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[bookmark: _Toc198497884]Abstract
This report investigates the effects of projectiles made from different impacting an armoured plate made from carbon alloyed steel (AISI-1045) at different velocities. The focusing is on assessing the plate’s resistance to mechanical failure and discussing the forces which are likely to have caused this. The analysis highlights how well the carbon alloyed steel performance as an armoured plate focusing on sheer stress and tension and compression waves. Additionally, understanding how this technique of modelling has applications in defence in evaluating the physical properties of material and how these can be used in munitions. The limitations of the approximations which are used in these simulations are considered focusing on how this can reduce the result accuracy.
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 The learner was tasked with analysing two different simulations involving a projectile striking an armoured plate with variations in the projectile material and velocity. The armoured plate material was changed to carbon-alloyed steel AISI-1045 the projectile material was made aluminium, and steel projectile was fired at a lower velocity was also reduced to analyse how this would affect the results due to the properties of the two materials being very similar. The sheer stress as well as the tension and compression forces were analysed to determine what the likely cause of mechanical failure of the plate- Table 1 and 2 are the Johnson-Cook plasticity and damage parameters used for the simulation of the AISI-1045 steel.

Table 1: Johnson Cook plastic parameters AISI-1045 steel [4]
[image: ]

Table 2: Johnson Cook damage parameters AISI-1045 steel [5]
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[bookmark: _Toc198497886]Discussion 
One of the key approximations which was made was the application of a uniform mesh to the model that is replacing the continuum of the system.  Due to the learner’s basic knowledge of the software used this was simpler to implement however, this approach limits the accuracy of the simulation specifically in the high stress regions. This is because the large node size is unable to effectively capture the propagation stress waves which travel through the plate. This can have a negative impact on the results due to the deformation of the material being underestimated as well as the stress strain forces in the areas of critical impact.
Having the ability to compare the density and properties that different ceramics possess when being hit by a ballistic projectile allow in depth analyses to provide supporting data for qualification of the armoured plate used within defence [3]. The use of computer-generated simulation testing also is applied during the early stages of designing new missiles and projectiles to assess how different materials will require alternative methods of manufacturing to enhance their properties for the specific mission criteria. 
A significant limitation which the learner encountered during this project is having a limited understanding the simulation software, which meant there could be errors introduced when applying the parameters to the material itself or when interpreting the results. Additionally, the assumptions applied to the material properties and how this will impact how it will behave when struck by the projectile is simplified, this does not consider the other forces the armoured plate will subject to in real-world applications and if the effectiveness of the plate will be reduced over time or when operating in different weather conditions.
















[bookmark: _Toc198497887]Carbon alloyed steel plate- Aluminium projectile 
Figure 1 displays that once the projectile has penetrated the plate there is a compression stress wave moving through the plate as seen by the blue wave. Once this compression wave hits the back wall of the plate the compression wave turns to a tension wave which then passes through the plate Figure 2 this would suggest that the plate would be subject to spalling- which is where fragments of the plate break away from the main body of the plate due to the impact [2] however this is not seen. When comparing the maximum principle to the sheer stress this displays the hertzian cone which was discovered by Herts in 19881 [1][6]. This suggests that the brittle material of the plate could display a conical crack (bullseye crack) causing mechanical failure of the plate.
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[bookmark: _Toc198813573]Figure 1: Carbon alloyed steel plate – Aluminium projectile Max principle, compression wave
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Figure 2: Carbon alloyed steel plate – Aluminium projectile Max principle, tension wave
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Figure 3: Carbon alloyed steel plate – Aluminium projectile sheer stress

[image: ]
Figure 4: Carbon alloyed steel plate – Aluminium projectile, velocity time graph
 When comparing the sheer stress and the maximum principle by using the probe tool and isolating a singular element (1403) [ Figure 3] demonstrates the difference is stress values allowing us to predict which stress would cause mechanical failure of the plate. At element 1403 in the maximum the tension stress is 2.21e7 whereas the sheer stress at the same point in 4.69e6 meaning the direct tension stress is larger than the sheer stress at that point overpowering the plate, these results suggest that at this point the tension stress wave is the likely to be responsible for the mechanical failure of the armoured plate. The Aluminium projectile deformed slightly when it penetrated the plate which can be seen in figure 2 and 3- this is due to its low mass in comparison to the carbon alloyed steel. Figure 4 demonstrated the deceleration of the projectile as it penetrated the plate and deformed due to the impact- the velocity reached zero before the projectile began to ricochet back within the plate.

[bookmark: _Toc198497888]Carbon alloyed steel plate – Steel projectile 
By changing the projectile material to steel and slowing down the velocity in which the projectile is traveling has dramatically changed the results, [figure 5] shows the compression wave moving through the carbon alloyed steel plate. Figure 6 illustrates that the projectile has completely penetrated the plate and how the compression wave passes through the plate however it does not bounce back through the plate as it did for the other simulation due to mechanical failure.
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Figure 5:  Carbon alloyed steel plate – Steel projectile max principle, compression wave

[image: ]
Figure 6: Carbon alloyed steel compression wave failure plate – Steel projectile max principle,

[image: ]
Figure 7: Carbon alloyed steel plate – Steel projectile sheer stress

 Singular element of comparison- node 23431
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Figure 8: Carbon alloyed steel plate – Steel projectile sheer stress point of failure



[bookmark: _Toc198497889][image: ]When comparing node 23431 as shown in figure 5 and 8 it is apparent that at this singular point the sheer stress is significantly greater – this suggests that this is the most likely cause of mechanical failure in the plate. The steel projectile has a greater mas in comparison to the aluminium projectile used in the previous simulation whilst maintain its structural integrity. In figure 9 the deceleration of the projectile does not follow the typical trend due the initial wobble however it then decelerated at a steady speed until the projectile penetrated the plate due to the mechanical failure being reached and it continuing to travel through the plate.Figure 9: Carbon alloyed steel plate – Steel projectile, velocity time graph

[bookmark: _Toc198497890]Conclusion
From comparing the two simulations it has been identified that carbon alloyed steel was able to prevent an aluminium projectile from penetrating however when a steel projectile was used the plate was completely penetrated even at a lower velocity. The carbon alloyed steel armoured plate was able to withstand a lot of impact and demonstrated that it is highly resistant which is an important characteristic for military application. When struck by the projectile which is made from steel opposed to aluminium the plate was unable to stop the projectile from completely penetrating the plate.
The simulation technique has great applications within industry and defence as it allows for analyse to be conducted even before the initial production of an armoured plate has even begun to allow more in depth analyse of the internal structure of the material. However, this method takes an approximation of an environmental situation which does not consider other factors such as the weather conditions and humidity which could have a detrimental effect on how the effectiveness of the armoured plate.
The use of a uniform mesh that is replacing the continuum of the system  will affect the realism of the result which could result in the deformation of the material being underestimated-If a more sophisticated mesh was implemented this allow for a more accurate analysis of the armoured plate as the element sizes are very large which limits the ability to accurately propagate the stress waves moving through the plate.
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Johnson Cook damage parameters AISI-1045 steel [5]
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Table 2. Johnson-Cook material model parameters of AISI-1045 steel.

Regular JC Model Optimized JC Model
A(MPa) B(MPa) n c m  A(MPa) B(MPa) n c m

50.103 176.091 05176 0.1056  0.5655 50.103 176.091 05176 0.095 0.6622

Thus, the material constants were substituted into Equation (1) to form a final flow stress model.
Thereafter, the relations among stress, o, strain, ¢, the deformation strain rate, ¢, and the deformation
temperature, T, were established according to the JC model, as follows:

N 0.662°
Forea = (50103 +176.0060575) (1 10095 In (%)) (1 - (%) ) (MPa). ()

3.4. Johnson-Cook Damage Model

Johnson and Cook proposed that fracture strain typically depends on the stress triaxiality ratio,
the strain rate and the temperature. The JC fracture model can be written as follows [8,20]:

o= [Dl + Daexp (D3 (%’;))] [1+ Dyln (€%)] [1+ DsT"] (10)

where D; to D5 are the damage model constants, 0y, is the mean stress, and 0eq is the equivalent stress [19].
The damage of an element is defined based on a cumulative damage law, and it can be represented in

a linear way as shown below [9,19]:
/ AY
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Table 4. Johnson-Cook fracture model parameters of AISI-1045 steel.

Round Bar and Notched Specimens Flat and Notched Specimens
D1 D2 D3 D4 D5 D1 D2 D3 D4 D5
0.025 16.93 —148 0.0214 0 0.04 1519 —6.905 —0.023 1.302

4. Discussion

Numerous isothermal experiments were conducted over a practical range of deformation
temperatures (650-950 °C) and strain rates (0.05-1.0 s to develop the JC material model to predict
the flow stress data of AISI-1045 medium carbon steel. In addition, the experimental data obtained
from the quasi-static strain rate tensile tests at room temperature were employed for the evaluation of
damage model parameters. To verify the model adequacies and predictability, the proposed constitutive
model predictions were compared with the experimental observations and were also incorporated into
the numerical simulations for inverse calibrations. Figure 11 depicts the comparison of experimental
stress-strain flow curves with the predicted flow curves by using the proposed JC model, whereas the
model parameters were estimated from the optimization method. The data plotted in Figure 11 and
the numerical data outlined in Table 5 clearly display that the presented optimized JC model is in good
agreement with the experimental observations at higher temperatures for all strain rates, and on the
contrary, the model cannot offer a better prediction of flow stress at the deformation temperature, 650 °C,
for all tested strain rates. Thus, from the prediction error comparison, the flow stress data obtained in the
optimized JC model were found to be more consistent with the experimental data than the conventional
JC model.

Table 5. Statistical measurements of the optimized JC model.

Conditions R? Overall-R? AARE (%) Overall-AARE (%)
923K 0.0115 40.9341
123K 0.8679 04836 59313 17.6112

1223K 0.8419 5.9689
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Figure 10. Relationship plot of strain to fracture and stress triaxiality. (3) Flat specimens; (b) Round

bar specimens.
Materils 2019,12, 609 130f18
‘Table 4. Johnson-Cook fracture model parameters of AISI-1045 stecl
Round Bar and Notched Specimens. Flat and Notched Specimens
D1 D2 D3 D+ D5 DI D2 D3 Di D5
0025 169 148 00214 0 004 1519 6905 003 1302
4. Discussion

Numerous isothermal experiments were conducted over a practical range of deformation

temperatures (650-950 °C) and strain rates (0.05-1.0 s~!) to develop the JC material model to predict

the flow stress data of AISI-1045 medium carbon steel. In addition, the experimental data obtained

from the quasi-static strain rate tensile tests at room temperature were employed for the evaluation of

damage model parameters. To verify the model adequacies and predictability, the proposed constitutive

‘model predictions were compared with the experimental observations and were also incorporated into

the numerical simulations for inverse calibrations. Figure 11 depicts the comparison of experimental

stress-strain flow curves with the predicted flow curves by using the proposed JC model, whereas the

‘model parameters were estimated from the optimization method. The data plotted in Figure 11 and

the numerical data outlined in Table 5 clearly display that the presented optimized JC model is in good

agreement with the experimental observations at higher temperatures for all strain rates, and on the

contrary, the model cannot offer a better prediction of flow stress at the deformation temperature, 650 °C, |
forall tested strain rates. Thus, from the prediction error comparison, the flow stress data obtained in the

optimized JC model were found to be more consistent with the experimental data than the conventional

JC model

Table 5. Statistical measurements of the optimized JC model,

Conditions I3 Overall R AARE(%)  Overall-AARE (%)
23K oons 409341
m3K 08679 04836 59313 w62
123K 08419 59689

To perform the model evaluation, standard statistical measurements such as coefficient of
determination (K?) and an average absolute relative error (AARE) were adopted to quantify the
proposed JC model predictability at discrete strains with an interval of 0.025 for all strain rates and
temperatures. The R? provides information about the prediction strength of the linear relationship
between the experimental observations and the predicted values, whereas AARE was estimated through

a term-by-term comparison of the relative error. To perform this quantification, the following expressions
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