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Abstract
Utilising the Johnson-Cook model, the investigation assigned properties to a projectile and two plates using the software ABAQUS. The chosen materials were Depleted Uranium for the projectile, whilst Brass and Q235 Steel were used for the plate separately. The investigation aimed to uncover the stresses-strains that were imposed upon the plate with the projectile impacting it at 1200ms. The stresses investigated were localised to Tensile, Shear and Compression, and the research aimed to discover which was most predominant. Aside from this, the physical impact of the projectile onto the plate was analysed as well as the fracturing incurred by the plates. The method of creating the simulation via ABAQUS was documented and the results post-simulation for both plates were examined. The investigation uncovered that Tensile stress was the driving force for plate fracturing in both simulations. Brass experienced full penetration whereas the Q235 Steel was penetrated but the projectile lacking sufficient velocity and force to completely traverse through the plate. The investigation also observed and analysed the vastly greater deformation that occurred to the Brass plate during impact due to its high ductility and other properties collated in the investigation. 
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Ballistic modelling can be a hazardous and time-consuming process but a necessity for technological military upgrades. They are primarily used to validate penetrative qualities of projectiles or protection qualities of armour systems. The mechanisms investigated within these impact analyses are essential for armour quality, perforation, stress-strains analysis and fracturing.  However, firing tests can be a costly and non-optimal method due to limited number of shots per trial [1]. 
Software applications such as ABAQUS, are finite element analysis programs that can produce reliable, precise models that observe incidents during ballistic testing [1]. ABAQUS can perform dynamic analysis of impacts. The stresses and strains during such scenarios can be measured and investigated to understand the underlying cause of material failures or fracturing. However, as with any computational software, there is the inherent risk of software failures and technical difficulties.
The aim of this investigation of ballistic modelling is to use ABAQUS to uncover the mechanisms involved of a projectile impacting upon a plate, “armour” at 1200ms. The stress-strain relationship of the impact will be studied to determine which stress, be it, compression, shear or tensile, will create the greatest strain upon the armour plate as well as how the plate properties react to impact. Tension on a material, or stretching, constitutes tensile stress. Decreasing volume due to stresses is known as compression stress whilst shear stress is the deformation of material via planal slipping. It is the potential damage to the plate via these stresses being the most important aspect, not the projectile [2]. Depleted Uranium will be assigned as the material for the projectile, whereas Brass and Q235 Steel, will be assigned to the armour plate separately. 
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Depleted Uranium (DU) was chosen for its high density and penetrative quality. DU shells are in use for tanks as armour piercing rounds [3]. Thus, a sensible material as the projectile for the ABAQUS simulation.
Q235 Steel was chosen for one of the armour plates due to its readily available data. It is a mild Steel manufactured in China that has average plasticity and moderate carbon content [4].
Brass properties were assigned to the second plate. Brass, like DU, is used in militaries, notably in firearm casing for bullets. The Brass alloy used consisted of Copper, and 10% Zinc (CuZn10) [5].

[bookmark: _Toc133255220] Material Properties

The Johnson-Cook (J-C) model was used for the analysis of the stress-strain investigation [6]. It is considered one of the simplest mechanical behaviour analytical models for researchers, in which stress-strain parameters are relevant [7]. J-C assumes that damage occurred during plastic straining causes fracturing to the stresses once ultimate tensile strength is reached. It includes rates of strain hardening for each material type, in which strain is dependent upon stress rate [8]. The model establishes damage parameters that influence the stress-strain relationship and the damage occurred to the plate. There are wide swaths of literature available that have calculated the J-C values of materials for others to use in their own experiments [9]
The J-C model assigns values for material behaviour during formation and under stress/strain [10]. These values are [11] [12]: 
· A - Yield stress.
· B and n - The strain hardening coefficients.
· m – The thermal softening coefficient.
· C - Strain rate sensitivity/strengthening coefficient.

The J-C model also defines damage parameters. The parameters affect how the material reacts to the stresses put onto it. Damage failure D2 and D3 determine rates for plastic strain failure. 
As well as J-C values, other important aspects of the material properties were required. These included:
· Density –Higher density is one factor for greater penetrative qualities.
· Poisson’s Ratio – Elastic strain, an example being an elastic band thinning whilst stretched. 
· Youngs Modulus – Determines a materials resistance to elastic deformation. Greater deformation occurs in ductile materials. 

The properties of the materials were collated into table format, figure 2.1 [13] [14] [3], to be programmed into the ABAQUS program.
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[bookmark: _Toc133255229]Figure 2.1 Material information, Johnson-Cook values, and damage parameters [13] [14] [3]
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Plate and projectile are created into 3D objects, figure 2.2.
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[bookmark: _Toc133255230]Figure 2.2 Projectile and Plate parts created.
Assign properties, figure 2.3 - Material information/properties are created. Damage evolution and fracture energy given 0 value.
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[bookmark: _Toc133255231]Figure 2.3 Assigning property values to material types.



Assign Material with properties, figure 2.4 – Material properties assigned to plate and projectile
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[bookmark: _Toc133255232]Figure 2.4 Assigning DU material to Projectile and Brass/Q235 Steel to Plate.
Step module, figure 2.5 - Simulation run time created. Simulating 350 steps over 0.05 seconds.
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[bookmark: _Toc133255233]Figure 2.5 Step field output – Expressing functions to research and length of simulation in time and steps

Load module, figure 2.6 – Assign velocity to projectile, 1200ms. Create encastre step so plate is “locked” in place.
[image: A screenshot of a computer

Description automatically generated with medium confidence]













[bookmark: _Toc133255234]Figure 2.6 Encastre step to lock plate in place and assigning velocity to projectile
Mesh module, figures 2.7, 2.8 – Generate a geometrical grid “mesh” to analyse results of impact. Global mesh size 0.003 used. Nodes added at impact site to cross reference properties for analysis, figure 2.9.
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[bookmark: _Toc133255235]Figure 2.7 Example of seeding for mesh creation on plate.
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[bookmark: _Toc133255236]Figure 2.8 Final mesh creation on DU projectile and Brass/Q235 Steel Plate
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[bookmark: _Toc133255237]Figure 2.9 Node creation on Brass and Q235 Steel Plates.
Interaction module, figure 2.10 – Defining contact between plate and projectile. Nodes used as contact plate point. 
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[bookmark: _Toc133255238]Figure 2.10 Interaction step to specify how projectile interacts with plate.

Simulation(s) set up complete, use Job module to run simulation and view results.
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[bookmark: _Toc133255223]Du Projectile into Brass Plate

Figure 3.1 shows the full simulation of DU into Brass. Clear deformation formed around step 45, superbly visualised showing the ductile properties of Brass. It is also producing high tensile stresses before full penetration of DU projectile.
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[bookmark: _Toc133255239]Figure 3.1 DU projectile into Brass plate from maximum velocity to zero velocity.






Figure 3.2 shows the tensile stresses on plate. During the first moments of impact, when velocity of projectile is at its pinnacle, tensile stress reaches around 9.3e10. Step 20, stresses are around 4.6e10 during plastic deformation. Compression stresses (negative values) are around -4.4e10, lower than tensile but still exerting significant values.
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[bookmark: _Toc133255240]Figure 3.2 Brass tensile stresses occurring at set points during experiment.





Figure 3.3 is the shear stress. The first moments of impact, shear stresses observed at 6.5e10 and -3.4e10 while at step 20, stresses are 1.8e10 and -1.4e10. Positive shear stress witnessed is the stress acting on the positive direction of the x axis, whereas the negative stress is in the negative direction. 
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[bookmark: _Toc133255241]Figure 3.3 Brass Shear stresses occurring at set points during experiment.






Figure 3.4 compares tensile and shear stress at the same step/time during simulation. Tensile values are higher, around 5.8e8 compared to shear, around 2.8e8. Tensile appears to be exerting stresses throughout impact point/deformation zone whilst shear stress is limited to the conical/bullseye shape, around the impact zone. 
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[bookmark: _Toc133255242]Figure 3.4 Brass Tensile and Shear stresses with projectile removed and view at dissected X axis, alongside surface 2 (bottom) view of plate at same interval/time






[bookmark: _Toc133255224]DU Projectile into Q235 Steel Plate

 	Figure 3.6 is a full simulation of DU into Steel. Penetration occurs at around step 45 but the projectile does not penetrate all the way through the plate. Spalling of elements occurs early. High tensile stresses observed.
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[bookmark: _Toc133255243]Figure 3.6 DU projectile into Q235 Steel plate from maximum velocity to zero velocity
	






Figure 3.7 shows the tensile stress on plate. During initial impact, tensile stress reaches 9.3e10, mirroring that of Brass, it could be inferred it is due to same starting projectile velocity. Step 20, partial penetration occurs and spalling of elements due to cracking. Penetrating with max tensile stress at 4.36e10.
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[bookmark: _Toc133255244]Figure 3.7 Q235 Steel tensile stresses occurring at set points during experiment.








Figure 3.3 is the shear stress on the plate. During the first impact, the shear stresses are at 6.5e10 and -3.4e10. At step 20 it is observed as 3.6e10 and -4.7e10. 
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[bookmark: _Toc133255245]Figure 3.8 Steel Shear stresses occurring at set points during experiment.








Figure 3.4 compares tensile and shear stress values at the same step/time during simulation. Tensile values are higher, at 1.34e09, than shear values, around 4.7e8. Tensile values, are the driving force in the cracking even though shear values are high, which is visualised clearly.
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[bookmark: _Toc133255246]Figure 3.9 Q235 Steel Tensile and Shear stresses with projectile removed and view at dissected X axis, alongside surface 2 (bottom) view of plate at same interval/time
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Figure 4.1/4.2 compares the tensile stresses of the two different plates and the shear stresses, respectively. Using ABAQUS probe module, the probe pinpoint’s locations to observe stress values. Two probe points were taken, one at the bottom of the projectile indent and one at the bottom of the plate. These figures show that tensile stress for both brass and steel are larger values than for shear stresses:
· Tensile Stress – Brass 5.84e08 
                                             Steel 1.22e09
· Shear Stress – Brass 2.86e08 
                          Steel 4.75e08

Interpreting the results, tensile stress across both plates is higher than that of shear during the impact of the projectile. Compression stresses are observed but these cannot influence the fracturing observed at the point of impact, as compression stress is that of reducing volume. Therefore, tensile stresses at the point of impact are the driving force in plate penetration and plate fracturing.

An interesting observation is that of the deformation of Brass without the projectile in figures 4.1/4.2, where the fracturing points can also be observed. The results show that the deformation in Brass, slowed the projectile penetration time but did not stop full penetration of the projectile. Whereas for Steel, the deformation was significantly less, indicative of a brittle material, and yet, the properties of Q235 Steel were sufficient to stop full penetration. The projectile finished at a state of rest within the Steel.
Figure 4.3 compares the velocities of the projectile penetrating the plates. It can be observed that the projectile into Brass had higher initial velocity but lost velocity faster than Steel due to eventual full penetration. This would be due to the partial penetration of the Steel plate itself. It should be noted, the oscillations within the graph are due to compressive stresses within the projectile itself. 
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[bookmark: _Toc133255247]Figure 4.1 Brass plate tensile stresses compared with Q235 Steel tensile stresses.
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[bookmark: _Toc133255248]Figure 4.2 Brass plate Shear stresses compared with Q235 Steel Shear stresses.
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[bookmark: _Toc133255249]Figure 4.3 DU projectile Velocity graph - Brass and Q235 Steel overlayed over 0.005 seconds.

[bookmark: _Toc133255226]Conclusion

Figure 2.1 Informs that the yield strength of Steel is measured at 200-250 MPa and its ultimate tensile strength (UTS) between 400-550 MPa [15]. In contrast, Brass has a yield strength of 124 MPa and a UTS of 338 – 469 MPa [16]. Figure 2.1 also informs that Brass has a lower Young’s modulus, higher Poisson’s ratio and a higher strain hardening - B, n and m values. Translated, the larger Young’s modulus, the greater the force required to penetrate due to the materials stiffness, changing only slightly under loads. Strain hardening is the strengthening during deformation and can lead to greater deformation before fracturing [17]
Figure 2.1 suggested that the projectile should penetrate through Brass completely due to its lower ultimate tensile strength [7], but experience a greater deformation in the plasticity range due to its high ductility. Whereas for the Q235 steel, there is less ductility and therefore less deformation, but the higher ultimate tensile strength could stop the bullet penetrating or only partial penetration. [18]. 
What was observed from ABAQUS was a replica of this and visual and analytical confirmation of such. Additionally, and importantly, the investigation uncovered that tensile strength is the driving penetrative fracturing source and revealed the interesting ductile qualities of Brass deformation compared to Steel.
For future investigations, time dependant, a finer mesh for both plate and projectile should be used in order to fully maximise and interpret the results. Time limitation and computational speed were constraining factors.
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