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2. Abstract 

This Report highlights the differences that orientation of laminated armour can make on its effectiveness to slow a bullet. The basics regarding the physics are explained followed by the materials used and the Material models which were used within Abaqus. Followed by the results found from the Abaqus simulations which are then evaluated for effectiveness and compared with each other. Finally the conclusion between the 3 orientations and which one is the most effective.

























Introduction
3.1 Modelling elastic materials
To start to model composite armour understanding the material properties of each individual layer is required. The easiest to model are materials the act elastically these include a range of metals and plastics. The 1045 medium carbon steel used in the ABAQUS model and the plastic provided both act elastically obeying Hooke’s law.
Hooke’s law can be used to model elastic materials when compressive or tensile forces act upon them. Hooke law states that when the material is within its elastic limit (yield strength) the force applied is directly proportional to its extension. [1]  When the yield strength is reached the material will not return to its original shape and Hooke’s law does not apply this is called plastic deformation. The material properties required for modelling the elastic part of material are the materials stress and strain these can be used to calculate the Young’s modulus which is the ratio of stress to strain. Tensile strain can be defined as the extension or compression of a material per unit length compared to its original length. [1] Tensile stress can be defined as the force per unit cross sectional area. The size and shape of the material has no effect on the Young’s modulus it is only a measure of stiffness.  The equation for the Youngs Modulus is shown here where the Youngs modulus is represented by E. [1]
[image: ]

Modelling the Plastic deformation of a material can be achieved by treating it as directly proportional however this is not the best way to model as this would only be an approximation. A more improved model which was used in this report is the Johnson cook model. This requires parameters A, B, n, C and m. A is the yield stress of a material under reference conditions, B is the strain hardening constant, n is the strain hardening coefficient, C is the strengthening coefficient of strain rate and m is the thermal softening coefficient. These have to be measures experimentally at a reference temperature. [2] 
Another physical property that is required when modelling is Poisson’s ratio measures the deformation in the material in the direction perpendicular to the direction of the applied force [3]. 
3.2 Modelling Brittle Materials
Ceramics are known as brittle materials these don’t obey the same laws as elastic materials and hence Young’s modulus can’t be used for modelling them. Instead there are many other models which can be used the most used model it the Johnson Holmquist model however in this report the Drucker Prager model was used instead. The Drucker Prager model was created in 1952 and is a plasticity model which consists of three criteria. These Criteria are: Yielding Criterion, Flow Rule and hardening/softening rule.  [4]
3.3 Modelling on Abaqus 
Transferring all these mechanical properties into finite element analysis software such as Abaqus requires a certain level of manipulation for example when a material reaches its ultimate yield strength in finite element analysis to allow for the best analysis those elements are deleted however in the actual world parts will disconnect from a material. Two damage models were used during this report. The Johnson-cook damage model was used for the elastic materials and the Drucker Prager damage model was used for the brittle materials.  Element deletion does not model real life as conservation of energy and momentum must be maintained at all times as they are fundamental principles in the universe.

4. Investigation
The purpose of this report is to compare the differences between the bullet penetrations depending on the orientations of the armour materials in the composite armour. The Armour consists of 5 layers and 3 materials. These materials were then positioned in three different orientations to be compared. One example of this can be found here:

4.1 Bullet Material
The Bullet is made out of AISI 1045 medium carbon steel [2] this does not change throughout all the runs to remain constant and to allow for comparisons between the armour. Due to the unrealistic model of the bullet and the variety of modern projectiles used to penetrate armour using a damage model on the steel would not be necessary as a result to allow for better simulations no damage model was used with the Bullet allowing for easier repeatability allows for easier comparison between the Armour effectiveness for each orientation.
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                                                    Figure 1.
Inspiration from the Dorchester armour on the Challenger 2 main battle tank was used during this investigation which uses a combination of ceramics and elastic materials to form a laminated armour. The result was an armour consisting of a ceramic layer, a plastic layer and a copper layer. This report investigates the effect of different orientations of these three materials and how they affect bullet penetration. 










4.2 Ceramic Material
Ceramics- they have high hardness and compressive strength which can be used to fracture bullets thus decreasing its ability to penetrate through the armour. The largest drawback of ceramics in armour is that the ceramic layer also shatters these pieces can also be dangerous as a result an ductile material is used behind the ceramics to catch these pieces as well as. Ceramics also have many other properties which are extremely useful in the battlefield such as being lightweight, flexible for many applications and also durable and reliable under extreme environments. Throughout this investigation silicon carbide was the ceramic used as it is used the Dorchester armour and material properties were readily available. Found below are the Drucker Prager material model parameters of silicon carbide found on the Abaqus software.    
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                                                             Figure 2.
4.3 Plastic Material
[image: ]Plastic- The plastic layer is used to absorb the shattered pieces of ceramic and work alongside the steel backing plate to reflect the impact. In Dorchester armour steel is used as this elastic material however to exaggerate the effects Plastic was chosen in this investigation. Furthermore Plastics are extremely light weight in comparison to steel this is favourable when attaching armour on vehicles where additional weight is detrimental to the vehicles performance especially its speed. The material properties for the plastic were provided by the lecturer.




                                                                     Figure 3
4.4 steel Material
Steel- in Dorchester armour the steel is used as a backing plate this reflects back the impact energy destructively interfering with the forward impact energy thus reducing the net energy penetrating energy. This energy is then trapped between the layers in laminated armour each successively with a wider cone when reflected this dissipates the energy of a wider area reducing the cracking on the ceramics. The steel used in this investigation was AISI 1045 medium carbon steel [2] this steel is widely available and the properties are easy to find. In actual Dorchester armour other steel alloys are used however their composition and parameters are unobtainable like many other materials in modern armour. As a result this investigation uses readily available materials and their parameters as this still demonstrates the effectiveness of the orientation of the layers within the armour. Unlike the bullet the Johnson cook damage model was used as this  
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                                                            Figure 4
4.5 Predictions before completing the analysis on Abaqus based on previous research in the journal article “The influence of metal cover plates on ballistic performance of silicon carbide subjected to large-scale tungsten projectile” [5] Suggest that a ceramic layer contained within two layers of metal would perform the best. Other research suggests that the Ceramic layer being first will fracture the ceramic dissipating the impact energy over a wider energy with the steel plate catching these fragments.
5. Results (Analysis)
C1 (Ceramic layer 1st -     Ceramic- Plastic- Steel- Plastic- Steel)
[image: ]
Graph 1
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Figure 5-8 in descending order.
Graph 1 shows the velocity of the bullet over time due to the noise this is unclear so the equation for the line of best fit has been applied for easy comparison between the three runs. Figures 5 & 6 show the tensile stress while figures 7 & 8 show the shear stress. 



C3 (Ceramic layer 3rd -    Steel- Plastic- Ceramic- Plastic- Steel)
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Graph 2.
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Figure 9-12 in descending order.
Graph 2 shows the velocity of the bullet over time the equation for the line of best fit shows that the bullets velocity reduces less with this model than with the ceramic layer first. Figures 9 & 10 show the tensile stress while figures 11 & 12 show the shear stress while an element is deleted.




C5 (Ceramic Layer 5th -    Steel- Plastic- Steel- Plastic- Ceramic)
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Graph 3.
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Figure 13-14 in descending order.

[image: ]
[image: ]
Figure 15-16 in descending order.

Graph 3 shows the velocity of the bullet over time the equation for the line of best fit shows significantly less slowing than the two previous models. Figures 13 & 14 show the tensile stress while figures 15 & 16 show the shear stress. 

6. Evaluation
Predictions before running the simulations would suggest that the C1 and C3 orientations would be the best with the worst being C5. This would be confirmed through the Abaqus models where the best was the C1 followed by C3 then C5. 
C5 demonstrates the requirement to have a back plate behind ceramics as fragmentation occurred and pieces fell off behind the armour this would be disastrous as these fragments would also cause damage. Additionally the advantages of the ceramic were also lost as the ceramic spreads the impact energy over a wider area.
C3 should have been the best however through the findings of the simulation it didn’t perform as well as the C1. This could be due to the different material model used for this investigation as normally the Johnson Holmquist model is used rather than the Drucker Prager. The investigation from the “The influence of metal cover plates on ballistic performance of silicon carbide subjected to large-scale tungsten projectile” [5] concludes that the extended dwell time caused by the first layer of steel should improve the armours performance.
C1 was the best performer this was due to the ceramic layer shattering and spreading the load out over a larger surface area the impact energy would then be trapped between both the ceramic layer and the steel as well as the steel and steel layer. 

6.1 Comparisons between the tensile stress and shear stress
Firstly a negative max principle stress states that the stress is compressive while a positive max principal is tensile similarly with shear stress  the negative direction is the opposite to the positive in the case of shear this is the parallel to the direction of the force.
A High value correlates to the element going to be deleted while a lower value suggests not. The values found in the figures above are of the same element allowing for comparison between all three.
6.2 C1 
Max principal value was increasing between figure 1 and figure 2 implying it was about to delete additionally all values were negative so this stress was compressive. 
Shear stress values also increase between the two figures 3 and 4 one value is positive and one is negative showing how the shear stress is in the opposite directions.
6.3 C3
Max principal value was increasing between figure 5 and figure 6 implying it was about to delete additionally all values were negative so this stress was compressive. The gap between the first and second step was larger than in C1 implying that there is a more brittle material.
Shear stress values also increase between the two figures 7 and 8 both values are negative however in this model remain similar between both figures once again showing it is a brittle material which is the case as the ceramic layer is in the middle which is where the reference node is located.

6.4 C5
Max principal value was increasing between figure 9 and figure 10 implying it was about to delete additionally all values were negative so this stress was compressive. The values for these figures were much higher (A factor of 10) than in C1 and C3 showing the ineffectiveness of the armour against slowing the bullet.
 Shear stress values also increase between the two figures 11 and 12 both values are negative showing how the shear stress is in the same directions the starting stress is much larger in C5 and the increase between the two figures is much larger showing the poor performance of this model.

7. Conclusion
Through this investigation it was found that the C1 orientation for the armour was the best followed closely by C3. C5 however was vastly worse. This model shows the differences between the 3 orientations. Additionally this model can be improved by using different material models for the ceramic material as well as a more representative model for the projectile for example most armoured vehicles would experience Hesh rounds while out in a conflict situation. Overall despite many possible improvements the investigation was a success with informative data which followed trends found in other investigations into similar armour. [5] [4] [2]
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