed [4]. However, this very high value 
of the pure CNT were not measured to the bulk 
properties of the composite. Similarly to the CTE 
properties, the thermal conductivity seems to be limited 
to the local properties of the CNT, and the 3D network 
of CNT does not create interactions between the CNT. 
Some papers suggested that a magnetic alignment of the 
CNT could lead to better interactions. 
 
To avoid electrostatic charging of an insulating matrix 
an electrical conductivity above s à 10-6 S/m is needed. 
At present, the most common practice to achieve this 
conductivity is to use a conductive filler such as carbon 
black. As shown in Figure 9, an intermediate value of 
the electrical conductivity was achieved at a low weight 
fraction, ensure that the mechanical properties of the 
matrix are not compromised [18]. 
 
4. CONCLUSION 

CNT papers were infiltrated by a cyanate ester resin  
matrix, and the resulting thermal and electrical 
properties compared to those obtained using UD carbon 
fibers. Sufficient matrix conductivity for anti-static 
applications can be achieved at lower CNT 
concentrations. The thermal conductivity of all 
produced samples is too low to dissipate energy in 
electronic packaging or any heating device. The CTE 
values are decreased at a CNT weight fraction of 25% to 
reach 15.10-6/K. A little bit higher than the value of a 
carbon fiber. This is however a quite high decrease and 
could be used in conventional CFRP composite to 
reduce the mismatch of CTE between the fibers and the 
matrix.  
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