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3.2 Depth of penetration testing of armour plates 

Depth of penetration is a common technique for comparing armour tile 
materials and thicknesses due to its simple and inexpensive setup compared to 
other methods. The reference or i.e. backing material chosen was aluminium alloy 
6082. Initially, the stock material heat treated and artificially aged was defined as 
T6. A baseline firing with the 7.62x51 AP (WC core) firing without any armour 
tile was done with a DoP of 53 mm. It was then decided to anneal the aluminium 
alloy in order to obtain larger penetration values to better evaluate the differences 
in small changes in tile thicknesses. The resulting DoP was twice the length at 
110 mm. X-ray images of baseline test firing with 7.62x51 AP (WC core) into 
aluminium alloy semi-infinite blocks with different heat treatments are illustrated 
in Figure 3.10.  

a) 
 

b) 
 

Figure 3.10. X-ray analysis of DoP baseline testing with 7.62x51 AP (WC core) rounds 
into aluminium alloy 6082 blocks: a) heat treated and artificially aged (T6); b) annealed 
(O) 
The mechanical properties of aluminium alloy with different heat treatment 
states and resulting DoP values are presented in Table 3.3. 

. 
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Table 3.3. Mechanical properties of aluminium alloy 6082 with different heat treatments 
[92] 

Backing material 6082-T6 6082-O 

HBS 104 33 

Elongation  
[%] 

10 27 

Tensile strength  
[MPa] 

290 130 

DoP 
[mm] 

53 110 

When the Al2O3 tiles from a certified armour panel solution according to 
NATO STANAG 4569 level III (WC core) manufactured Scanfiber were 
obtained, these were also considered to act as a benchmark armour tile. The 
hexagon tiles had a height of 26 mm and thickness of 14 mm with an areal mass 
density of 55.3 kg/m2. Test firing of the entire panel was conducted by EDF, 
following the shot pattern described in AEP-55. The armour panel withstood all 
four shots (Figure 3.11) with some damage to the backing material and the 
protective cover. These cutting lines in the protective cover and backing fibres 
were mostly due to the firing setup since the panel was fastened between two steel 
plates with openings in the middle. On the front, the window allows the shooter 
to aim and the back window allows possible penetrated fragments to be caught 
by a witness plate (Figure 3.16). The witness plate is designed to assess the 
remaining energy of the fragments. Tight fastening of the panel between the steel 
plates and flexible nature of the backing cut the protective cover and a few layers 
of the backing due to the sharp edges of the steel window. Nevertheless, the 
armour panel has no penetration of bullet or armour tile fragments.  

a) b) 
Figure 3.11. Certified armour panel according to NATO STANAG 4569 level 3 (WC core) 
after test firing according to AEP-55: a) front side; b) back side 
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Therefore, test firings of the 14 mm thick Al2O3 tile on aluminium alloy 6082-
O semi-infinite backing can also be considered as a benchmark armour tile design 
with sufficient ballistic protection capabilities against the 7.62x51 AP (WC core) 
round. The generated deformations or DoP into the backing block can be regarded 
as acceptable and baseline deformations on the semi-infinite aluminium alloy 
6082-O backing. The test firing resulted in no penetration by fragments but an 
imprint of 3 mm of the entire tile into the aluminium (Figure 3.12.  

 

Figure 3.12. Al2O3 tile on aluminium alloy 6082-O backing test firing with 7.62x51 AP 
(WC core) round 

Test series with TiC-NiMo cermets and SiC ceramics were conducted using 
hexagon tiles with 30 mm height and thicknesses from 6 mm to 12 mm. Titanium 
carbide cermets were manufactured in TUT but silicon carbide tiles were 
provided by Saint-Gobain.4. Tiles were glued on the aluminium alloy 6082-O 
semi-infinite blocks with 60x60x60 mm using purethane adhesive. Mild steel 
frames were used for confinement purposes in order to simulate the loading 
conditions in an armour panel. The results of firing tests are illustrated in Figure 
3.13 and Figure 3.14. 

DoP values obtained for TiC-NiMo and SiC have similar functions. Using 
these functions, the required thicknesses for absolutely no deformation on the 
aluminium backing would require tile thicknesses of 11.9 mm for TiC-NiMo and 
12.3 mm for SiC. Considering the baseline deformations with Al2O3, a 
deformation of 3 mm in the backing as acceptable, the recalculated tile 
thicknesses would be 11.3 mm for TiC-NiMo and 11.6 mm for SiC. The tile 
thickness is usually rounded up to the closest round number in which case with 
both materials, the recommended tile thickness is 12 mm. The areal mass 
densities with these tiles would be then 64.8 kg/m2 for TiC-NiMo and 38.5 kg/m2 
for SiC. In this case, the test setup suggests that the same volume of material is 
needed against the same ballistic threat and due to the differences in the specific 
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weight, SiC has an advantage over TiC-NiMo cermet in terms of armour system 
weight.  

 
Figure 3.13. DoP of TiC-NiMo tiles with hexagon height of 30 mm shot by 7.62x51 AP 
(WC core) round 

 
Figure 3.14. DoP of SiC tiles with 30 mm height shot by 7.62x51 AP (WC core) round 

Still, the estimated tile thickness suggested by DoP testing should not be 
directly transferred to the armour panel system mostly because of the different 
backing material in the panel. Static and dynamic mechanical properties of DoP 
backing and panel backing are very different, resulting in different tile-backing 
interaction. 

The most important influencers in an armour tile/backing combinations are 
still under investigation and debate but a recent analysis in [93] provides a 
hierarchic order of influences on the ballistic resistance of armour ceramics. The 
first priority is defined there as the mode of armour material fragmentation which 
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governs the dwell duration during the projectile/armour interaction and also the 
abrasive efficiency of the armour material debris. Mode of fragmentation is 
reported not to affect crack length that can be represented by fracture toughness 
but instead, the number and spacing of cracks. Comparison of TiC-NiMo cermet 
and SiC ceramic tiles clearly reveals that the mode of fragmentation of these 
materials is different (Figure 3.15). The spacing between cracks is clearly denser 
with SiC. This, in turn, means that the abrasive efficiency of the finer debris 
causes less damage to the projectile than to larger debris. TiC-NiMo fragments 
are larger, suggesting increased abrasive efficiency. Considering the abrasive 
erosion interaction between the projectile and armour material fragments, it 
should be noted that the target to be eroded is the hardmetal bullet core. In this 
case, SiC has the advantage as a material with higher hardness that erodes softer 
materials more efficiently. Taking both of these factors into account, similar 
ballistic performance in terms of armour tile thickness may have evened out but 
the mass efficiency is still strongly in favour of SiC. 

 
Figure 3.15. Comparison of the mode of fragmentation between TiC-NiMo tile on the left 
and SiC tile on the right 

Another important factor is the backing material’s dynamic stiffness. It is 
argued that the Young’s modulus of the backing material is not the most 
important factor, as glass with Young’s modulus of 70 GPa yielded better ballistic 
performance for the armour ceramic than aluminium alloy with Young’s modulus 
of 85 GPa [93]. In fact, glass backing resulted in similar results to steel backing 
with Young’s modulus of 210 GPa. The positive effect of glass is believed to be 
caused by an increase in the abrasive efficiency of the larger armour material 
debris compared to using aluminium alloy backing. It is therefore argued that 
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dynamic parameters of the backing material are responsible for altering the mode 
of fragmentation of the armour material. 

3.3 Armour tile optimisation within armour panel configuration 

The materials used as backing in the armour panel are composite and fibre 
materials, which have different static and dynamic properties compared to metal 
alloys such as aluminium alloy 6082. This, in turn, means that the armour 
tile/backing interaction and wave propagation are very different. The backing 
materials investigated for the armour panels are S2-fibreglass, rubberised aramid 
and ultra-high-molecular-weight-polyethylene (UHMWPE) composite. On the 
market, both rubberised aramid and UHMWPE backings are mostly used due to 
their lower mass efficiency (Table 3.4).  

Table 3.4. Mechanical properties of armour panel backing composites 

Material 
Density 
[g/cm3] 

Tensile 
strength 
[MPa] 

Young’s 
modulus 

[GPa] 

Compressive 
strength 
[MPa] 

Relative 
cost 

[a.u.] 
S2-fibreglass 2.48 3300 85 1600 1 

Aramid 1.44 2800 90 300 2 

UHMWPE 0.97 2900 140 200 3 

Armour panels were tested using the setup in Figure 3.16. Larger armour 
panels (400x400 mm) to be tested are placed between steel frames and fixed in 
the construction frame in front of the reference panel. When testing smaller panels 
(200x200 mm), the panel is fixed using two steel sheets with windows on both 
sides. 



72 

  

Figure 3.16. Experimental setup of 400x400 mm and 200x200 mm armour panel ballistic 
testing 

3.3.1 Armour panels with TiC-NiMo tiles 

Initial testing of TiC-NiMo tiles was conducted with S2-fiberglass backing 
since this was used in the previous project and the know-how of producing 
composite backing plates with specific thicknesses (nr. of layers) was available 
in-house. Test series using a single confined armour tile on aluminium alloy 
6082-O block suggested a thickness of 12 mm. As the backing materials used 
differed in their properties and an armour tile with 10 mm thickness was available 
from the previous project, for a start, a 10-mm tile thickness with 2 mm steps at 
8 mm and finally, that of 6 mm were selected. Each panel configuration was 
tested with two panels. 

The first small panel with 10 mm tiles stopped both shots but with the second 
panel, the second shot penetrated slightly with only minor dents in the first 1 mm 
aluminium sheet reference plate (Figure 3.17). Panels with 8 mm TiC-NiMo tiles 
both were able to stop the initial shot but the second hit was able to penetrate the 
armour panel. A closer investigation revealed that the second shot in the case of 
the two panels with 8 mm TiC-NiMo tiles and the 10 mm panel with slight 
penetration had the impact near the edge of the window of the steel plate used to 
hold the panel in place. As a result, the fibres in the backing composite were 
pressed against the steel’s edge, creating a cutting effect between the steel plate 
and the armour tile. From Figure 3.18b, the cut fibres can be seen along a straight 
line on the right. This might be the main cause of a resulting penetration since 
fibre composites are designed to perform best with tension along the fibres.  

Construction frame 

Reference panel 

400x400 mm panel 

200x200 mm panel 

Fixing plates for 
200x200 mm panels 

Fixing frame for 
400x400 mm panels 
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a) b) 

Figure 3.17. Armour panel (200x200 mm) with 10 mm thick TiC-NiMo tiles on S2-
fiberglass composite after two shots with 7.62x51 AP (WC core) with 30 mm between 
impacts: a) front side; b) back side 

 

a) b) 

Figure 3.18. Armour panel (200x200 mm) with 8 mm thick TiC-NiMo tiles on S2-
fiberglass composite after two shots with 7.62x51 AP (WC core) with 30 mm between 
impacts: a) front side; b) back side 

The analysis of these results suggests that TiC-NiMo tiles with 10 mm 
thickness are suitable against 7.62x51 AP (WC core). 8 mm tiles are promising 
but the test setup needs adjustment to eliminate the possibility of cutting forces 
to the backing material. As the S2-fibreglass composite backing is the heaviest 
compared to aramid and polyethylene, the areal mass densities of armour panels 
with 10 mm and 8 mm TiC-NiMo tiles are 74.0 kg/m2 and 63.2 kg/m2, 
respectively. 
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With the next test firing, the window in the steel plate for fixing the small 
panels in place was made larger to prevent cutting forces near the impact area. 8 
mm TiC-NiMo tiles were applied with rubberized aramid, which is widely used 
on the market as a backing material. The aramid composite allows flexibility 
compared to S2-fibreglass and is lighter in density. Two shots in adjacent tiles 
were both stopped by the panel but some delamination and deformation occurred 
in the backing (Figure 3.19). It is estimated that with larger panels, these effects 
are reduced. The second panel unfortunately did not stop the first shot and the 
exact cause is still unclear (Figure 3.20). The number of damaged adjacent tiles 
with TiC-NiMo is minimal, with only one damaged tile per three shots that was 
not directly hit. The areal mass density of 8 mm TiC-NiMo tiles with aramid 
backing is 54.7 kg/m2. 

a) b) 

 
c) 

Figure 3.19. Armour panel (200x200 mm) with 8 mm thick TiC-NiMo tiles on rubberised 
aramid composite after two shots with 7.62x51 AP (WC core) with 30 mm between 
impacts: a) front side; b) back side; c) side view 

Therefore, it was decided that in preparation for testing by an independent 
laboratory, 9 mm TiC-NiMo tiles would be used. In this case, UHMWPE backing 
was received, which is considered the lightest backing material for ballistic 
protection for light weight vehicles (Figure 3.21). With a product name of HB26, 
it has higher stiffness than rubberised aramid, which should increase the armour 
tile’s abrasive effectiveness. The areal mass density of 9 mm TiC-NiMo tiles with 
HB26 polyethylene backing is 60.4 kg/m2. 
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a) b) 
Figure 3.20. Armour panel (200x200 mm) with 8 mm thick TiC-NiMo tiles on rubberised 
aramid composite after one shot with 7.62x51 AP (WC core): a) front side; b) back side 

 

 
a)  

 
b) 

 
c) 

Figure 3.21. Armour panel (200x200 mm) with 9 mm thick TiC-NiMo tiles on 
polyethylene HB26 after two shots with 7.62x51 AP (WC core): a) front side; b) back 
side; c) side view 

In conclusion, considering both a single armour tile and in armour panel 
configurations, TiC-NiMo cermets can be used against 7.62x51 AP (WC core) 
rounds for armouring material. The thickness of TiC-NiMo tiles was first 
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estimated at 12 mm from the depth-of-penetration tests, which was successfully 
reduced to 9 mm tile thickness with areal mass density of 48.6 kg/m2. In addition, 
preliminary testing has indicated that with proper backing configuration, the tile 
thickness could be reduced to 8 mm with areal mass density of 43.2 kg/m2 but it 
requires additional investigation. 

3.3.2 Armour panels with SiC tiles 

Testing of single armour tiles recommended a tile thickness of 12 mm for SiC 
tiles. In the following test series, different tile thicknesses were tested in order to 
optimise the areal mass density of the armour panel. A decrease of 1 mm of SiC 
tile thickness reduces the areal weight of the armour 3.2 kg/m2. Backing material 
used was UMHWPE with a product name of HB26. Smaller panels for two shots 
were made with dimensions 200x200 mm and larger panels had dimensions of 
400x400 mm for testing according to AEP-55 four shot pattern.  Precise assembly 
and confinement information is considered confidential. 

Small panels with 12 mm thick SiC tiles withstood both shots with a distance 
of 30±5 mm. Deformations to the backing material are significant (Figure 3.22). 
A panel with 10 mm thick SiC tiles was also able to withstand both shots but in 
this case, the deformations in the backing were already causing delamination of 
UHMWPE layers (Figure 3.23). Still, the panel illustrated that the 10 mm tiles 
are able to cause sufficient damage to the bullet core for the backing to absorb 
the debris and fragments. The resulting backing delamination and deformation 
suggest that the construction needs redesigning regarding stiffness. With these 
configurations, the total areal mass density of the panels would be 50.3 kg/m2 and 
43.9 kg/m2 with 12 mm and 10 mm of SiC tile thickness, respectively.  

 
a) 

 
b) 

Figure 3.22. Armour panel (200x200 mm) with 12 mm thick SiC tiles on BT26 after two 
shots with 7.62x51 AP (WC core) with 30 mm between impacts: a) front side; b) back side 
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a) 

 
b) 

Figure 3.23. Armour panel (200x200 mm) with 10 mm thick SiC tiles on BT26 after two 
shots with 7.62x51 AP (WC core) with 30 mm between impacts: a) front side; b) back side 

9 mm thick SiC tiles were also tested but in this case it was decided to use the 
large panel setup to ensure higher stiffness of the backing material. With a larger 
area, individual layers have more contact with fibres in connecting layers and it 
takes more energy to delaminate. In this case, the backing deformations 
considerably decreased but the second and fourth impact was not stopped by the 
panel. This suggests that initial shots (first and third) damaged adjacent tiles and 
the next shot of 30 mm radius impacted an already damaged tile (Figure 3.24). 
Therefore, 9 mm SiC tiles are unable to withstand the high loading of tensile and 
compressive stresses created by the elastic shock wave front. The areal mass 
density of an armour panel configuration of 9 mm SiC and BT26 is about 40.7 
kg/m2, not considering additional weight from assembly. It may be possible to 
use 9 mm SiC tiles if the armour configuration can be adjusted to make sure that 
adjacent tiles remain intact. One option could be to add a small gap between the 
tiles that is filled with the adhesive used to glue the tiles on the backing. With this 
option, it needs to be tested if the bullet core can still be sufficiently destroyed if 
it impacts directly the gap. Existence of gaps has been used with ceramic Al2O3 
armour tiles with cylindrical shape in [88]. The same tile design is provided by 
TenCate LIBA who offers solutions against NATO STANAG levels I–V, 
implementing Al2O3 pellets with the same composite armour backings as 
investigated in this project [94]. Similar composite armour panel design is 
described in a patent [95], which also indicates that gaps can be used to design 
armour panels. 
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a)  

 
b) 

Figure 3.24. Armour panel (400x400 mm) with 9 mm thick SiC tiles on BT26 after four 
shots with 7.62x51 AP (WC core) with 30 mm between two impacts: a) front side; b) back 
side 

In conclusion, considering both a single armour tile and in armour panel 
configurations, SiC ceramic can be used against 7.62x51 AP (WC core) rounds 
for an armouring material. The thickness of SiC tiles was initially estimated at 12 
mm from depth-of-penetration tests, which was successfully reduced to 10 mm 
tile thickness with an areal mass density of 32.1 kg/m2. Tile thickness of 9 mm 
with an areal mass density of 28.9 kg/m2 is also plausible but requires additional 
investigation to assure multi-hit capability. 

3.4 Financial comparison 

In the financial analysis of the armour solutions indicated above, the armour 
tile costs were combined with the backing material cost. In this case, a functional 
unit for comparison purposes was chosen 1 m2. The armour tile costs of titanium 
carbide cermets are based on the powders acquired in 2012 and figurative 
production cost estimations. In all cases, the final armour panel solution uses the 
same UHMWPE backing. Comparison of the main armour panel components 
(armour tile and backing material) with different armour tile materials is 
presented in Table 3.5. In these armour panel cost estimations, no adhesive and 
protective cover material costs and fabrication costs of the full armour panel 
system are included, as they are outside the field of expertise of the author. 
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Table 3.5. Estimated armour panel solution costs with silicon carbide and titanium 
carbide cermet armour tiles manufactured with conventional and reactive sintering 
technologies 
 TiC-NiMo* TiMoC-NiCr SiC 

Panel weight [kg/m2] 60.1 60.1 43.6 

Starting powders [€/m2] 1382 649 - 

Armour tiles [€/m2] 2367 1634 3592 

Backing panel [€/m2] 1715 1715 1715 

Armour panel [€/m2] 4082 3349 5307 

* Reference material 

In both cases, titanium carbide cermet armour tiles are more cost efficient than 
silicon carbide armour tiles. Comparing reactive sintering to conventional powder 
metallurgy, a 53 % cost reduction can be achieved with the starting powders, 
which reduces the cost of the main components by 18 % in the armour panel. On 
the market, solutions offered with aluminium oxide ceramic armour tiles and 
either UHMWPE or rubberised aramid backing are around 6000 €/m2. However, 
those values include a full armour panel solution (with assembly costs, profit and 
taxes) and are made for test samples, which may be reduced for large scale orders. 

3.5 Conclusions on optimising armour tile areal mass density 

Aluminium oxide ceramic is a very common armour tile material with its 
relatively low density and manufacturing costs. Silicon carbide is known to have 
superior ballistic performance with higher mass efficiency but is not widely used 
for ground vehicle protection due expensive manufacturing costs. As vehicles 
have high surface area to be protected and the number of vehicles for personnel 
transportation in defence forces is large, Al2O3 is often preferred even with 
increased total weight. In this research, TiC based cermets were both developed 
and geometry optimised as an alternative armour tile material. It was found that 
TiC-NiMo cermet offers a solution in between SiC and Al2O3 in terms of areal 
mass density even as the material with the highest density. A decrease in the areal 
mass density was obtained by reducing the thickness of the armour tile, resulting 
in a higher mass efficiency compared to Al2O3 (Figure 3.25). Manufacturing costs 
have not been evaluated for TiC-NiMo but are estimated to be between those of 
SiC and Al2O3. 
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Figure 3.25. Areal mass densities of armour tile materials. Shades of green indicate tile 
thicknesses that have stopped 7.62x51 AP (WC core) rounds successfully and shades of 
yellow indicate tile thicknesses that may stop the same threat with additional investigation 
in panel construction 
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4  CONCLUSIONS 
Conclusions of the dissertation are divided into two groups. The first group 

focuses on the material development of the reactive sintered TiC based cermets 
and the second group on the evaluation of TiC-NiMo cermets as armour material 
against 7.62x51 armour piercing rounds with hardmetal core. After the 
conclusions, answers to the postulated hypotheses are addressed. 

Conclusions on the development of reactive sintered TiC based cermets: 

1. Carbide synthesis occurs during high energy milling and sintering of the final 
part. The final hard phase consists of Ti(Mo)C dual-carbide where a 
minimum amount of 6 % of metal atoms need to be Mo in order to result in 
a dense material with minimum porosity. The final microstructure is a two 
phased composite material with Ti(Mo)C carbide grains with nickel binder 
as matrix unlike commercial three phased materials with TiC grain cores 
surrounded by Ti(Mo)C dual-carbide rims in a nickel matrix. 

2. Chromium dissolves in the binder, increasing the hardness of the binder 
matrix and the cermet. With uneven distribution of chromium, it is believed 
to concentrate to increased crack inhibition, decreasing the strength of the 
material. 

3. An optimal sintering regime implements an additional dwell step at 1270 ˚C 
to ensure homogeneous microstructure. With the test samples prepared, the 
most suitable dwell duration at 1270 ˚C and 1500 ˚C was 60 minutes. 
Applying hot isostatic pressure during liquid phase sintering can result in an 
increase of density by 3 %. 

4. Milling duration of 6 hours using high energy milling equipment resulted in 
the best combination of mechanical properties. Contamination with WC was 
at a rate of 0.27 wt% per hour, which significantly increases the theoretical 
density of the final material. 

Conclusions on the development of TiC-NiMo armour tiles are as follows: 

1. TiC-NiMo cermet has sufficient ballistic properties to defeat WC-Ni 
hardmetal projectiles. The mode of fragmentation of a cermet material results 
in a larger fraction of fragmentation debris compared to ceramic materials. 
Ceramic fragments of SiC are finer but have significantly higher hardness or 
HV10 2420 compared to HV10 1510 of TiC-NiMo cermet, suggesting a 
similar abrasive effectiveness between the two materials. Compared to Al2O3 
ceramic, the hardness values are similar (HV10 1580 for alumina) but with 
finer fragmentation debris TiC-NiMo has increased abrasive effectiveness, 
which results in higher mass efficiency for TiC-NiMo compared to Al2O3. 

2. Initial indication of armour tile thicknesses of TiC-NiMo cermet and SiC 
ceramic according to the depth of penetration tests were in both cases 12 mm 
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for hexagonal tiles with 30 mm height. Due to complex interaction under 
dynamic loads between the armour tile and the backing material, the final 
thicknesses of TiC-NiMo cermet is 9 mm and 10 mm for SiC, which stand 
for areal mass densities of 48.6 kg/m2 and 32.1 kg/m2, respectively. It is 
suggested that these tile thicknesses can be both reduced by 1 mm with 
further engineering of armour panel configuration. 

3. Comparison of TiC-NiMo cermets and the ceramics on the market revealed 
that titanium carbide cermets have increased multi-hit capability due to 
higher strength values. Mass efficiency of TiC-NiMo cermets is between SiC 
and Al2O3, with silicon carbide being the lightest option. Compared to silicon 
carbide armour tiles, titanium carbide cermet tiles are 37 % more cost 
efficient under reactive sintering technology. 

Main conclusions to the postulated hypotheses: 

I. Reactive sintering technology is able to produce TiC based cermets with 
similar and in some cases, with superior mechanical properties compared 
to equivalent cermet compositions manufactured with conventional route. 

II. TiC based cermets with sufficient hard phase content are able to destroy 
the hardmetal core of 7.62x51 armour piercing rounds. 

III. TiC based cermets have a mass efficiency for ballistic protection between 
SiC and Al2O3 ceramic armour materials. 
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Scientific novelty 

Main novelty aspects from the research presented in the current dissertation 
are as follows: 

1. Fast high energy milling process was implemented for preparing elemental 
powder mixtures to be reactively sintered. It was shown that a milling 
duration of 6 hours is sufficient to mechanically activate powders that are 
later synthesising carbides before the liquid phase of the binder occurs. 

2. A sintering regime for producing high density cermets was developed for 
reactive sintering of titanium carbide based cermets. It was found that 
additional dwell at 1270 ˚C is needed to improve dense microstructure 
formation. 

3. The effect of chromium and molybdenum on the mechanical properties of 
reactive sintered TiC cermets was analysed and suggestions are made for 
material design with a tailored set of properties. 

4. Comparison on the mass efficiency of TiC cermet to SiC and Al2O3 armour 
ceramics is illustrated for armour tiles engineered against 7.62x51 armour 
piercing rounds with WC hardmetal cores according to NATO STANAG 
4569 level 3 with multi-hit capability described in AEP-55. 

Recommendations for future work 

Concerning material development of reactive sintering technology, the 
following recommendations for further research are proposed: 

 For other applications, it is required to expand the range of properties by 
changing the ceramic and binder phase ratio; 

 Additional alloying elements can be investigated for enhanced 
mechanical properties, e.g. those of vanadium; 

 Possible effect of sintering in nitrogen to synthesise TiCN in situ during 
reactive sintering could improve mechanical properties of the cermets. 

Concerning TiC based cermets as armour material, the following 
recommendations for further research are proposed: 

 Scaling up production of reactive sintering technology needs to 
addressed; 

 Testing of reactive sintered cermet’s ballistic capability needs numerous 
experiments to validate their ballistic performance; 

 Reducing the binder content in TiC based cermets could potentially 
increase their mass efficiency as the hardness increases, which aids in 
projectile erosion and lowers the density of the cermet.  
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ABSTRACT 
Titanium Carbide based Cermets as Ballistic Protection Material 

In this study, titanium carbide based cermets were investigated as alternative 
material for ballistic protection. Firstly, reactive sintering technology was 
implemented to improve the mechanical properties and to reduce the 
manufacturing costs of TiC based cermets. Secondly, the material was assessed 
by ballistic performance and compared to other materials that are currently on the 
market. 

Different aspects of material preparation showed that as compared to 
conventional methods, reactive sintering technology enables similar or in some 
cases, superior mechanical properties to be achieved. Powder milling, chemical 
composition and sintering regimes were developed to acquire a set of properties 
suitable for ballistic performance against hardmetal projectiles. 

Ballistic testing methods were also developed to compare TiC based cermets 
to Al2O3 and SiC ceramic materials. Single tile testing experiments were designed 
to closely resemble the conditions of a tile in a full armour panel solution. In 
addition, armour tiles were tested in an armour panel configuration where the 
final thickness of the tiles was optimised. It was concluded that TiC based cermets 
are able to destroy the hardmetal core of the 7.62x51 AP round at a mass 
efficiency between that of SiC and Al2O3. These results indicate that TiC based 
cermets could offer an alternative material in designing armour solutions at a 
competitive weight and cost.  
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KOKKUVÕTE 
Titaankarbiidi baasil kermis ballistilise kaitse materjalina 

Käesoleval tööl oli kaks põhilist eesmärki. Esimeseks oli välja töötada 
tehnoloogia reaktsioonpaagutatavatele titaankarbiidi baasil kermised, mille 
mehaanilised omadused oleksid samaväärsed või paremad tavatehnoloogiaga 
valmistatud ekvivalentidest. Teisalt uuriti titaankarbiidi baasil kermiste 
kasutamist võimaliku alternatiivse materjalina kõvasulamsüdamikuga 7.62x51 
soomustläbistavate kuulide vastu. Püstitati järgnevad hüpoteesid: 

Hüpotees I. Reaktsioonpaagutuse tehnoloogiaga on võimalik saavutada 
titaankarbiidi baasil kermiseid, mis on paremate mehaaniliste 
omadustega kui tavatehnoloogiaga valmistatud materjal. 

Hüpotees II. Titaankarbiidkermised on võimelised töötama 
kõvasulamsüdamikuga 7.62x51 soomustläbistavate kuulide vastu. 

Hüpotees III. Titaankarbiidkermistel on konkureeriv kaal võrreldes 
laialtlevinud keraamiliste soomusmaterjalidega, milledeks on 
alumiiniumoksiid (Al2O3) ning ränikarbiid (SiC). 

Uurimustöö tulemused on jagatud kahte gruppi. Esimene grupp hõlmab 
reaktsioonpaagutatud titaankarbiidkermiste materjali arendust. Teine grupp 
annab ülevaate titaankarbiidkermiste sobimisest kõvasulamist südamikuga 
7.62x51 soomustläbistavate kuulide vastu toimimisest. Peale järeldusi on 
vastatud eelnevalt püstitatud hüpoteesidele. 

Järeldused reaktsioonpaagutatud titaankarbiidi baasil kermiste arendusest: 

1. Karbiidi süntees toimub kolmes faasis ning enne nikli sideaine 
vedelfaaspaagutust. Esmane karbiidi süntees algab kõrgenergeetilisel 
jahvatamisel. Titaan- ja molübdeenkarbiidi süntees toimub paagutamisel alla 
800 ˚C, millele järgneb Ti(Mo)C kaksikkarbiidi moodustumine. Lõplik 
mikrostruktuur on kahefaasiline komposiitmaterjal koosnedes Ti(Mo)C 
kaksikkarbiidist, mis on ümbritsetud nikli maatriksiga. Tavatehnoloogial 
baseeruvad materjalid on aga seevastu kolmefaasilised. Kõvafaasi 
moodustavad terad koosnedes titaankarbiid südamikest ja kaksikkarbiidist 
ümbrisega, mis on paigutatud nikli maatriksisse. 

2. Ühtlase molübdeeni jaotumisega karbiidi terade sees on minimaalne vajalik 
molübdeeni kogus karbiidi metalli aatomitest 6%. Vastasel juhul on oht, et 
sideaine ei suuda karbiidi terasid piisaval määral märjata ning materjali tekib 
mikropoorsus. 

3. Kroomi metalli aatomid lahustuvad niklis suurendades nihete arvu nikli 
terade kristalli võres ja tasapindades. Antud nihked suurendavad sideaine 
võre vastupanu kristallitasapindade liikumisele tõstes sideaine kõvadust, mis 
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omakorda suurendab terve materjali kõvadust. Kroomi jagunemine sideaines 
toimub aga ebaühtlaselt, mis tähendab, et tekkivad nihked sideaine 
kristallvõres koonduvad ning sellega kaasnevad pingekontsentraatorid. 
Sellega kaasneb ka materjali tugevuse kahanemine, sest tugevuse mõõtes on 
pinge all kogu materjal ning purunemine algab pragudest. 

4. Optimaalne paagutusrežiim sisaldab endas lisahoidmist 1270˚C juures 
tagamaks ühtlast mikrostruktuuri ja vähendatud poorsust. Parima tulemuse 
andsid katsekehad, mida hoiti 1270˚C ja 1500˚C juures 60 minutit. 

5. Vaakumi suurus paagutuse käigus mõjutab materjali omadusi, kuna kõrge 
vaakumiga võib vedelfaasi ajal sideaine aurustuda. Rakendades isostaatilist 
kuumpressimiste vedelfaasi ajal argooni gaasiga on võimalik tõsta materjali 
tihedust kuni 3%. Materjali tiheduse suurenimine sõltub materjali eelnevast 
suhtelisest tihedusest enne isostaatilist kuumpressimist. 

6. Optimaalseim jahvatusaeg reaktsioonpaagutatavale pulbrile on 6 tundi 
kõrgenergeetilises jahvatuses. Jahvatuse käigus toimub volframkarbiidiga 
saastumine jahvatusseadme ja -kuulide kulumisest tingituna 0,27 kaalu% 
tunnis. Suure tihedusega volframkarbiidiga saastumine suurendab kermise 
tihedust, mis antud rakenduses soomusmaterjalina ei ole soovitud. 

Järeldused titaankarbiidist kermisest soomusplaatide arendusest on järgnevad: 

1. Titaankarbiidkermistel on piisavad ballistilised omadused, et purustada 
volframkarbiid-nikkel kõvasulamsüdamikuga kuule. Tähtsaim materjali 
mehaaniline omadus tagamaks soomusplaadi võimet kuuli südamikus 
pragude tekkimist on materjali kõvadus. Vastava madala sideainekogusega 
on titaankarbiidkermistel suurem kõvadus kui kõvasulam, mida kasutatakse 
kuuli südamikes. 

2. Kermise materjalis toimub pragude tekkimise protsess suuremate pragude 
vahelise kaugusega võrreldes keraamikaga. Selle tulemusel on purunemise 
tagajärjel tekkivad soomusplaadi killud suuremad, mis töötavad kuuli 
südamiku kulutamisel efektiivsemalt kui väiksed killud sama kõvaduse 
juures. Ränikarbiidist plaadi pragunemise tulemusel tekib küll peenem 
kildude fraktsioon, kuid omades oluliselt suuremat kõvadust (HV10 2420) 
võrreldes titaankarbiidkermisega (HV10 1510) on ränikarbiidist killud 
suurema kulutamisvõimega. Arvestades erinevaid kildude suurusi ja 
kõvadusi on titaankarbiidkermiste ja ränikarbiidist kildude kuuli südamiku 
kulutamise efektiivsus samaväärne sama mahu juures. Alumiiniumoksiid on 
sarnase kõvadusega (HV10 1580) võrreldes titaankarbiidkermisega, kuid 
peenema kildude fraktsiooniga on titaankarbiidkermised võimelised kuuli 
kulutama paremini omades seega ka paremat kaaluefektiivsust 
alumiiniumoksiidi ees. 

3. Sissetungimissügavuse katsetused pakkusid soovitatavaks titaankarbiid-
kermiste ja ränikarbiidi soomusplaatide paksuseks 12 mm. Heksagonaalse 
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kujuga soomusplaatide kõrgus on 30 mm. Üksikute soomusplaatide 
katsetused viidi läbi alumiiniumi sulamist tausta peal. Tingituna keerukast 
soomus- ja alusplaadi koostoimest dünaamilistel koormustel suudeti 
soomusplaadi paksusi vähendada kasutades taustaplaadina sihtotstarbelisi 
komposiitmaterjale. Titaankarbiidkermisest soomusplaatide paksust 
vähendati 9 mm peale ning ränikarbiidist soomusplaatide paksust 10 mm-ni. 
Antud paksuste juures on titaankarbiidist plaatide ruutmeetri kaal 48,6 kg/m2 
ning ränikarbiidist plaatide ruutmeetri kaal 32,1 kg/m2. Katsetused näitasid, 
et edasise soomuspaneeli arendusega oleks võimalik mõlemast materjalist 
plaadi paksust vähendada 1 mm võrra. 

4. Titaankarbiidkermised töötavad võrreldes keraamiliste materjalidega 
paremini mitme lähestikku paikneva tabamuse korral, kuna nende 
tugevusnäitajad on suuremad. Tabamuse korral kutsutakse soomusplaadis 
esile pingelained, mis kantakse üle kõrval paiknevatele plaatidele. Kõrval- 
asetsevad plaadid võivad puruneda ka ilma otsetabamust saamata plaadis 
peegelduvate pingelainete mõjul kutsutes esile pinged, mis ületavad materjali 
tugevust, kui soomusplaat ei ole piisavalt suurte mõõtmetega.  

5. Võrreldes titaankarbiidkermiseid turul pakutavate soomusmaterjalina 
kasutavate keraamiliste plaatidega on titaankarbiidkermised kaalu 
efektiivsuse osas ränikarbiidi ja alumiiniumoksiidi vahel. Ränikarbiid on 
kõige kergem materjal pakkumaks kaitset sama ohutaseme korral ning 
alumiiniumoksiid kõige raskem. 

Põhijäreldused püstitatud hüpoteesidele on järgnevad: 

I. Reaktsioonpaagutuse tehnoloogiaga on võimalik valmistada titaankarbiidi 
baasil kermiseid, millede mehaanilised omadused on samaväärsed või 
osaliselt paremad võrreldes ekvivalentse koostisega kermistega, mis on 
valmistatud tavatehnoloogilisel viisil. 

II. Titaankarbiidkermised piisava sideainega on võimelised purustama 
volframkarbiidist kõvasulamiga  7.62x51 soomustläbistavaid kuuli 
südamikku. 

III. Titaankarbiidkermisest valmistatud soomusplaadid on kaalu efektiivsuse 
osas ränikarbiidi ja alumiiniumoksiidi vahel.  
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