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Abstract. A Canadian ceramic armour team composed of scientists from several government research 
organizations in Canada was formed to explore the potential of composite ceramic materials for 
personal armour applications.  Methods to impregnate and integrate single walled carbon nanotubes 
additives into ceramic matrix of Al2O3 were explored.  Various volume of single wall carbon nanotubes 
as well as different processing approaches were used to prepare samples in an attempt to optimize 
mechanical properties.  The processing approaches investigated were pressureless sintering, hot 
pressing and hot isostatic pressing. Other Al2O3 ceramic composites were also fabricated and 
evaluated. These included Al2O3 composites reinforced with Al2O3 fiber fabric and Al2O3 fiber fabric with 
multi wall carbon nanotubes grown onto the fiber surface.  Those composites ceramic sample were 
tested, and the results were compared with some of the commercial single component armour ceramic. 
Boron nitride nanotubes, being thermally more stable then carbon nanotubes, were also investigated as 
an alternative to the single wall carbon nanotubes. In this paper, parameters influencing mechanical 
properties of composite ceramic armour are discussed. Results from mechanical properties are shown. 
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1. INTRODUCTION

Ceramics materials show physical properties and performances that make them suitable for armour 
applications. In fact, the high compressive strength and hardness of ceramic materials contribute to 
high resistance to the loading produced by a penetrator at impact. However, despite their relatively low 
areal density, ceramic armour plates contribute to a large portion of the personal armour weight.   Also, 
their inherent brittleness and low fracture toughness severely limit the multi-hit capabilities. 
Considering materials properties, armour performance has not been successfully correlated to a 
specific material characteristic or a static material property. Therefore, what the characteristics of an 
ideal ceramic should be is not clearly known. The key material properties taken in our study as guide 
to the development of new ceramics for light armours are density, hardness, and fracture toughness. 
The density defines the weight of the armour. The hardness influences the capability of destroying the 
projectile tip. The toughness is the resistance to fracture and defines the amount of energy per volume 
that material can absorb before rupturing. As a rule-of-thumb, hardness higher than that of the 
projectile is desirable for armour ceramics. High fracture toughness is also desirable to minimize the 
shattering of the ceramic on impact which may improve the ability of the material to resist multiple 
hits. Unfortunately, hardness and toughness tend to follow an inverse relationship in most materials, 
which means that an increase in hardness is generally accompanied by a decrease in fracture 
toughness. 

Reinforcing the ceramics with carbon nanotubes (CNTs) has a great potential to improve or 
maintain the ballistic properties while reducing the weight of the armor, because the one dimensional 
CNTs are expected to reside within the boundaries of the ceramic grains, and as a result, limit the crack 



propagation and strengthen the ceramic. It has been reported [1, 2, 3] that low loadings of CNTs can 
have a significant enhancement of hardness and fracture toughness. In this work, efforts were focused 
on using single walled carbon nanotubes (SWCNTs) as fillers for monolithic Al2O3 matrix to 
maximize the mechanical performance of the ceramic composite and minimize the mass loading of 
CNTs. 

Other reinforcement approaches were tried, such as alumina fiber fabric reinforcement and 
alumina fiber fabric covered with CNTs (3D structure), mostly to investigate what would best benefit 
the ceramic in term of mechanical properties and improve the failure resistance.  
 
2. POTENTIAL MATERIALS PROCESSES WHEN USING SINGLE WALL CARBON 
NANOTUBES (SWCNTs) 
 
The materials processes investigated were hot pressing (HP), hot isostatic pressing (HIP), cold isostatic 
pressing (CIP) and pressureless sintering (PS). Test samples were made with high purity commercially 
available ceramic powder (over 99.5% for Al2O3). For each manufacturing process, different 
conditions (pressure, temperature profile, sintering time, etc.) were applied on monolithic samples. 
Details of processing are available in Ref [4, 5]. Comparing mechanical properties with the results 
obtained for commercial ceramics allowed to establish the best material processing conditions that 
were subsequently used to fabricate ceramic composite samples reinforced with SWCNTs.  

Results showed that hot pressing (HP) is the preferred process to maintain or ameliorate 
mechanical properties of Al2O3 ceramics reinforced with SWCNTs. This paper analyses HP results for 
different SWCNTs preparation techniques and variable wt% load when mixed with Al2O3 ceramic 
matrix.  
 
3. OPTIMISATION OF AL2O3 REINFORCED WITH SWCNTs 
 
Many parameters can affect the efficiency of the carbon nanotubes to improve ceramic armour failure 
resistance. At first, intensive work was done to insure good compatibility of the CNTs with the Al2O3 
ceramic matrix [4, 5]. Considering compatibility is under control, other parameters such as variation in 
CNTs wt% content, CNTs dispersion, pressure used during sintering can all affect the quality of the 
ceramic composite and their relative influence must be evaluated.  Observations from scanning 
electron microscope and relative density after sintering were used to control the quality of the ceramic. 
Table 1 summarized results for different parameters when using hot pressing fabrication method with a 
sintering temperature of 1500 ºC is maintained for a period 30 min. The full sintering cycle takes 10 
hours including the heating and cooling temperature periods. The densities shown in Table 1 were 
estimated using the theoretical Al2O3 density of 3.95 g/cm3. 
 
Table 1. Summary for Al2O3 reinforce with SWCNTs, hot pressed, Temp. = 1500 ºC, time = 30 min. 

 
Sample 

ID 
Functionalization 

process 
Mixing 
Process 

Sample Diameter 
cm 

Pressure 
(MPa)

SWCNTs 
wt% 

Density 
(%) 

1 OH BM 7.0 27.85 1 99.19 
2 OH SP 7.0 27.85 1 95.48 
3 OH SP 3.2 35.99 1 98.67 
4 PVA SP 3.2 35.99 1 98.65 
5 OH SP 5.1 26.34 5 87.00 
6 OH SP 7.0 27.85 5 89.07 
7 OH SP 7.0 34.82 5 89.71 
8 PVA SP 7.0 51.08 5 88.33 
9 PVA SP 5.1 68.95 5 90.55 
10 OH SP 7.0 51.08 10 90.67 
11 OH SP 5.1 68.95 10 90.98 

 
SWCNTs = Single Wall Carbon Nanotubes 
BM = Ball Milling 
SP = Solution Processing 
OH = covalently functionalized with HydrOxyl groups via ozonolysis 
PVA = non-covalent functionalized with polyvinyl alcohol as a surfactant 
 
The results presented in Table 1 are thoroughly discussed in the following sections. 
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8. CONCLUSION 
 
In an attempt to improve the failure resistance of ceramic, series of conditions were applied in 
composite ceramic with various reinforcements.  Reinforcements considered were single wall carbon 
nanotubes, multiwall boron nitride nanotubes, ceramic fiber fabric and ceramic fiber fabric covered by 
multi wall carbon nanotubes (3D structure). 

To control the dispersion of SWCNTs integrated in Al2O3 composite matrix, covalent or non-
covalent functionalization were evaluated as well as ball milling and solution processing mixing 
method. Both functionalization methods shown ceramic composites with relatively uniform SWCNTs 
dispersion. However, while the solution processing creates relatively uniform SWCNTs dispersion, the 
SWCNTs tend to cluster when using ball milling. Also, the composite ceramic produced following the 
ball milling process shows larger grain sizes with the highest density of all sample tested.  

In an attempt to investigate how the wt% of SWCNTs would affect the mechanical 
performances, the composite ceramics were tested with a variation of 1 to 10 wt% of SWCNTs.  Only 
the 1 wt% SWCNTs has shown interesting results and all further investigation were limited to the 1 
wt% SWCNTs content. 

From all the reinforcements investigated, the most interesting conditions were obtained by the 
composite ceramic made of the finest matrix particulates and reinforced with CNTs growth on ceramic 
fibers in a 3D structure. 

Boron nitride nanotubes show great potential, however, there is no technology available to grow 
BNNTs on fiber.  
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