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Abstract 

This report is to identify key differences between specified materials when 

impacted by a steel bullet at 800m/s using Abaqus modelling software, analysing 

and evaluating the results. Areas which will be analysed and evaluated will be 

the effect of the material properties on bullet velocity, how the plate material is 

affected from initial impact through to after complete penetration with regards to 

stresses within the material, including compression, tension and shear. 

This report will also elaborate on how the software is set up to simulate the 

problem, as well as how explicit solvers are used within the OME industry. 
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1 Introduction 

Using Abaqus, a simulation was set up in order to understand the forces acting 

within a projectile and plate in the event of a ballistic impact.  

This report will outline how the simulation was prepared, including creation of the 

simulated models, assignment of the material properties, meshing of the 

materials, application of load which will cause the ballistic impact, simulation of 

the impact and analysis of the results. 

In order to provide further understanding, two different materials were used for 

the plate, Copper and Titanium Alloy Ti-6Al-4V. The material properties for the 

projectile were simple steel. These results were analysed and velocity of the 

projectile for each simulation plotted onto graphs for further understanding of 

effects different materials might have. 
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2 Setting up Abaqus for Simulation 

2.1 Creating a Projectile 

Firstly, a projectile shape was created on abacus using the ‘Part’ module. A Part 

was created using the ‘Create Part’ button, with the modelling base feature 

‘Revolution’ selected. A shape was drawn for this, and the dimensions edited to 

create a projectile 0.032m in radius and 0.101m in length. The shape created was 

that of half of the cross section of projectile, which was then extruded by a 360-

degree revolution, creating a cylindrical projectile.  

2.2 Creating a Plate 

Similarly to the projectile, a part was created for the plate, except this time the 

base feature ‘Extrusion’ was selected. This allowed for a rectangle to be drawn 

and extruded into a rectangular plate of dimensions Width/Depth/Thickness of 

0.304m/0.304m/0.026m. 

2.3 Creating and Assigning Properties 

For this Simulation, 3 materials were chosen; simple steel, titanium alloy Ti-6Al-

4V and copper.  

The simple steel properties were provided by the lecturer and as follows: 

Simple Steel 

Density(Kg/m3) 7850 

Youngs Modulus(GPa) 202 

Poisson’s Ratio 0.29 

Table 1 - Simple Steel Properties 

Only simple elastic properties were used for the projectile as it is the damage to 

the plate which will be identified later in the report. 

The plates however were assigned Johnson-Cook properties, including 

temperature and damage model properties to ensure they acted or reacted 
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correctly. The original documentation of sources for these can be found in the 

appendices. 

Titanium Alloy Ti-6AI-4V 

Density(Kg/m3) 4428 

Youngs Modulus(GPa) 119 

Poisson’s Ratio 0.33 

A 987.8x106 

B 761.5x106 

C 0.01516 

N 0.41433 

M 1.516 

Tmelt(K) 1833 

TTransition(K) 298 

Epsilon dot zero 1x10-5 

D1 -0.09 

D2 0.25 

D3 -0.5 

D4 0.014 

D5 3.87 

Fracture Energy 0 

Table 2 - Titanium Alloy Ti-6AI-4V Properties [1,2,3] 
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Copper 

Density(Kg/m3) 8960 

Youngs Modulus(GPa) 124 

Poisson’s Ratio 0.34 

A 90x106 

B 292x106 

C 0.025 

N 0.31 

M 1.09 

Tmelt(K) 1356 

TTransition(K) 298 

Epsilon dot zero 1 

D1 0.54  

D2 4.89 

D3 -3.03 

D4 0.012 

D5 1.12 

Fracture Energy 0 

Table 3 - Copper Plate Properties [3,4] 

These properties were assigned to their respective parts using the ‘properties’ 

module within Abaqus. 

Other properties included assembling the models together within the ‘assembly’ 

module, assigning the solution and solver using the ‘step’ module, creating and 



 

5 

assigning a load within the ‘load’ module, where the projectile was assigned a 

load of 800m/s, meshing the model using the ‘mesh’ module, and finally running 

the simulation using the ‘job’ module, allowing us to analyse the results of our 

simulation in the ‘results’ module. 
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3 Simulation Results 

3.1 Titanium Alloy Ti-6AI-4V 

The results of the simulation for the titanium alloy plate can be seen in the below 

screenshots, showing the stresses in the materials at each stage and including 

detailed descriptions. 

 

Figure 1 - Initial Impact of Projectile on Titanium Alloy Plate 

This first screenshot shows the initial stresses in the materials upon immediate 

impact, where the stress is most focused not at the tip of the projectile, but in a 

circular area around the tip. This is due to shear stresses alleviating pressure 

buildup at the tip, however causing tensile stresses around in an outward fashion. 

Due to the strength and rigidity of the material the stresses how a short 

wavelength. 
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Figure 2 - Penetration of Titanium Alloy Plate 

This screenshot describes the waves of extreme pressure through the body of 

the plate as the projectile continues to penetrate it. The highest pressure can be 

seen ahead of the vector of the projectile; this is due to the reaction of the alloy 

as it is compressed by tensile stress. 
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Figure 3 - Continued Penetration of Titanium Alloy Plate 

As the projectile continues to penetrate the plate, the waves of stress travelling 

through the material intensify; it can also be seen that the focus of stress is shifted 

to one side more than the other, this is due to deflection within the material. 
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Figure 4 - Initial Breach of Titanium Alloy Plate 

Upon initial breach it can be seen that the projectile has slightly deflected, thus 

causing an imbalance of tensile stress in the material shown on the right of the 

projectile within this screenshot. The stresses have travelled completely through 

the material at this point. 
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Figure 5 - Complete Penetration and Breach of Titanium Alloy Plate Including 

Deflection of Projectile 

As the projectile has left the material, a clear deflection in the vector of the project 

can now be seen. Almost all extreme stresses have dissipated from the material, 

although the material is still at this point completely saturated by stress as the 

rippling waves of kinetic energy continue to move through the material. 
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Figure 6 - Residual Stresses Through titanium Alloy Plate Following Penetration 

This screenshot shows the aftermath of the projectile, with the stresses through 

the material beginning to return to a ground state. Around the penetration extreme 

levels of stress can still be seen, this is due to both the rigidity of the material and 

permanent deformation as a result of the impact and penetration. 
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3.2 Copper 

The results for the simulation completed on the copper plate can be seen below 

at the same increments as was recorded and shown with the titanium alloy plate. 

 

Figure 7 - Initial Impact of Projectile on Copper Plate 

Upon initial impact the long wavelength of the stresses travelling through the 

copper plate could be seen. This is shown as uniformly distributed due to the 

ductile nature of the copper material absorbing vast amount of kinetic energy 

exhibited during the impact. 
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Figure 8 - Penetration of Copper Plate 

Penetration of the copper plate can be seen here, with deformation around the 

opening due to the ductility of the copper material. This in turn has resulted in a 

long wavelength of stress. 

 

Figure 9 - Continued Penetration of Copper Plate 

As the penetration continued, the absorption of kinetic energy can be represented 

by the illustrated volumes of stress occupying the material building up. At this 

point the entire plate had been subject to stress factors. 
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Figure 10 - Pre-Breach Deformation of Copper Plate 

Prior to breaching the copper plate, the material was greatly stretched and 

deformed due to its ductility. This resulted in permanent deformations and 

residual stress around the penetration. A wave of reduced stress throughout the 

material can be seen here. 

 

Figure 11 - Breach of Copper Plate 

Once the copper plate was breached, the magnitude of deformation could be 

seen. It would be hard to tell at this point if the projectile was deflected at all just 
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be looking at the stresses, a measurement of the dimensions of the cross section 

of the projectile would need to be taken to understand what deflection there was, 

if any. 

 

Figure 12 - Complete Penetration and Breach of Copper Plate 

Following the complete penetration and breach of the copper plate, a full 

deformation of the material can be seen. A deflection of the projectile to change 

its vector away from the cross section can also be seen, both by the clear 

dimensions of the cross section of the projectile and by the profile of stresses in 

the penetration slightly above and central to the breach.  
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4 Plotting Velocity Graphs 

4.1 Titanium Alloy Ti-6AI-4V 

 

Figure 13 - Velocity Graph of Projectile Penetration Through Titanium Alloy Plate 

This graph shows the plot of the velocity of the projectile from initial impact to 

complete penetration, through the titanium alloy plate. It can be seen that the 

initial impact of the projectile did not decrease the velocity by more than 40m/s, it 

was still travelling at a speed of around 360m/s following complete penetration. 
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4.2 Copper 

 

Figure 14 - Velocity Graph of Projectile Penetration Through Copper Plate 

This graph shows the plot of the velocity of the projectile from initial impact to 

complete penetration, through the copper plate. It can be seen that the reduction 

in velocity of the projectile due to impact was far greater than that of the titanium 

plate, with the velocity after impact being decreased by more than 100 m/s, the 

final velocity is also far less at roughly 180m/s, demonstrating absorption of 

kinetic energy in the material having less deflection but more stopping power 

overall. 
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4.3 Comparison 

4.3.1 Shear Stresses 

In this section, a comparison between the two plate materials can be seen to 

analyse shear stresses. Each screenshot was a side by side of the same frame 

using abaqus’ parallel port feature. The left simulation is the copper plate whilst 

the right is the titanium alloy. 

 

Figure 15 - Sheer Stress Comparison of Two Materials During Initial Impact 

This screenshot shows the difference in shear stresses upon initial impact, where 

there was a far greater stress in the rigid and brittle titanium alloy, due to the 

ductility of the copper being able to absorb more of the stress throughout its 

structure. 
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Figure 16 - Sheer Stress Comparison of Two Materials During Penetration 

During penetration of the two materials, the shear stress could be seen to reside 

in higher stresses more locally to the penetration in the titanium alloy than in the 

copper plate, which is to say shear stress dissipated more quickly for titanium. 

 

Figure 17 - Sheer Stress Comparison Between Two Materials During Continued 

Penetration and Initial Breach of Titanium Alloy 

During continued penetration, the copper plate absorbed more of the sheer stress 

due to its conductivity, and as a malleable material it trended to plastically deform 

whilst the titanium alloys brittleness resulted in a clear breach and complete 

penetration earlier. 
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Figure 18 - Sheer Stress Comparison Between Two Materials Following Breach 

and Clearance of Projectile 

Once the projectile had completely penetrated both materials, it could be seen 

that the shear stresses remained throughout the copper plate for longer than in 

the titanium alloy. 

4.3.2 Tensile Stresses 

Similarly to the previous section, a comparison between the two plate materials 

can be seen, except this time to analyse the tensile stresses. As before each 

screenshot is a side by side of the same frame using abaqus’ parallel port feature. 

 

Figure 19 - Tensile Stress Comparison of Two Materials During Initial Impact 

During the initial impact, the tensile stress was far greater in the titanium alloy, as 

its lack of ductility meant that compression of the material spread quickly 

throughout, whilst the copper plate absorbed the compression more locally. 
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Figure 20 - Tensile Stress Comparison of Two Materials During Penetration 

Furthering from the last screenshots description, the tensile stress can be seen 

here to be far greater throughout the titanium plate, whilst in the copper plate high 

levels of tensile stresses stayed local, with only low levels felt throughout the 

material. 

 

Figure 21 - Tensile Stress Comparison Between Two Materials During Continued 

Penetration and Initial Breach of Titanium Alloy 

The tensile stresses continued to build through the titanium alloy, showing that 

the entire material felt the high pressures at the point in which the projectile first 

breached the plate, whilst the copper plate continued to absorb many of the 

stresses locally, with a slight increase in stress felt throughout the material. 
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Figure 22 - Tensile Stress Comparison Between Two Materials Following Breach 

and Clearance of Projectile 

Once the projectile had completely penetrated the plate, the tensile stresses can 

be seen to quickly begin to diminish within the copper plate, whilst in the titanium 

alloy the stresses remained throughout. The copper plate also can be seen to 

have exhibited higher levels of tensile stresses locally, as a result the material 

had deformed. 
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4.3.3 Tensile vs Shear Stresses (Probed) 

During the analysis of the simulation, the materials were analysed on a finer scale 

by using the probe feature of abaqus to analyse the tensile and shear stress 

values of a single node for each material, to understand compression through the 

parallel and perpendicular planes of the material. 

 

Figure 23 - Probed Shear Stress of Copper Plate During Penetration 

The values here read that the shear stress at this point in the simulation was 

valued at 149MPa. 

 

Figure 24 - Probed Tensile Stress of Copper Plate During Penetration 

The values here show that the tensile stress read 1.12Gpa, just over 7.5 times 

more pressure felt by the shear stress, confirming that the material compressed 

more than it was cut by the projectile before splitting. 
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Figure 25 - Probed Shear Stress of Titanium Alloy During Penetration 

The probe point used for the titanium at the same frame had to be taken from one 

layer lower, due to the fact that the material at the previously measure point had 

already been destroyed at this stage. The reading was 17.5Mpa, lower than the 

copper plate however this was a result of the difference in position. 

 

Figure 26 - Probed Tensile Stress of Titanium Alloy During Penetration 

The Tensile stress felt at this same point was 226Mpa, which was more than 12 

times that of the shear stress. This describes that the tensile stress felt throughout 

the titanium alloy, compared to the shear stress, was far greater than that of the 

copper plate, likely due to the ductility of the copper plate absorbing more of the 

tensile stress during the impact and penetration.
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5 Summary and Evaluation 

5.1 Summary 

This simulation has looked at material properties of copper and titanium alloy, 

including how they react when impacted by a projectile moving at 800 m/s. It has 

clearly described the ductile and brittle natures of the materials, as well as 

elaborated on the shear and tensile stresses felt throughout the materials. 

5.2 Applications in the OME Industry 

Within the OME industry, two examples of explicit solvers are FLACS-CFD and 

EXSIM. [5, 6]  

FLACS-CFD focuses on: 

- Natural and forced ventilation as well as containment through leaks and 

dispersion of dangerous substances  

- Vapour cloud explosions 

- Jet and pool fires 

- Hydrogen risks connected with the use of hydrogen as an energy carrier 

- Blast wave propagation 

- Industrial dust explosions 

Whilst EXSIM looks at: 

- How geometries and terrain affect explosions and their consequences 

- Minimizing the impact of explosions through layout optimisation 

- Optimising the design of explosion mitigation measures 

These are important within industry when looking at component and whole 

system safety measures and applying operating procedures and boundaries or 

limitations so that catastrophic incidents are not exhibited. 

5.3 Limitations and Approximations 

Limitations of this type of simulation are that the program doesn’t take into 

account any chemical reactions that may be experienced between the collision 

of the two materials and therefore could misinform of any damage or reaction as 
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a result. An example of where this would be more important would be if the 

materials were made of aluminium and iron, where a thermite reaction may be 

experienced if the conditions where right vastly effecting the outcome of the 

simulation.[7] 

Other limitations include the lack of fragmentation exhibited during the simulation, 

which would be important within the OME sector as fragmentation poses a 

significant threat to life.[8] 

An approximation which can be understood by the software itself is that is 

assumes the materials are uniform throughout, whilst in the real-world materials 

are not uniform and instead are made up of grains, made a small as possible to 

try to achieve as close to uniformity as possible [9]. This can also be understood 

by the number of nodes available during the setup of the simulation, with the 

software being limited by the amount available to be used due to processing 

power. 

 

5.4 Evaluation 

In conclusion, the simulation provides a great baseline understanding of the 

different behaviours of different metal plates during the collision and penetration 

of a projectile, however there would need to be a higher level of accuracy to 

understand better the effects this would have in a real-world situation. 

5.5 Future Direction of Simulation 

Simulation is a great way to understand collision mechanics without the 

requirement to handle any potentially dangerous equipment or materials and 

provides detailed descriptions of a reaction between moving and static objects. It 

can be presumed that in the future, as computer program become more and more 

capable as well as the introduction of generative AI and AI learning programs, 

simulation programs will become more and more accurate until they almost 

completely replace field testing, with only the occasional assurance field test 

required to ensure the simulation software is calibrated correctly. 
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7 Appendices 

7.1 Screenshots of Johnson-Cook material and Damage Model 

Values Used 

 

Figure 27 - Johnson-Cook Material Properties and Damage Model Values for 

Titanium Alloy. 
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Figure 28 - Johnson-Cook material Properties for Titanium Alloy 
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Figure 29 - Johnson-Cook Material Properties for Copper and Titanium Alloy 
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Figure 30 - Johnson-Cook Damage Model Values for Copper 


