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The effect of Standard NATO 5.56mm upon a range analogue plate and theoretical composite armours. 

Abstract: 
	Using, Dassault Systems Abaqus CAE Student Edition, a range of materials were exposed to a standard 5.56 NATO cartridge through a series of simulations. Conclusions drawn from this study have identified that articles/ laminate armours such as a polycarbonate & A515 Carbon steel, have a greater effect on reducing the velocity of a standard NATO 5.56mm munition, than articles. 
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	Terminal ballistics is the study of a projectile on impact with a target, and the quintessential item of interest in relation to defence science and technology. Imperative to terminal ballistics, is stress and strain of material properties. With the advent of body armour and ballistic technology, it has become imperative to understand these material properties. One of which is to counter a near peer adversaries body armour system, or to protect from the firearms a near peer utilises. Stress is when force is observed over the area of an item. Whereas strain is the effect that strain has upon the that item, typically this is measured in changes in proportion. 
	The effect of strain, can be vividly different, depending on what category a material is attributed to, ductile, or brittle.  Mathematically, principles such as Young’s modulus can be applied to further help in understand. The Young’s modulus is a measurement of elasticity, that is proportional to the strain being received, to the stress being exerted [1]. Typically used in conjunction with this, is Poisson’s ratio, which is the measurement of the decrease in the oblique edges in relation to the extension of length [2]. Furthermore, the Johnson Cook plasticity model is formed from equations that are related to the work hardening behaviour in relation to strain rate [3]. Johnson-Cook also developed a damage modulus that equates for the genesis of impairment [4].
	Inputting the variables, aforementioned, into a sophisticated simulation software like Dassault Systems Abaqus CAE allows for the real time calculation of these factors combined on a virtually designed object. Where this report shall focus upon, a series of simulations will be observed. The following materials, copper, Carbon Steel A515 Grade 70, Aluminium 6061-T6 and poly carbonate will be observed when exposed to a stress of 940ms-1 will be applied. Furthermore, the identification of if combination of materials may arise to an increase in total ductility of a hybrid laminate surface.



[bookmark: _Toc103528848]Method: 

	Using Dassault systems Abaqus, measurements from a standard NATO 5.56 round were drawn into the software using the part tool to create a solid 90o revolve extrusion of the projectile in question. At this time, a target was drawn, measuring, 20 x 20 x 10cm. Following on from this, under properties, the materials mentioned in Table 1 were inserted into the Material manger. These were then assigned individual sections that would be applied to the target and projectile prior to running the simulation. Both the projectile and target were imported into the assembly tool by using the create instance function. Projectile and target were aligned along the leading corner, as can be seen in figure 1 below. 
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[bookmark: _Toc103528849]Figure 1: displays the orientation of the 3d projectile to the target. As can be arranged in the Assembly tool, of Abaqus, using the translate and rotate functions. 




	Following on from this, boundry constrains were assigned to the outer permiter of the target, and to the projectile, see appendices for further instruction. Using the step manager a new step was produced, producing the time boundaries of 7e-06. Using the load tool, a load of 940ms-1 was assigned to the tip of the projectile. This particular velocity being the muzzle velocity of the British Army’s personal wepon system, the L85A3 [5]. Using the mesh tool, seeds were applied to both projectile and target, 0.005, 0.0021 respectively. Seeds were set low due to the limitations of Abaqus Student Edition. Both parts were then meshed, using the generate mesh function, the projectile being assigned a Tet mesh, due to the complex geometry involved. The target retaining a simple cuboid mesh. Afterwhich simulations of a variety of material combinations were then simulated, and graph data plotted. 

[bookmark: _Toc103528850]Table 1: Displays the material properties obtained from the literature, for Carbon Steel A515 Grade 70, Aluminium 6061-T6, polycarbonate,  and Copper. Table displays, density, elastic properties, Johnson Cook plastic, and Johnson Cook Damage, D1: Initial failure Strain, D2: Exponential Failure, D4: Strain Rate Factor, D5: Temperature factor. Note,  ** identifies that values could not be sourced/ obtained from literature and thus omitted from this experiment. [6] [7] [8] [9] [10] [11] [12]
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[bookmark: _Toc103528851]Table 2: displays the nine material configurations tested within this simulation based experiment using Dassault Systems Abaqus CAE Student Edition. Referring to figures of projectile velocity that can be found in the results section.
	Target   Composition
	
	Projectile Composition

	
	Vs 
	Steel
	Copper
	Aluminium

	
	Steel
	Figure one
	Figure four
	Figure seven

	
	Copper
	Figure two
	Figure five
	Figure eight

	
	Aluminium
	Figure three
	Figure six
	Figure nine



	A secondary element to this experiments design is to introduce the design of composite, or laminated armour plates. This was achieved through the same route when designing the plain article armour. However, this armour was partitioned into four sections along the vertical axis of the face plane whilst retaining the same total thickness of 10mm.  Alternate layers were assigned, in the order of metal layer, polycarbonate layer, to all four layers. These were then subjected a steel 5.56mm projectile traveling at 940ms-1, and therefore following on from the steps mentioned before, in the simulation. 
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Figure 2: Displays a NATO 5.56 Calibre projectile, composed of steel colliding with a steel target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation, Bottom: Strain exerted upon the target. 
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[bookmark: _Toc103528854]Figure 3: Displays a NATO 5.56 Calibre projectile, composed of steel colliding with a Copper target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.














[image: Chart

Description automatically generated]
[image: Graphical user interface, application, Word

Description automatically generated]
[bookmark: _Toc103528855]Figure 4: Displays a NATO 5.56 Calibre projectile, composed of steel colliding with a Aluminium target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.
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[bookmark: _Toc103528856]Figure 5: Displays a NATO 5.56 Calibre projectile, composed of Copper colliding with a Steel target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.
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[bookmark: _Toc103528857]Figure 6: Displays a NATO 5.56 Calibre projectile, composed of Copper colliding with a Copper target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.
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[bookmark: _Toc103528858]Figure 7: Displays a NATO 5.56 Calibre projectile, composed of Copper colliding with a Aluminium target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.
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[bookmark: _Toc103528859]Figure 8: Displays a NATO 5.56 Calibre projectile, composed of Aluminium colliding with a Steel target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation.
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[bookmark: _Toc103528860]Figure 9: Displays a NATO 5.56 Calibre projectile, composed of Aluminium colliding with a Copper target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.
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[bookmark: _Toc103528861]Figure 10: Displays a NATO 5.56 Calibre projectile, composed of Aluminium colliding with a Aluminium target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.
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[bookmark: _Toc103528862]Figure 11: Displays a NATO 5.56 Calibre projectile, composed of Steel colliding with a Steel & Polycarbonate Laminate target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.
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[bookmark: _Toc103528863]Figure 12: Displays a NATO 5.56 Calibre projectile, composed of Steel colliding with a Aluminium & Polycarbonate Laminate target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.
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[bookmark: _Toc103528864]Figure 13: Displays a NATO 5.56 Calibre projectile, composed of Steel colliding with a Copper & Polycarbonate Laminate target at a muzzle velocity of 940m/s. Left: graph plotting Velocity Vs Time, Right: resultant of animation. Bottom: Strain exerted upon the target.










Discussion:

Overall results obtained through this experiment, require further refinement. Due to the limitations of Dassault Systems Abaqus CAE, there is a clear lack of data reference points caused by the lack of nodes to exploit. However, the results obtained do provide a crude basis for interpretation. The first element of this study weighed up interactions between, all metal articles being tested. What can be observed from this section of the results is that a stronger material such as Grade 70 A515 Carbon steel, provides a much greater penetrative power over the softer materials, due to the exacerbation against the other reference materials. It takes a greater amount of time for the projectile to slow down within this medium. Furthermore, observing the steel’s interactions as an armour articles, shows that this material provides a resistance to penetration from the copper and aluminium tested.  Furthermore, the rate of strain remains relatively conserved throughout all the plotted graphs the force being applied of 940ms-1 is constant. However, it is important to note, that each of the materials in question will undergo a change in length or surface area, dependent on how much force is exerted and the material properties that are attributed to that material. In example of this, it can be observed that both aluminium and copper yielded a higher amount of strain in comparison to the steel article. This is due to the both aluminium and copper being more ductile than the steel article. 

Applying this forward, each of the articles was combined with a known ballistic material, polycarbonate. The articles were subjected to the same simulation parameters.  With the exception just the A515 steel being used as the projectile due to the penetrative power previously displayed.  As can be seen in these results, each of the materials improved greatly when slowing down the projectile. However, to that end, what can also be observed, is that the projectile has a greater chance of penetrating the armour. Albeit that the projectile has drastically slowed down. This is the resultant of the layers of these materials becoming thinner, and thus less likely to have enough supportive material to induce deflection. Applying this, would give these materials a tertiary desirable trait, of preventing tertiary injury from deflection of projectile, as can be seen in many body armour systems in current use [13]. As can be observed in the results of the laminate study, the Steel A515 material yet again provided the better means of preventing penetration, combined with the ductility of the polycarbonate, reducing the likelihood of deflection. 
	
	Albeit that the results collected within this report, provide a foundational approach to ballistics, there remain some areas of improvement to be acted upon. Foremost, the projectile within this experiment was subjected to inertial force, however; lacks centripetal force, with literature providing evidence that rotational energy may be directly proportional to penetrative power [14]. Leading onto this the angle of approach, this simulation accounts for perfect world scenarios. To that end, the energy that was imposed upon the projectile, was assumed to be travelling at muzzle velocity throughout, whereas in a real case, friction from the air would impose drag and thus lowering kinetic energy with time of flight [15]. this further forward, exploring fracture energies of these materials, would also prove to be beneficial. Especially in the instances of understanding the fracture energy of the projectile, and how simulation packages such as Abaqus can be used to design an armour, that would reduce the likelihood of the projectile fragmenting and causing tertiary injury to user.

	In hindsight, it is recommended that if conducting this study again, the aforementioned factors mentioned to be implemented into the simulation. Such as taking into consideration the angle of approach of the projectile. There remain some further elements of study, it would be desirable for there to be a simulation of ceramics, and ceramic composite armours. Taking this further, one element of the experimental design that was dropped from study, due to limitations of nodes, was bullet jackets. I.e. copper jackets around a much denser inner core, such as tungsten, steel, or depleted uranium. Onwards, a physical trial of the data accumulated from either study, would allow for studies in a true world scenario, furthermore, data from this physical trial may be used to further improve simulations of this nature in the future. I.e. measurements of external factors. As well as validating, of disproving the results obtained from simulation. 

Furthermore, on a simulation level, it proved difficult to provide detailed results, this is due to being locked to the number of 1000 node interactions that Abaqus Student Edition provides. Subsequently, mesh models were too large to obtain a dataset from a fine selection of node interactions. This is an acknowledged fault of the author, due to time constraints during time present in class. 
[bookmark: _Toc103528865]Conclusion: 

	In conclusion it has been identified that, laminate armour plates work by reducing velocity through friction. Furthermore, the addition of a more ductile material, to a brittle material helps to increase overall elasticity, and therefore producing a much more effective means of preventing successful penetration. To that extent, this is a simulation-based exercise, and no full conclusions should be drawn without a follow-on trialled study of the items outlaid.
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Using Dassault systems Abaqus, measurements from a standard NATO 5.56 round
were drawn into the software using the part tool to create the projectile in question. At this
time, a target was drawn, measuring, 20 x 20 x 10cm. Following on from this, under
properties, the materials mentioned in Table 1 were inserted into the Material manger.
These were then assigned individual sections that would be applied to the target and
projectile prior to running the simulation. Both the projectile and target were imported into
the assembly tool by using the create instance function. Projectile and target were aligned,

as can be seen in

Table 1: Displays the material properties obtained from the literature, for Carbon Steel A515
Grade 70, Aluminium 6061-T6, and Copper. Table displays, density, elastic properties,
Johnson Cook plastic, and Johnson Cook Damage, D1: Initial failure Strain, D2: Exponential
Failure, D4: Strain Rate Factor, D5: Temperature factor. Note, ** identifies that values could
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