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1. [bookmark: _Toc134776727]Introduction
The objective of this assignment is to contextualise taught module content relating to the computational modelling of ballistic impact and the dependence of stress on strain and strain rate.
The computer modelling program ABAQUS will be used to set up and model a ballistic scenario. The scenario itself will be based on the one created in an ABAQUS technology brief by Dassault Systemes [1].
Once created the scenario will be explored by altering the following variables:
1. Projectile velocity.
2. Changing the impact plate material.
3. Using Johnson-Cook and simple material property parameters.
4. Changing the angle of impact.
Once the experimental modelling has been run and the results collected, a discussion section will link concepts covered in the physics module relate to the ballistic scenario. This discussion section will cover:
· Kinetic Energy.
· Newton’s second law of mechanics.
· Work Done.
· Stress, Strain & Resilience.
· Resultant Force Vectors.
2. [bookmark: _Toc134776728]Experimental Details
[bookmark: _Toc134776729]2.1 Initial Ballistic Scenario
The initial ballistic scenario was created using the Dassault Systemes technical brief [1] and in classroom tutorial guidance to produce the projectile-impact plate ballistic scenario. 
[bookmark: _Toc134776730]2.1.1 Projectile and Impact Plate Dimensions
[image: Graphical user interface, text, application
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Figure 1: Schematic of the projectile (left) and the impact plate (right) [1].
[bookmark: _Toc134776731]2.1.2 Mesh-Node optimisation
The number of nodes within the academic software version of ABAQUS used is 250,000. Therefore, several jobs of the projectile and impact plate were run to optimise the use of as many nodes as possible balanced by the time taken to run the simulations. The number of elements and nodes is shown in Table 1. As stated by Suresh: using a fine mesh could make the ballistic scenario more accurate but it increases the computational time to run the simulation [2]. A compromise is struck between simulation accuracy and computer laboratory time available to run these simulations. 
	
	Global Size
	Number of Elements
	Number of Nodes

	Projectile
	0.0025
	490
	935

	Impact Plate
	0.0025
	145200
	162382


[bookmark: _Ref133218938]Table 1: Mesh properties of the projectile and impact plate in the ballistic scenario.
Optimisation of the ballistic scenario took approximately 3 days.  As can be seen in Figure 2 this step included changing the shape of the projectile to match closer the dimensions referenced in the technical brief [1]. Once optimised each ballistic scenario job took around 20 minutes.
[image: A screenshot of a computer

Description automatically generated with medium confidence]                                                          [image: A computer screen capture

Description automatically generated with medium confidence]Mesh optimised & projectile reshaped.

[bookmark: _Ref133218792]Figure 2: Refinement of the ballistic scenario to be simulated, in ABAQUS for the investigation.
[bookmark: _Toc134776732]2.2 Test Matrix
The final test matrix for the investigation is shown in Table 2. Material parameters for the Johnson-Cook Aluminium and steel alloy were taken from the technical brief [1]. Material parameters for the titanium alloy was taken from articles by Xinjian et al and Fang et al [3] [4]. Material parameters for the simple annealed copper and other materials were cross referenced from the website “Matweb.com” [5]. Further details on the material parameters can be found in Annex A.
	Job
	Impact plate material & model
	Projectile material & model
	Projectile velocity (ms-1)
	Time period (s)
	Angle (degrees)

	1
	JC Al 6061-T6
	JC Steel 4340 C-30
	100
	0.001
	90

	2
	JC Al 6061-T6
	JC Steel 4340 C-30
	300
	0.001
	90

	3
	JC Al 6061-T6
	JC Steel 4340 C-30
	600
	0.001
	90

	4
	JC Al 6061-T6
	JC Steel 4340 C-30
	900
	0.001
	90

	5
	JC Al 6061-T6
	JC Steel 4340 C-30
	1200
	0.001
	90

	6
	JC Al 6061-T6
	JC Steel 4340 C-30
	900
	0.0001
	90

	7
	JC Al 6061-T6
	JC Steel 4340 C-30
	1200
	0.0001
	90

	8
	JC Ti-6Al-4V
	JC Steel 4340 C-30
	900
	0.0001
	90

	9
	JC Steel 4340 C-30
	JC Steel 4340 C-30
	900
	0.0001
	90

	10
	JC Steel 4340 C-30
	JC Steel 4340 C-30
	1200
	0.0001
	90

	11
	Simple Annealed Cu
	JC Steel 4340 C-30
	100
	0.001
	90

	12
	Simple Annealed Cu
	JC Steel 4340 C-30
	300
	0.001
	90

	13
	Simple Annealed Cu
	JC Steel 4340 C-30
	600
	0.001
	90

	14
	Simple Annealed Cu
	JC Steel 4340 C-30
	900
	0.001
	90

	15
	JC Al 6061-T6
	JC Steel 4340 C-30
	300
	0.0001
	45

	16
	JC Al 6061-T6
	JC Steel 4340 C-30
	600
	0.0001
	45

	17
	JC Al 6061-T6
	JC Steel 4340 C-30
	900
	0.0001
	45

	18
	JC Al 6061-T6
	JC Steel 4340 C-30
	900
	0.0001
	50

	19
	JC Al 6061-T6
	JC Steel 4340 C-30
	900
	0.0001
	55

	20
	JC Al 6061-T6
	JC Steel 4340 C-30
	900
	0.0001
	60


[bookmark: _Ref133221684]Table 2: Final test matrix.
3. [bookmark: _Toc134776733]Results & Discussion
[bookmark: _Toc134776734]3.1 Increasing Velocity
	Velocity (ms-1)
(Images captured when projectile has stopped)
	Observations from simulation
	Calculated Kinetic Energy of Projectile (J)

	100  [image: A screenshot of a computer

Description automatically generated]
	Non penetration.

	405

	300  [image: A screenshot of a computer

Description automatically generated]
	Non penetration.
 
	3645

	600  [image: A picture containing text, screenshot, software, multimedia software

Description automatically generated]
	Partial Penetration.
Projectile lodged into impact plate.
	14580

	900  [image: A picture containing text, screenshot, software, multimedia software

Description automatically generated]
	Full penetration.
	32805

	1200
[image: A screenshot of a computer
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	Full penetration.
	58320


[bookmark: _Ref134687911]Table 3: Simulation results for the Steel projectile impacting the aluminium impact plate at increasing velocities.
[bookmark: _Toc134776735]3.1.1 Kinetic Energy
Increasing the velocity (ms-1) of the projectile increases the kinetic energy of the projectile. This can be quantified in Joules with Equation 1 [6]:

[bookmark: _Ref133238891]Equation 1: Kinetic Energy.
Therefore, when the projectile contacts the impact plate at greater velocity there is more energy at contact. This explains why at greater velocity there a greater chance of penetration and more damage is observed in the impact plate. The theoretical kinetic energy of the projectile has been calculated in Table 3 for each different velocity scenario.
It is possible to use Equation 1 to calculate the kinetic energy at the point of impact. As can be seen from Figure 3 there is a quadratic relationship between kinetic energy and projectile velocity. One can appreciate the amount of kinetic energy the impact plate can absorb before the projectile is able to penetrate it. 
It is also possible to plot the zones of penetration, partial penetration, and penetration on this plot to observe at what velocities the 26.3 mm impact plate will resist penetration from the projectile. This could be useful if conducting a further study into armour plating as one could vary the impact plate thickness to determine what thicknesses are required to protect against projectiles at required velocities.
[image: ]
[bookmark: _Ref134687654]Figure 3: Projectile (0.081kg) velocity vs Kinetic Energy.
[bookmark: _Toc134776736]3.1.2 Work Done Analysis
Taking the depth of penetration from the ABAQUS simulations it is also possible to calculate the work done or the force exacted by the impact plate during the non-penetration and partial penetration scenarios from the ABAQUS simulations (Table 4).
First step is to calculate the acceleration of the projectile using one of the rearranged SUVAT equations [6] and knowing the initial projectile velocity (u), final projectile velocity (v, 0 in all three cases) and the depth of penetration (s):


Equation 2: Rearranged SUVAT equation to find acceleration.
With the acceleration the Force exerted can then be calculated from Newtons second law of motion [6]: 

Equation 3: Newtons Second Law of Motion to calculate Force in Newtons.
We can then use the equation for work done to calculate the energy absorbed [6]:

Equation 4: Work done (J) equation.

	Initial Velocity, u
(ms-1)
	Depth of penetration, s
(m)
	Acceleration, a
(ms-2)
	Force, F
(N, kgms-2)
	Work done
(J, kgm2s-2)

	100
	0.006312
	-792142
	-64163
	-405

	300
	0.01315
	-3422053
	-277186
	-3645

	600
	0.02630
	-6844106
	-554373
	-14580


[bookmark: _Ref134695756]Table 4: Depth of penetrations measured from ABAQUS simulations used to calculate work done by the impact plate.
As can be seen in Table 4 the work done values calculated from the depth of penetration matches the calculated theoretical kinetic energy values in Table 3 for the non-penetration and partial penetration ABAQUS simulation scenarios.
This shows the computational ABAQUS data matches the theoretical data. Therefore, this underwrites and gives confidence that this ABAQUS ballistic scenario is performing according to known physical theories.


[bookmark: _Toc134776737]3.2 Changing Impact Plate Material
	Impact Plate Material
(Projectile velocity = 900 ms-1)
(Images captured when projectile has stopped)
	Observations from simulation
	Depth of penetration (m)

	JC Steel 4340 
[image: ]
	Non-penetration.
	15.78

	Simple annealed Cu
[image: ]
	Non-penetration.
	16.52

	JC Ti-6Al-4V 
[image: ]
	Non-penetration.
	21.30

	JC Al-6061 
[image: A picture containing text, screenshot, software, multimedia software
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	Full penetration.
	N/A


Table 5: Simulation results for the projectile impacting various impact plate materials at 900ms-1.


[bookmark: _Toc134776738]3.2.1 Stress, Strain and Resilience
Stress in units of Pascals or Nm-2 is the force exerted into a material when acted on by an external force [7]. 

Equation 5: Stress [7].
Strain is dimensionless and is calculated by dividing the change in length of a material by its initial length [7].

Equation 6: Strain [7].
A stress-strain curve in a tensile test explains the dependence of these two features. It can also be used to describe what is happening in the ABAQUS ballistic scenario. It also gives us several other quantifiable material properties. 
[image: A screenshot of a computer
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Figure 4: Stress Strain curve during tensile testing [7].
Of particular interest are the yield strength, UTS and resilience of a material when comparing the impact plate material responses. The greater these values then the greater the materials ability to withstand damage. Resilience is the number of Joules per unit volume a material can absorb before deforming plastically [7]. It would be better to use Toughness, which would be the entire area of the stress-strain curve up until the strain to failure point to compare against the materials ability to withstand the projectile; but it is not possible to obtain this data at this point within the investigative report.

Equation 7: Equation used to calculate resilience.
From this information we can calculate the theoretical resilience of each of the impact plate materials used in these sets of simulation results. The strain at the yield strength was determined using Microsoft Excel.
	Impact Plate Material
	Tensile Strength
(MPa)
	UTS
(MPa)
	Resilience
(Jm-3)

	Simple Cu annealed
	33.3
	210
	5040

	JC Al-6061
	255
	290
	472000

	JC Ti-6Al-4V
	880
	950
	2360000

	JC Steel 4340 C-30
	972
	1448
	3410000000


Table 6: List of refenced impact plate materials properties for comparison.
When comparing each material property, it is possible to question whether each scenario is simulating as expected. For example, when comparing the Strength values, copper should be the weakest of the four metals as can be seen in Figure 5 and Figure 6:

[bookmark: _Ref134715342]Figure 5: Tensile Strength of each impact plate material [8] [9] [10] [11].

[bookmark: _Ref134715358]Figure 6: UTS of each impact plate material [8] [9] [10] [11].
But in the simulations the simple annealed copper has not been penetrated by the steel projectile as would be expected. This may be because the material parameters for the copper was not Johnson Cook parameters as the other materials were and contains no damage parameters. This can be clearly seen on the simulation runs that the copper impact plate simulation is not being distorted and removed from the simulation on impact and as damage progresses with time in the simulation:
[image: ]
[bookmark: _Ref134767839]Figure 7: An example close-up still of a Copper impact plate lacking damage from the steel projectile.
Therefore, it would be prudent to re-assess these simulations runs. Perhaps with a Johnson Cook model parameters of a copper metal to determine whether these simulations are correct.
A possible benefit of using an impact plate that does not deform or become damaged in a simulation like this is that instead the deformation of the projectile can be studied. As can be seen in Figure 7 the projectile has deformed a great deal and this may have value in informing the better design on a projectile element,
The calculated resilience from reference values could also explain the simulated results:

Figure 8: Calculated resilience values for the impact plate materials.
Resilience like toughness has units of Jm-3 this is how much energy can be absorbed by the material per m3 before failure. The fact that copper has the lowest resilience confirms that there is something wrong with the copper impact plate simulations and that damage is not being modelled according to physical theory. 
The resilience here also shows that the titanium alloy should be able to absorb the most energy per unit volume. In fact, it should be able to do this 1000x more than the steel. But in the simulated results the steel projectile was able to plastically deform and damage more titanium alloy then the steel alloy impact plate with having a greater penetration depth. Therefore, it would also be prudent to reassess the input material parameters for the titanium as perhaps these do not match the material property values for the literature.
These previous points are examples of how we can use referenced material property values to validate ABAQUS computer simulations.


[bookmark: _Toc134776739]3.3 Varying Impact Plate Angle of Penetration.
	Impact Plate Angle
(degrees)
(Images captured when projectile has stopped)
	Observations from simulation
	Depth of penetration (m)

	45 @ 300 ms-1
[image: ]
	Non-penetration.
	0.0526

	45 @ 600 ms-1
[image: ]
	Non-penetration.
Projectile embedded into the impact plate.
	0.1146

	45 @ 900ms-1
[image: ]
	Penetration.
	N/A





	50 @ 900ms-1
[image: A picture containing text, screenshot, software, computer
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	Non-penetration.
Projectile imbedded into the impact plate.
	0.2104

	55 @ 900ms-1
[image: A picture containing text, screenshot, software, computer
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	Non-penetration.
Deflection
	0.1315

	60 @ 900ms-1
[image: A screenshot of a computer
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	Non-penetration.
Deflection
	0.1184


Table 7: Simulation results for investigating the projectile at varying angles and velocity.
[bookmark: _Toc134776740]3.3.1 Increasing Work Done
From these simulations it is possible to see that in increasing the angle of the impact plate, the distance to travel through the impact plate is increased therefore more work is needed to be done to penetrate the plate. Hence, the angled aluminium impact plate can withstand the 900ms-1 velocity projectile up to 45 degrees.
[image: ]
Figure 9: How angling the impact plate increases the distance and work done for the projectile in the ballistic scenario.
The angled plate has also deflected the trajectory of the projectile in several simulations. This means that it has not absorbed all the kinetic energy and not been penetrated. When looking at a diagram detailing the force vectors of the projectile impacting an angled impact plate it is possible to see how not all the kinetic energy is absorbed and instead directed into the force vector parallel to the impact plate.
[image: A screenshot of a computer
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Figure 10: Resultant force vectors in an angled impact plate/projectile scenario.
4. [bookmark: _Toc134776741]Conclusions
The investigation has run over twenty simulations looking at the effects of:
· Increasing velocity on the kinetic energy of the projectile.
· How using the SUVAT equations, Newtons second law of mechanics and the Work Done equation can be used to equate penetration depth in the simulations with theoretical kinetic energy calculations
· The importance of verifying the simulation against theoretical data to underwrite confidence in the simulation.
· The effects of changing the impact plate material on the scenario.
· The importance of verifying the simulation results with known material properties, such as tensile strength, UTS, resilience; from the literature to underwrite confidence in the simulation.
· How changing the angle of an impact plate can be used to increase the work done required for a full penetration by the projectile.
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[bookmark: _Ref133225909][bookmark: _Toc134776743]Annex A
[bookmark: _Toc134776744]Material Property Input Parameters
[bookmark: _Toc134776745]JC Al 6061-T6
	Mechanical and Plastic Input Parameters [6]

	Parameter
	Value

	Density (kg/m3)
	2703

	Young’s Modulus (GPa)
	68.9

	Poisson’s ratio
	0.33

	Johnson Cook Plasticity Model Input Parameters

	Parameter
	Value

	A (MPa)
	262

	B (MPa)
	162.1

	n
	0.2783

	m
	1.34

	Melting Temperature (K)
	925

	Transition Temperature (K)
	293.2

	Johnson-Cook Dynamic Failure Model Input Parameters

	Parameter
	Value

	d1
	-0.77

	d2
	1.45

	d3
	0.47

	d4
	0.0

	d5
	1.6



[bookmark: _Toc134776746]JC Steel 4340 C-30
	Mechanical and Plastic Input Parameters [7]

	Parameter
	Value

	Density (kg/m3)
	7830

	Young’s Modulus (GPa)
	192

	Poisson’s ratio
	0.29

	Johnson Cook Plasticity Model Input Parameters

	Parameter
	Value

	A (MPa)
	792

	B (MPa)
	510

	n
	0.26

	m
	1.03

	Melting Temperature (K)
	1793

	Transition Temperature (K)
	293.2

	Johnson-Cook Dynamic Failure Model Input Parameters

	Parameter
	Value

	d1
	0.05

	d2
	3.44

	d3
	2.12

	d4
	0.002

	d5
	0.61



[bookmark: _Toc134776747]JC Ti-6Al-4V
	Mechanical and Plastic Input Parameters [8]

	Parameter
	Value

	Density (kg/m3)
	4430

	Young’s Modulus (GPa)
	113.8

	Poisson’s ratio
	0.342

	Johnson Cook Plasticity Model Input Parameters

	Parameter
	Value

	A (MPa)
	790

	B (MPa)
	478

	n
	0.28

	m
	1

	Melting Temperature (K)
	1880

	Transition Temperature (K)
	293.2

	Johnson-Cook Dynamic Failure Model Input Parameters

	Parameter
	Value

	d1
	-0.09

	d2
	0.25

	d3
	-0.5

	d4
	0.014

	d5
	3.87



[bookmark: _Toc134776748]Simple Annealed Cu
	Mechanical and Plastic Input Parameters [9]

	Parameter
	Value

	Density (kg/m3)
	7764

	Young’s Modulus (GPa)
	110

	Poisson’s ratio
	0.343



Simple Annealed Cu	
33.299999999999997	Al-6061	
255	Ti-6Al-4V	
880	Steel 4340 C-30	
972	Tensile Strength (MPa)




Simple Annealed Cu	
210	Al-6061	
290	Ti-6Al-4V	
960	Steel 4340 C-30	
1448	UTS (MPa)




Cu	
5040.409090909091	Al 6061	
471879.53555878083	St 4030	
2361960	Ti-6Al-4V	
3408450704.2253523	Resilience (Pa)




2

image2.png




image3.png
0 | Students»Hub X | § ACDA4019.HN X | [ HowtoWrite: X | G dassaultsysten X | [ mainpdf

x| [ Simulation-of X | G workdoneeqr X | 4

C @
f) Softeng [F) OME

£ Recruitment

F) Finance ) Travel ) Media

£ Procrast

() https://mecademy.org/wp-content/uploads/2021/09/Simulation-of-the-ballistic-perforation-of-aluminum-pl... L& &8
£ Matlab

) Tax

[ https//192.168.1.1/...

%

G

V Draw

¢ @

Read aloud

—+E}|‘1

TS

of6 | @) | ®

Simulation of the ballistic perforation of
aluminum plates with Abaqus/Explicit
Abaqus Technology Brief

Summary

Accurate numerical simulation of ballistic impact events
can provide physical insights that cannot be captured by
experiments. The high velocity perforation process is
very complex and requires the use of reliable and robust
constitutive models capable of simulating material re-
sponse at high strain rates, high pressures, and with
progressive damage.

In this Technology Brief, we describe Abaqus/Explicit
modelling of the ballistic impact of metal projectiles on
metal targets. An impact velocity range of ~0.400.9
km/s is considered and very good quantitative and qual-
itative agreement between the numerical results and
experimental data is shown for both normal and oblique
impacts. We will demonstrate the utility of Abagus/
Explicit as a tool for reducing the amount of experi-
mental testing as well as assessing the projectile residu-
al velocities and time-resolved kinematics.

Background

The inclusion of high velocity impact dynamics in engi-
neering practice allows analysts to account for the ef-
fects of penetrating fragments, accidental loads, and
collisions. Moreover, it allows for a more thorough de-
sign of lightweight protective structures for civil and

67.5 214
12.9'
38.7

Figure 1: Schematic of the projectile (dimensions in millimeters)

Key Abaqus/Explicit Features and Benefits

* Mie-Griineisen equation of state to model mate-
rials at high pressure

* Johnson-Cook plasticity model that accounts for

strain rate, thermal effects and compressibility

* Johnson-Cook dynamic failure model within the
Abaqus ductile damage initiation criterion for
metals

e Progressive damage framework
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