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1. Introduction and Background
The HK (Heckler Koch) 4.6x30mm cartridge was developed in the late 1990s as a Personal Defense Weapon (PDW) cartridge. Effectively a miniature rifle round containing a supersonic projectile within an extremely small cartridge, it allows for a compact, concealable weapons system with good ammunition capacity, armour-piercing capability and increased range over standard handguns. [1]
The firearm most commonly chambered in 4.6x30mm is the HK MP7, most commonly found within the UK as the standard issue primary firearm of the Ministry of Defence Police (MDP).
4.6x30mm ammunition is manufactured by RUAG Ammotech, who offer three variants: a 2.7g “full metal jacket” round consisting of a copper-jacketed soft lead core; a 2g “action” round consisting of a hollow point bullet designed to expand upon impact; and a 2g copper-coated solid hardened steel bullet, designed as “armour-piercing” [2, 3, 4]. This project focuses on the latter.
Using velocity figures taken from the manufacturer’s specifications, the performance of the hardened steel armour-piercing variant was modelled, simulating the round being fired from ranges of 0m and 50m at the 1.6mm titanium test plate used by the manufacturer (based on the NATO CRISAT target*). The velocity data calculated by the software was then taken and used to compare the loss of velocity and kinetic energy when impacting the plates at these different ranges.
Whilst this model is based on purely the metal plate using the data available, it is known that the armour piercing – bullet can penetrate the NATO CRISAT target* at 200m.
* The NATO CRISAT target is 1.6mm of titanium backed with 20 layers of Kevlar fabric, used to determine the ability of small arms ammunition to penetrate body armour.













2. The Model
2.1 Johnson-Cook Damage Model
The Johnson-Cook damage model is extensively used to model the behaviour of ductile materials (usually metals) when undergoing damage, most commonly within the industrial machining industries, but can also be used for basic ballistic simulations. 
It utilises the JC plasticity model, and therefore assumes that the material will deform linearly until it reaches the limit of elasticity. 
2.2 Constructing the Model
Firstly, the required JC, fracture energy, density and elastic/Young’s modulus parameters were found for both the Bullet [5, 6, 7, 8] and the target [9]. 
The model consisted of two parts and was constructed within Abaqus® following the below process:
1. The target and the projectile (bullet) were initially drawn as the 2D cross section, before being extruded (either linearly or rotationally) into the required 3D shape.
2. The parameters of the two materials – hardened steel and titanium - were entered into the simulation’s materials library.
3. The correct material type was assigned to the target and projectile parts.
4. An instance of each part was added to the assembly, and the two parts aligned to ensure the impact site aligned to the centre of the target. 
5. The parts were then “loaded”, and the direction and velocity of the projectile assigned for the simulation.
6. The parts were then meshed. Tetrahedral elements were used for the projectile, and hexahedral elements were used for the target. 
7. The completed simulation was run, and then repeated using the other required velocity.
Element deletion was activated, as this help the simulation to run smoothly and reduced the risk of it crashing. Whilst this doesn’t have a major effect on the data collected, it does on the imagery produced. 









3. Simulation Results
[image: ]3.1 Projectile @ Velocity 685 m/s (0m range)
Fig. 1 – This frame shows the simulation shortly after impact, with the exact site of impact and the bullet tip experiencing compression, and the surrounding area experiencing tension as the target material begins to be displaced.
[image: ]Fig. 2 – As the bullet tip breaks the rear of the target, the material on the rear surface is under very high levels of tension, whilst the material against the conical tip is compressed as it’s displaced to the side. 
[image: ][image: ]Fig. 3 – The straight shaft of the bullet begins to penetrate the plate, most of the target is now under tension.
Fig. 4 – As the full tip leaves the plate, the final target material is compressed to the side, and the tension in the rest of the material begins to lessen.







[image: ]Fig. 5 – The bullet completely penetrates the plate, with most of the target material returning to having no residual force, except for some of the lower edge and two spots on the top which are still under slight tension.

3.2 Projectile @ Velocity 550 m/s (50m range)
[image: ]
Fig. 6 – Again we observe the site of impact and the bullet tip undergoing compression, but at notably lower levels of force (due to the lower velocity)
[image: ]
Fig. 7 – As the tip of the bullet approaches the rear surface of the target, we again see the rear of the target surrounding the centre of impact experience high levels of tension, with compression either side of the bullet as the material is displaced.
[image: ]
Fig. 8 – As the shaft enters the target, there is mostly tension acting within both the target and the bullet, with the surrounding target material being “pulled” as it’s displaced, and the bullet tip also under tension as the target resists it’s motion.
[image: ]
Fig. 9 – small amount of compression at the sides of the bullet as the final remaining material is displaced to the sides, otherwise the surrounding tension is reducing.
[image: ]
Fig. 10 – Successful penetration.







4. Data and Analysis
4.1 Projectile @ Velocity 685 m/s (0m range)(A)
(C)
(D)
(B)

Fig. 
	Initial velocity
	685 m/s

	
	

	Impact Timestep
	3.10 µs (2dp)

	Exit Timestep
	24.15 µs (2dp)

	
	

	Final Velocity (on exit)
	669 m/s



Many factors alter the velocity of our round during the impact process. Obviously the main forces exerted on the bullet during impact are that of it actually hitting the plate, followed by the shear/friction forced exerted when the conical tip of the bullet widens the hole to its full width. Due to the projectile being so small and light, smaller forces also lead to the jagged velocity graph we see, with friction between the side of the bullet and the side of the penetration hole (once at full width), contact with debris and even air resistance creating the uneven peaks and troughs.
That said, at this speed there is a clear, almost constant deceleration of the projectile after impact to approx. 650 m/s (A), followed by a period of (averaged to remove peaks) constant velocity as the cylindrical part of the bullet passes through the hole (B), followed by a clear increase in velocity to approx. 670 m/s as the bullet loses contact with the target (C). The velocity then fluctuates some more before stabilising for continued flight around 655m/s. (D). 
4.2 Projectile @ Velocity 550 m/s (50m range)
Fig. (A)
(B)
(D)
(C)

	Initial velocity
	550 m/s

	
	

	Impact Timestep
	3.75 µs (2dp)

	Exit Timestep
	31.05 µs (2dp)

	
	

	Final Velocity (on exit)
	529 m/s



The graph isn’t quite as clear for the 550 m/s projectile, however a rapid deceleration can once again be seen as the bullet impacts the plate to approx. 510 m/s (A), followed by a period of similarly constant (once averaged) velocity as the bullet traverses through the hole (B). Again, we see a large obvious increase in velocity to approx. 530 m/s upon exit (C), followed by the fluctuation and stabilisation of the projectile’s velocity once it passes through.
4.3 Comparison and analysis
The exit velocity data from the above graphs was taken and used to calculate the actual and % reduction in velocity of the bullet after penetrating the target plate. 
These figures were then used to calculate the initial and final Kinetic energies of both projectiles by using the formula:
Kinetic Energy Ek = ½ m x V2
The results of these calculations are shown below.
	Initial Velocity (m/s)
	685
	550

	
	
	

	Exit Velocity (m/s)
	669
	529

	Reduction in Velocity (m/s)
	16
	21

	% Reduction in Velocity
	2.34%
	3.82%

	
	
	

	Initial Kinetic Energy (J)
	469.23
	302.50

	Exit Kinetic Energy (J)
	447.56
	279.84

	Reduction in Kinetic Energy (J)
	21.67
	22.66

	% Reduction in Kinetic Energy
	4.62%
	7.50%



As we can see, at 0m range (685 m/s) the impact and subsequent penetration of the titanium plate results in 2.34% reduction in velocity of the bullet, which is equivalent to a 4.62% loss of Kinetic energy. At 50m range (550 m/s), these losses are increased to a 3.82% reduction in velocity and 7.5% loss of kinetic energy.
4.4 Model Limitations
Abaqus® and other modelling softwares must always be used with a degree of awareness due to their limitations. Whilst this simulation is realistic in terms of materials and velocity, and a fairly good approximation of the deformation, it doesn’t take into account factors such as temperature, air resistance or bullet spin. We also activated element deletion to enable the simulation to run without crashing, which results in a very “clean” hole, wheras the actual hole would have a lot more deformed debris surrounding it.
The Johnson – Cook model also assumes that 

















5. Conclusion
At both ranges of 0m (point blank) and 50m, the bullet successfully penetrates the target, with a minimal loss of kinetic energy. The CRISAT target has 20 layers of Kevlar behind the plate, which will also require a high amount of energy to penetrate. 
As to be expected, at a lower velocity, the loss of velocity and kinetic energy is greater, due to there being less initial energy upon impact and therefore more being required to overcome the resistance and successfully penetrate the plate.
Whilst this simulation has limitations, it replicates the penetration to a reasonable degree of accuracy.
It successfully demonstrates the ability to use Abaqus® to simulate basic ballistic impacts.
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