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Abstract
A high strain rate investigation was carried out of a bullet striking a steel and aluminium laminated target utilising the Johnson-Cook damage and plasticity parameters input into Abaqus. Three simulations were carried out based on a pre-populated simulation file axi_ballistics2.cae (AB2), with materials changed to aluminium and steel. Two of the simulations also featured an enhanced mesh, one with element deletion and one without. It was found that although the greater mesh density resulted in a more accurate simulation, varying damage values propagating throughout individual elements suggested that the enhanced mesh was still too coarse. There were also several limitations to the software, primarily of which was the inability to run a simulation without crashing when element deletion was removed.
  
1. Introduction
There is ongoing research within the defence industry to enhance the effectiveness and reliability of ballistic armour; either light armour such as body armour or personnel helmets [1], or heavier armour used to protect vehicles in combat [2]. One such process currently used in various types of armour is a process of lamination, in which multiple layers of material are sandwiched together. Chaichuenchob et al [3] have presented an example of transparent armoured glass using laminated sheets of soda-lime glass and polyvinyl butyral (PVB) films, resulting in good ballistic protection performance whilst keeping thickness and weight to a minimum. Similarly, many armoured fighting vehicles (AFVs) utilise lamination to excellent effect, such as roll bonding a layer of rolled homogenous armour (RHA) with high-hardness armour (HHA) creating a single composite armour plate. By combining the projectile fragmentation qualities of HHA and the absorber qualities of the RHA, this lamination technique produced a composite armour 78% more effective than RHA alone [4]. 
To evaluate the effectiveness of new types of armour, simulation trials could be carried out in which several material models can be used to characterise the behaviour of materials under stress and strain. This is diagrammatically represented on a stress-strain curve such as figure 1.1.
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Figure 1.1 – Generic stress-strain curve representing the elastic and plastic regions of a ductile material under a tensile load [11] [13].


Direct stress (σ); defined as the force (F) exerted per unit area, is plotted against direct strain (ε), defined as the change in length of the material relative to the original length [5]. As stress is applied, strain is increased proportionally to a point known as yield stress (). If a stress is applied to a material but removed before reaching, the material will deform but still return to its original shape. This is known as the elastic region of a stress-strain curve, the gradient of which is represented by Young’s modulus (E), as shown in equation 1.

Equation 1 – Equation to calculate Young’s modulus (E). σ is stress, ε is strain. [5]

If a stress is applied such that strain becomes greater than, the material will enter the plastic region of the stress-strain curve. At this point, the material will become irreversibly deformed, never returning to its original shape. As depicted by fig 1.1, initially beyond Y the strength of the material increases in a process known as strain hardening [6] to a maximum, known as the ultimate tensile strength (UTS). If further stress is applied, the strength of the material decreases to the point at which it fails.
There are several models to describe material properties for high strain rate applications, one of which is the Johnson-Cook (JC) plasticity model. Developed in 1983 [7] and still one of the most influential models today, it is used to model materials in the plastic region of a stress-strain curve, such as in figure 1.1. The JC formula is shown in equation 2 [8].

Equation 2 – Formula for the Johnson-Cook plasticity model.

The formula consists of flow stress (σ), plastic strain (), initial plastic strain (), temperature (), transition temperature () and melting temperature () of the material. The remaining constants, calculated from various experiments [6] are yield stress (A), strain hardening constant (B), strengthening coefficient of strain rate (C), strain hardening coefficient (n) and thermal softening efficient (m) [9]. 
Johnson-Cook also proposed a model to define the mode in which materials fail, from damage initiation to complete material failure [10]. The equation for the Johnson-Cook dynamic failure model is shown in equation 3.

Equation 3 – Formula for the Johnson-Cook dynamic failure model. [10] [11]

Equation 3 consists of fracture strain (), plastic strain (), initial plastic strain (), mean stress (), Mises stress () and temperature (). Also included are 5 damage constants, D1-D5 [10] [11]. The JC failure model is used to represent how ductile materials behave at the point at which damage starts to occur as represented by the stress-strain curve in figure 1.2.  represents the initial plastic strain,  is the failure strain value.



[image: ]
Figure 1.2 – Typical stress-strain curve, including damage evolution curve represented by JC dynamic failure model [11] [13].

The rest of this report will detail simulated examples of a projectile hitting a laminated target, using values for both Johnson-Cook plasticity and dynamic failure models programmed into Abaqus software.

2. Simulation setup
To investigate a high strain rate problem, a simulation of a projectile hitting a laminated metal target was conducted using Abaqus simulation software. The simulation was based on a predefined simulation file named axi_ballistics2.cae (AB2), with the materials changed to steel and aluminium, as opposed to copper and plastic. Three simulations were conducted in total, as summarised below: 
· Aluminium and Steel with element deletion using enhanced mesh – Referred to as AS100K in this report.
· Aluminium and Steel with NO element deletion using enhanced mesh – Referred to as ASND in this report. 
· Aluminium and Steel with element deletion using original mesh from AB2 – Referred to as ASAB2 in this report.
Shown in figure 2.1 is use of the material manager in the ‘Property’ module, which was used to create the materials chosen for the simulation of aluminium and steel (labelled target steel to differentiate between the target and projectile). 

[image: ]
Figure 2.1 – Screenshot of material manager in 'Property' module used to create materials and assign material properties from literature research. The grey layers were assigned as target steel and green layers assigned as aluminium.

Material properties were assigned by selecting ‘Edit’ on the chosen material. These properties include the JC plasticity and damage parameters, density and elastic properties, a summary of which is listed in figure 2.2.
	
	Aluminium 
	Target steel

	JC plastic 
	
	

	A (Pa)
	546000000
	792000000

	B (Pa)
	678000000
	510000000

	C
	0.024
	0.014

	n
	0.71
	0.26

	m
	1.56
	1.02

	Melting temperature (K)
	925
	1520

	Transition temperature (K)
	293.2
	293.2

	
	
	

	JC damage
	
	

	D1
	-0.068
	0.05

	D2
	0.451
	3.44

	D3
	-0.952
	-2.12

	D4
	0.036
	0.002

	D5
	0.697
	0.61

	Melting temperature (K)
	925
	1520

	Transition temperature (K)
	293.2
	293.2

	Reference strain rate
	1
	1

	Fracture energy
	10000
	100000

	
	
	

	Density (kg m-3)
	2810
	7850

	
	
	

	Elastic
	
	

	Young’s Modulus (Pa)
	71700000000
	205000000000

	Poisson’s ratio
	0.33
	0.33


Figure 2.2 – Table of material properties for JC plastic and damage models, density, and elastic. These values were input into the relevant section in the materials manager [10] [14].


Once the material has been created, the corresponding section for which the material was assigned to was also created using the ‘Create section’ button on the ‘Property’ module. For both aluminium and target steel, the solid/homogeneous type was used. The materials created in an earlier step were then assigned to the corresponding sections as shown in figure 2.3.

[image: ]
Figure 2.3 – Screenshot of assigning material to corresponding section in simulation setup. In this screenshot, the aluminium material properties from figure 2.2 were assigned to the aluminium section.

An improvement to AB2’s mesh was carried out by increasing the number of seeds on each edge of the target plate. Firstly, on the mesh module, all horizontal layers were highlighted and ‘Seed edges’ was selected. The minimum size was reduced from 0.0015 in AB2, to 0.0005 in the enhanced simulations, with the maximum size staying constant between the two mesh types. Conversely, on the vertical edge, rather than adjusting the size, the number of seeds was increased from 2 on ASAB2 simulation to 8 seeds on the enhanced simulations. Figures 2.4 and 2.5 compare the mesh of ASAB2 vs AS100K and ASND.
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Figure 2.4 - Screenshot detailing ASAB2's mesh before the enhancement was made.

[image: A screenshot of a computer
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Figure 2.5 - Screenshot of enhanced mesh used in AS100K and ASND. The number of seeds were increased from 2 to 8 on vertical edge and reducing minimum size on horizontal layers.
The final step in enhancing AB2 simulation was to set the interaction of the projectile with the target. Without this vitally important step, the projectile would pass through the target as if it was never there. Figure 2.6 details this interaction step.
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Description automatically generated]
Figure 2.6 - Screenshot highlighting the nodes within the target that will interact with the projectile as it passes through.
As shown in figure 2.6, the first surface set was ‘m_Surf-5’ which represents the surface of the projectile. The second surface set was ‘New nodes’ which represents the nodes within the target layers, that were most likely to interact with the projectile on impact. 

Following the adjustments as described in this section (for the 2 simulations with enhanced mesh), the simulation can then be run in the ‘Job’ module. In the ‘Job manager’ menu, a job is created, assigned a short description to differentiate different simulations and submitted. Once the simulation has completed, the results can be viewed using the ‘Results’ button within Job manager as shown in figure 2.7.
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Figure 2.7 - Screenshot detailing the various simulations that were run.
Simulation ASAB2 was carried out on a separate simulation file, hence the presence of two ‘Job manager’ menus in figure 2.7.   

3. Results and discussion
[image: ]The simulation results comparing AS100K and ASAB2 simulations have supported the theory of finite element analysis (FEA) in that a finer mesh will result in a more accurate simulation compared with coarser mesh [12]. One of the inaccuracies highlighted with the coarse mesh of ASAB2 is depicted in figure 3.1 and 3.2.







Figure 3.1 shows damage occurring to the highlighted element of the ASAB2 mesh, despite the surrounding elements showing no damage and a lack of contact between the bullet surface nodes and Figure 3.1 – Screenshot of damage evolution taking place within an element (circled red) in the ASAB2 simulation.
Figure 3.2 – Screenshot of the same element as figure 3.1 post deletion in a consecutive step.


Figure 3.1 highlights an element undergoing significant damage at approx. 0.73 despite no interaction from the projectile or surrounding elements. Figure 3.2 is the same element post deletion in the consecutive step suggesting all nodes within that element have surpassed the fracture energy required for the element to delete.
However, there was evidence to suggest that even the enhanced mesh in AS100K was still too coarse as depicted in figure 3.3. 
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Figure 3.3 – Elements circled have highlighted varying damage values within the same element in the AS100K simulation.
The highlighted elements show damage propagating through the elements, from a low damage value of approx. 0.1 at the base of the elements, to a near fully damaged value of approx. 0.96 at the tip of the elements. With a finer mesh, the area between the 3 nodes of the triangular elements would be far smaller and hence would be reaching the fracture energy at approximately the same time, allowing more consistent damage values across the element. Currently with this mesh, the element can’t delete until all 3 nodes have met the fracture energy criteria, but due to the larger area of the element, the nodes at the base of the element have not reached the required fracture energy, whereas the node at the tip has almost, hence inconsistency of damage values. 
The elements highlighted in figures 3.3 and 3.4 below do however support both the Jonhson-Cook damage and plasticity models. Figure 3.4 below shows the same elements during the same step of simulation but depicting plastic strain as opposed to damage. 
[image: Chart, surface chart

Description automatically generated]
Figure 3.4 – Screenshot of elements undergoing plastic strain as the projectile hits the target in the same step as depicted in figure 3.3 during the AS100K simulation.
As highlighted in figure 3.4, the elements are showing a lower value of plastic strain at the base, but higher plastic strain at the tip. This suggests that that as the tip of the elements are subjected to further stress from the projectile, there is greater plastic deformation compared with the base of the elements. On a typical stress-strain curve such as figure 1.2, the damage value shown in figure 3.3 indicate that the tip of the elements has already passed damage initiation (D=0) and are very close to total material failure (D=1), at which point the fracture energy will have been met and the elements would be deleted.
An analysis of bullet velocity was also performed to compare how the mesh density would affect the bullet velocity as it penetrates the target. Figure 3.5 is the velocity plot for the ASAB2 simulation and figure 3.6 is the velocity plot of the AS100K simulation.
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Figure 3.5 – Velocity plot of projectile hitting the target in ASAB2 simulation. 
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Figure 3.6 – Velocity plot of projectile hitting the target in AS100K simulation. 
The bullet velocity was measured from a single point at the tip of the projectile. As this point encounters a node it is compressed causing a reduction in bullet velocity. The tensile stress acting on the elements within the target increase until the element reaches the fracture energy, causing element deletion which subsequently caused the projectile to immediately accelerate due to the lack of resistance from the now deleted element. This accounts for the wayward velocity pattern shown in both figure 3.5 and 3.6. However, there is evidence to suggest that the finer mesh in the AS100K simulation reduced the ‘noise’ recorded on the velocity plot, particularly when comparing post 0.10 milliseconds on figures 3.5 and 3.6. The difference between upper and lower peak velocity values are lower in figure 3.6 in comparison to figure 3.5. It can be theorised that increasing the nodes within the target mesh even further than has been carried out in AS100K, there would be far less variation in velocities measured as the projectile passes through the target. 

4. Limitations of the software
Whilst using Abaqus it has been determined that there are several limitations to the software. Firstly, the output results are very much dependant on the accuracy and credibility of the input data, either taken from academic sources, or practically calculated. For example, whilst researching material parameters, it was difficult to find the fracture energy of Aluminium; there were few sources that also ranged greatly from as low as 90 up to 10,000 J m-2. As fracture energy determines at which point the elements fail and subsequently delete (if selected), it’s important for this data to be accurate. 
There were also multiple examples of the individual layers of materials not recognising each other, causing the layers to ‘float’ past without any interaction, as highlighted in figure 4.1 and 4.2.
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Figure 4.1 – Limitation to the software as the layer of steel is not interacting with the layer of aluminium in the AS100K simulation.
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Figure 4.2 – Another example of the layers within the target ‘floating’ past each other during the ASAB2 simulation.
For most of the simulations carried out in this report, element deletion was active however this is not a realistic representation of a projectile hitting a target as it does not take into consideration the Law of Conservation of Mass. However, a simulation was run in which element deletion was not active named ASND to address this inaccuracy as depicted in figure 4.3.
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Figure 4.3 – Bullet hitting target in ASND simulation showing elemental stretching causing the simulation to be aborted.
Figure 4.3 highlights the stretching of the elements within first steel target layer. Due to the removal of element deletion, once elements have reached the required fracture energy, the software prevents the simulation from running and is aborted after just 104 steps, compared to the 1700 steps of a fully completed simulation.  

5. Conclusion
The high strain rate simulation of a projectile hitting a steel and aluminium laminated target as described in this report has led to the following conclusions:
· The enhancement of the mesh within the laminated target led to more accurate simulation results when compared with the standard mesh in the ASAB2 simulation. 
· The varying damage values within the same elements as highlighted in figure 3.3 suggests that even the enhanced mesh was still too coarse. 
· The results support the Johnson-Cook damage and plasticity models.
· The finer mesh in the AS100K simulation resulted in less ‘noise’ on the bullet velocity plot, although further improvements to the mesh would likely result in even less variation on such plots.
· There are several limitations to Abaqus including the heavy reliance on accurate data, a lack of interaction between individual layers of material and the inability of the simulation to run fully when considering conservation of mass and removing the ability of the elements to delete.
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