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[bookmark: _Toc198548132]Section 1: Abstract
In this report the software Abaqus has been used to model a bullet hitting an armour plate. The model has been changed by the student to give examples of different speeds of bullet and different properties making up the bullet. Research has been done in Johnson-Cook values of different steels. This report covers whether it was maximum principal stress that caused the armour plate to fail or shear stress.
[bookmark: _Toc198548133]Section 2: The Importance of Johnson- Cook
The Johnson-Cook values of a material are established with this formula:
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[bookmark: _Toc198548147]Figure 1 – Johnson-Cook Formula [1]
The key components of the formula are: the equivalent plastic strain, the strain rate and the temperature [2]. The Johnson-Cook formula is important as it describes the behaviours of metals under large strains and high stress rates [1]. This formula is used by engineers and scientists to predict how a material will respond to different loading conditions [2].
[bookmark: _Toc198548134]Section 3: Types of Stress
[bookmark: _Toc198548135]3.1 Maximum Principal Stress
The maximum principal stress can also be described as the maximum normal stress [3], this is because it is the normal stress acting onto the principal plane that has zero shear stress [3]. A principal plane is an oblique plane is classed as anything that is not horizontal or vertical [3,4]. The formula used to calculate the maximum principal would be:
[image: A math equations with numbers

AI-generated content may be incorrect.]
[bookmark: _Toc198548148]Figure 2 – Maximum Principal Stress Formula [3]

[bookmark: _Toc198548136]3.2 Shear Stress
The other type of stress being investigated in this report is shear stress. This type of stress is not as commonly known as the maximum principal, it is also not quite as intuitive because it is a force acting along the surface of an object rather than directly onto it [5]. The formula used to calculate shear stress is:
[image: ]
[bookmark: _Toc198548149]Figure 3 – Shear Stress Formula [5]
[bookmark: _Toc198548137]Section 4: Simulation 1
[bookmark: _Toc198548138]4.1 The Background
For the first simulation the bullet was moving at 800ms-1, and the armour plate was made with 304 stainless steel. The properties of this particular steel were researched by the student prior to beginning the simulation. The below properties were found and used for the 304 stainless steel:
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[bookmark: _Toc198548150]Figure 4 – Properties of 304 Stainless Steel [6]
Other necessary properties of 304 stainless steel such as specific heat were found on a sperate research paper, some of the properties are shown below:
[image: A white sheet with black text
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[bookmark: _Toc198548151]Figure 5 – More Properties of 304 Stainless Steel [7]
The student picked this type of steel as it was a very common type of steel used for kitchen equipment, machinery, nuts, bolts and roofing. The student thought this would then make this a relatable simulation as it would represent what would happen if someone was to use what was to hand to make an armour plate.
The mesh for this simulation was redesigned from the original model given. This mesh was created to be finer in the middle as the create a more accurate picture of what was happening as the bullet hit the armour plate. 
The student viewed the results cross sectionally to be able to view the stress throughout the armour plate rather than just on top.
Once viewing the results, the student changed the range of the key on the side to help more accurately show the magnitude of the stress experienced by the bullet and armour plate.
[bookmark: _Toc198548139]4.2 Results
Upon first impact the armour plate experiences more maximum principal stress than shear stress. This can be seen in the images below:
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[bookmark: _Toc198548152]Figure 6 – Maximum Principal Stress at First Impact
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[bookmark: _Toc198548153]Figure 7 – Shear Stress at First Impact 
This stayed the same with the armour plate experiencing more maximum principal stress than shear stress as the bullet began to move through the armour plate, this can be seen below:
[image: A computer screen shot of a computer screen
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[bookmark: _Toc198548154]Figure 8 – Maximum Principal Stress as Bullet Moves Through Armour Plate
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[bookmark: _Toc198548155]Figure 9 – Shear Stress as Bullet Moves Through Armour Plate
As the bullet began to slow as it moved down through the armour plate the trend stayed the same with the armour plate remaining to experience more maximum principal stress than sheer stress, this can be seen below:
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[bookmark: _Toc198548156]Figure 10 – Maximum Principal Stress as Bullet Slows in Armour Plate
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[bookmark: _Toc198548157]Figure 11 -Shear Stress as Bullet Slows in Armour Plate
As the bullet exits the armour plate, back through the way it went it as it could not penetrate though fully, the stresses are still rippling through the armour plate, this can be seen below:
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[bookmark: _Toc198548158]Figure 12 – Maximum Principal Stress of Armour Plate as Bullet Leaves
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[bookmark: _Toc198548159]Figure 13 – Shear Stress of Armour Plate as Bullet Leaves
The velocity of the bullet could also be plotted, this is shown on the graph below:
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[bookmark: _Toc198548160]Figure 14 – Three Velocities of Bullet
Looking more closely at just one velocity, the one going in the opposite direction to the beginning of the bullet’s movement, there is both positive and negative velocities showing how the bullet bounced back out a little bit after slowing down to a stop in the armour plate, this can be seen below:
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[bookmark: _Toc198548161]Figure 15 – Singular Velocity of the Bullet
[bookmark: _Toc198548140]4.3 Analysis of Results 
As can be seen above at every stage the armour plate experienced a greater force from the maximum principal stress than the shear stress. During the initial impact the element selected was experiencing -2.99 x109 Pa of maximum principal stress whilst for shear stress the same element was only experiencing 3.25 x108 Pa of stress. 
This trend continues throughout with there always being a dark circle or curve under the bullet in the armour plate for the maximum principal stress meaning it was experiencing a force of magnitude around -2 x109 Pa .Whilst for the shear stress there is usually red and green sections coming from it meaning the most amount of shear stress usually experienced is 1.25 x108 Pa which is a considerably smaller stress than the armour plate experiences from maximum principal stress. This shows it was likely the maximum principal stress that caused the armour plate to fail.
[bookmark: _Toc198548141]Section 5: Simulation 2 
[bookmark: _Toc198548142]5.1 The Background
For the second simulation the bullets speed was changed to 1200ms-1. The armour plate properties were kept as 304 stainless steel. The mesh was kept as had been designed previously by the student, with the finer mesh on to top of the armour plate in the middle to create a more accurate picture of what would happen as the bullet penetrated the upper layers on the armour plate.
Once viewing the results, the student changed the range of the key on the side to help more accurately show the magnitude of the stress experienced by the bullet and armour plate.

[bookmark: _Toc198548143]5.2 Results 
Similarly to simulation 1 this simulation also experienced more maximum principal stress than shear stress upon first contact, this can be seen below:
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[bookmark: _Toc198548162]Figure 16 – Maximum Principal Stress Upon First Contact
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[bookmark: _Toc198548163]Figure 17 – Shear Stress Upon First Contact
As the bullet continues to move though the armour plate the trend continues where the maximum principal stress experienced by the armour plate is higher than the shear stress. However, interestingly in the maximum principal stress it can be seen a second wave of stress travelling through the armour plate, this can be seen below:
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[bookmark: _Toc198548164]Figure 18 – Maximum Principal Stress as Bullet Enters Armour Plate
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[bookmark: _Toc198548165]Figure 19 – Shear Stress as Bullet Enters Armour Plate
As the bullet enters fully into the armour plate the two ripples of negative maximum principal stress join. However, the bullet is experiencing a lot of change in shear stress on the right-hand side compared to the left-hand side, with one side being roughly positive 4 x109 Pa and the other side being negative 4 x109pa. The trend of the armour plate experiencing slightly more maximum principal stress than shear stress, this can be seen below: 
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[bookmark: _Toc198548166]	Figure 20 – Maximum Principal Stress as Bullet Fully Entering Armour Plate
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[bookmark: _Toc198548167]Figure 21 -Shear Stress as Bullet Fully Entering Armour Plate
As the bullet stops in the armour plate the bullet is still experiencing a lot of range in shear stress and the armour plate is experiencing a lot of both stresses but more maximum principal stress, this can be seen below:
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[bookmark: _Toc198548168]Figure 22 – Maximum Principal Stress as Bullet Stops
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[bookmark: _Toc198548169]Figure 23 – Shear Stress as Bullet Stops
The velocities of the bullet could also be plotted, this can be seen below:
[image: A screenshot of a computer
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[bookmark: _Toc198548170]Figure 24 – Velocities of the Bullet
Looking more closely at just one velocity, the one going in the opposite direction to the beginning of the bullet’s movement, there is both positive and negative velocities showing how the bullet bounced back out a little bit after slowing down to a stop in the armour plate, this can be seen below:
[image: A screen shot of a computer
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[bookmark: _Toc198548171]Figure 25 – Vertical Velocity of Bullet 
[bookmark: _Toc198548144]5.3 Analysis of Results
The armour plate throughout the whole simulation experienced more maximum principal stress than shear stress. This can be seen at the first impact of the bullet, one of the elements in the armour plate is experiencing -5.56 x109 Pa of maximum principal stress while the same element is only experiencing 2.71 x108 Pa of shear stress. This difference carries on throughout the simulation, however with the difference in amount of force from each type of stress it was under slowing getting smaller, the armour plate overall experiencing more maximum principal stress than shear stress. The armour plate is experiencing at most 1.8 x1011 Pa of maximum principal stress and 4.7 x109 Pa of shear stress. However, it is to be noted that the bullet experienced a lot of range in shear stress throughout the simulation, with some of the forces being nearly as big as the maximum principal stress forces on the armour plate. 
[bookmark: _Toc198548145]Section 6: Conclusion
For both simulations it was the maximum principal stress was the greater stress on the armour plate. This means it was the maximum principal stress that caused the armour plate to fail and allow the bullet to penetrate. This shows that it was the force directly onto the armour plate rather than the forces along the armour plate that caused it to fail. 
If this simulation was the be done again further research should be done into why there was such high levels on shear stress in the bullet and what amount of shear stress the bullet could handle before it failed itself. 
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Table 2. Johnson-Cook model parameters from various rescarchers (18]
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Table 2. Chemical composition of the AISI 304 stainless steel (Wt.%) [22].

c Si Mn P Mo a N Fe
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‘Table 3. 304 stainless steel material performance parameters.

Density Specific Thermal Thermal  Young's Poisson's Yield
(kg/m®) heat conductivity expansion  modulus ratio strength
U/kg/K)  (Wjm/K) Coefficient  (GPa) (MPa)
K

7950 500 162 16x10° 193 028 235
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