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Abstract
This reports details information on how certain materials react when they undergo various stresses and strains when used in a ballistics environment. The aim was to discuss the basics of material properties used for armour plating and then carry out simulations within the simulation software Abaqus which represented a projectile colliding with a laminated plate. The projectile was made of steel and laminated plates throughout three different simulations carried out comprised of Inconel718, Steel and Plastic. Based on the three simulations carried out it was found that Inconel718 laminated plates combined with steel laminated plates provided the greatest results of stress and strain compared to laminated plates made of Inconel718 and plastic which when underwent stress and strain damaged easily and more so when the velocity of the projectile was increased from 500m/s to 1000m/s.  
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1. Introduction
As a projectile travels at high speed and then hits a target made of a certain material what happens to the target will depend on how the target has been created using various materials and at which speed the projectile is travelling. There may also be damage generated to the projectile as it hits the target. As the projectile hits the target at high speed the target can react in various ways due to stress & strain caused by the impact. Depending on what materials have made up the target it can react in various ways.

Armour plating can be used to stop a projectile from piercing through and can be found in body armour, vehicles, tanks and even used within banks. Armour plating is designed to resist shock, and the steel should be strong enough to withstand blasts [1]. Rolled Homogenous Armour (RHA) is a type of configuration of armour plate steel. RHA consists of “a single steel composition, that is hot-rolled to improve its material properties” [1]. 

Armour plating is used in body armour and its main aim is to stop the projectile without causing serious injury to the human body. Hard Armour Plate (HAP) is said to normally contain two types of materials. “Strike-face which is designed to blunt, erode or shatter an incoming round, and a laminated, polymeric backing material which is designed to support the strike-face material, during the initial impact, and then act as an efficient absorber” [2]. 

Another type of armour plating is a fibre-reinforced polymer matrix system which has been developed for its high energy absorption. The material Kevlar is regarded as a “high toughness” material that plays a major role in helping to absorb the energy of an incoming projectile [3]. 

Other materials that are used for armour plating are aluminium (which holds good strength and ballistic properties), Quenched and tempered steel (tough & structural integrity) and magnesium alloys (light but strong material) [3]. 

Ceramics are also used to create armour and the following materials are used [4]:
· Boron carbide;
· Aluminium oxide;
· Silicon carbide;
· Titanium boride aluminium nitride; and
· Syndite. 

The benefits of ceramic armour are said to provide a high amount of protection, lightweight and hard-wearing, reliable, and capable of taking the impact of high-velocity projectiles [4]. 

Multi-layered armour systems (MAS) will provide personal protection against high kinetic energy projectiles. It is made up consisting of a ceramic front, a second layer which is made up of a non-woven curaua fabric composite or aramid with a final back layer of an aluminium alloy [5]. “The fibre named curaua, which is extracted from the Ananas erectifolius plant, is promising for these applications,
due to its high young’s modulus, high strength and high toughness of their composites” [5]. 

Titanium alloy is regarded as another excellent armour material as it is found to have low density and high strength properties and when it is struck with a projectile the alloy will show signs of macroscopic damage [6]. A common failure within titanium alloy is a conoidal fracture which is described as a failure with the dynamic tensile of the material property under strong impact loads [6]. When this occurs “a cone crack that initially runs around the contact surface upon the impact of a projectile on the target plate at a high speed, rapidly spreads downward through the material, shearing out a complete cone of separated material” [6]. 

2. Simulation Setups
As part of this report, a simulation was carried out where a projectile struck a laminated plate and then the results were compared as the projectile hit and passed through the laminated plate. The laminated plate consisted of different materials which represented armour plating. Various simulations were carried out and the following setups are below:
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Figure 1 - Abaqus simulation projectile & laminated plate
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Figure 2 - Projectile direction
[Fig. 1] shows the basic setup of the simulation with the projectile and the laminated plate which is the intended target. [Fig. 2] shows the direction of the projectile prior to hitting the laminated plate. From [Fig. 1,2] you can see the target is made up of five laminated plates.  
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Figure 3 - Projectile Velocity
[Fig. 3] shows that the velocity of the projectile is designed to hit the target of laminated plates at 500 m/s. 
As part of the assignment, it was advised to carry out various simulation setups which involved changing the materials of the laminated plates and reporting how each setup withstood being hit by the projectile and report on the stress and strain effects that occur. After conducting research online on materials that could be used as part of the laminated plate it was decided that a nickel-based Inconel alloy would be an excellent material to use as a laminated plate as it is known for its toughness and strength [7]. Nickel Inconel alloys are made up of “nickel, chromium and molybdenum composition” which all help to reduce “corrosion and pitting” [7]. 
After searching online for a suitable nickel Inconel alloy to use within the simulation as a laminated plate it was found the easiest material to find all properties required for the simulation was Inconel 718. Inconel 718 is used regularly within the aerospace industry due to its high strength and very high temperatures [8]. Inconel 718 is described as having a “High strain-hardening tendency, low thermal conductivity, Inconel 718 is characterised as a difficult-to-cut material” [9].
The Inconel 718 alloy was then created within Abaqus to then be assigned to a laminated plate. The figures to allow the Inconel laminated plate to be created within Abaqus came from the article “Determination of Johnson-Cook Plasticity Model Parameters for Inconel 718” [10]. Figure 4 shows the material parameters for Inconel 718 [10].
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Figure 4 – Material parameters for Inconel 718
Johnson-Cook method is used to “capture strain rate sensitivity of metals” [11].
Youngs Modulus is when the elastic property of a solid material undergoes either tension or compression-only in the one direction [12].
Poisson’s ratio is when “a material constant that relates to stress in one direction to elastic strain in another. Stress describes an external force applied to a material and strain measures the change in shape as a result of that force” [13]
The first simulation took place using a steel projectile [Fig. 5] colliding with the laminated plate [Fig. 6] at 500 m/s. The Laminated plate is made up of three Inconel718 laminated plates with two plastic laminated plates in-between each Inconel plate. 
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Figure 5 - Steel projectile
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Figure 6 - Inconel/Plastic laminated Plates

The second setup consisted of a similar setup from the first with a steel projectile [Fig. 5] colliding with a laminated plate at 500 m/s and the laminated plates consisted of three Inconel plates with two steel plates in-between [Fig. 7]. 
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Figure 7 - Inconel/Steel laminated plates

The third and final setup consisted of a steel projectile [Fig. 5] although the velocity of the projectile was increased to 1000 m/s [Fig. 8] and the laminated plates consisted of the same set up in [Fig. 6] with Inconel and Plastic laminated plates. 
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Figure 8 - Projectile Velocity 1000 m/s
3. Results
The results for the 3 simulated setups will now be shown. Please note the following:
· S Max Principle within Abaqus is when the maximum principal stress in a system is greater than or equal to the yield stress (maximum strength at elastic limit), then failure will occur.
· S12 within Abaqus is sheer stress which is caused by sheer force. 

3.1 Simulation First Setup Results 
Max Principal Images
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Figure 9 - Projectile hitting laminated plate
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Figure 10 - Projectile nearly through laminated plate
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Figure 11 - Projectile bouncing back
[image: A picture containing text, screenshot, display

Description automatically generated]
Figure 12 - Projectile going through laminated plate (Alternative View)
S12 Images
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Figure 13 - Projectile hitting laminated plate
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Figure 14 - Projectile nearly through laminated plate
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Figure 15 - Projectile bouncing back
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Figure 16 - Projectile going through laminated plate (Alternative View)
From the first set up it shows the projectile hitting the laminated plate then passing through the laminated plates until it nears the end, and it bounces back.
3.2 Simulation Second Setup Results
Max Principal Images
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Figure 17 - Projectile hitting laminated plate
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Figure 18 - Projectile on way through laminated plate
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Figure 19 - Projectile bouncing back
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Figure 20 - Projectile going through laminated plate (Alternative View)





S12 Images
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Figure 21 - Projectile hitting laminated plate
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Figure 22 - Projectile on way through laminated plate
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Figure 23 - Projectile bouncing back
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Figure 24 - Projectile going through laminated plate (Alternative View)
From the second setup it shows the projectile hitting the laminated plate, but the projectile does not travel through the laminated plate. Instead, not long after impacting it bounces back.

3.3 Simulation Third Setup Results
Max Principal Images
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Figure 25 - Projectile hitting laminated plate
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Figure 26 - Projectile passing through laminated plate
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Figure 27 - Projectile smashing through laminated plate
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Figure 28 - Projectile going through laminated plate (Alternative View)
S12 Images
[image: Chart, surface chart

Description automatically generated]
Figure 29 - Projectile hitting laminated plate
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Figure 30 - Projectile passing through laminated plate
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Figure 31 - Projectile smashing through laminated plate
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Figure 32 - Projectile going through laminated plate (Alternative View)
From the third and final setup it shows the projectile hitting the laminated plate and going through the laminated plates. Towards the end of the simulation, you can see the projectile ultimately passing through all layers and coming out the end of the final plate. 

4. Discussion
Simulation setup one displays the steel projectile travelling at 500 m/s and striking the laminated plates. As it hits the laminated plates [Fig. 9] it shows the first Inconel plate experiencing a high stress rate although failure has not occurred with the laminated plate still intact apart from it bending in the direction the projectile is travelling. [Fig. 10] shows that the projectile has travelled through most of the laminated plates although no failure has occurred on the Inconel plates, they have just been subjected to a high-stress rate and compressed. As they have compressed you can see mesh has been deleted from the plastic laminated plates and disappeared. [Fig. 11] shows the projectile bouncing backwards with the Inconel plates compressed together and a very high-stress rate on the very end of the compressed plates. [Fig. 13] as the projectile hits the first laminated plate the sheer impact of the collision on the laminated plate is extremely high. The stress can be seen making its way through the Inconel plate. [Fig. 14] demonstrates the high-stress rate caused by the sheer impact of the projectile although the Inconel plates remain intact although you can see the stress on the Inconel plates towards the opposite side of the impact. The plastic plate around the side of the impact can be seen as damaged as the mesh has disappeared showing no further damage along the plate as the damage has been done and no further stress can be seen. [Fig. 16] shows the projectile going through the laminated plate and the stress and strain on the Inconel plates spreading evenly along the plates starting off at a high rate around the impact of the projectile although becoming less towards the outside. The projectile itself shows a high-stress rate at the tip due to impact but no damage or failure occurs due to the steel being a tough and endurable material.   

Simulation setup two reveals the steel projectile travelling at 500 m/s and striking the laminated plates. [Fig. 17] shows the projectile hitting the laminated plate with a very high-stress rate on both the projectile and laminated plate. [Fig. 18] shows the stress rate majorly decreases on both the projectile and plates. A higher stress rate can be seen on the steel plates although only small. [Fig. 19] shows the projectile bouncing back without much damage created to the plates apart from the Inconel plate at the beginning is slightly damaged. [Fig. 21, 22] shows the sheer stress caused by the sheer force of the impact and remains constant throughout the projectile and laminated plate. The highest damage can be seen on the laminated plate where the tip of the projectile has collided with it. [Fig. 23] shows as the projectile bounces back and very limited damage has occurred to the laminated plates. The first Inconel plate has taken the force of the projectile although the steel plate underneath has stopped the projectile in its path and caused it to bounce back. [Fig. 24] shows just before the projectile begins to bounce back there is a high-stress area created from the impact but no failure of the materials. 

Simulation setup three is the exact same setup as the first simulation apart from the velocity of the bullet has been increased from 500 m/s to 1000 m/s. [Fig. 25] shows the projectile hitting the laminated plates but due to the higher velocity, less stress has occurred compared to [Fig. 9] on the projectile and plates. [Fig. 26] shows the projectile passing through the plates with the Inconel plates compressing heavily but not able to stop the projectile from travelling through each layer. The plastic mesh can be seen as being deleted more heavily compared to [Fig. 10] showing more of the plastic has been damaged due to the higher velocity of the projectile. [Fig. 27] shows the projectile has made its way through all layers of the laminated plates. [Fig. 30] shows the sheer stress caused by the sheer force of the projectile as it passes through the laminated plates and the damage caused. The projectile itself is suffering from a high-stress rate but remains intact and doesn’t suffer damage as it makes its way through the layers of laminated plates. The result of the projectile travelling at a higher velocity has shown that more damage will occur compared to the first simulation where the projectile was travelling at a lower velocity.   

5. Conclusion
From the simulations carried out in Abaqus, it can be assumed from the results given that for armour plating to be successful in stopping a projectile from causing damage it has to be made of materials that can withstand the force it will face. The Inconel718 material within the Abaqus simulations demonstrated that layered with steel it could withstand a projectile incoming at 500 m/s with minor damage caused to the plates themselves. Although further simulations would need to be carried out at higher velocities to see at what point they could fail to provide such protection. The Inconel paired with plastic showed in simulation one that it prevented the projectile from penetrating fully through the laminated plates although it did show signs of heavy damage and compression to the Inconel layers. As the velocity of the projectile was increased in simulation three to 1000m/s it proved fatal that it could not be recommended to be used as the projectile smashed its way through all the layers coming out the other end of the plates. Based on all three simulations carried out the Inconel718 material combined with steel proved to be the strongest and could be said to represent a suitable combination within armour plating although various other simulations and tests would need to be carried out to prove this to be a true reflection. All three simulations showed stress caused by the projectile and the sheer force it had on the materials used and showed the differences within each material (Inconel718/plastic/steel) react when put under the stress and strain caused by the simulations. 
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Table 3 Material parameters for Inconel718

Material property Symbol Value
Density . ke/m’ s220
Young modulus E.Gha 1
Poisson's ratio v 01
JC yield stress A Mpa 1ios
3-C bardening cocflcient B MPa 9
3C stsin hardening expanent n 05189
3-C stsin rate constant c B

3C softening exponent m 12861
Meling tempersure Tk 1593
Elasic bulk wave velocity (Ref 23 o, ks a5
Slope of , — . curve (Ref 23) s 15
Grincisen cocficient (Ref 23) s
Specfic heat (Ref 24) 50

Heat fraction

G ke k





image5.png
% Color Code

Cotorcodet o

Color Mappings
Initial color: [
Materials

an





image6.png
de by: | Materials

Mappings
Initial color: [ v Advanced
Materials

an

Active  Materials
Inconel?
aluminium

per
plastic

steel

~ Status Mapping

Name fiter

Apply Defaults





image7.png
4 Color Code

Color code by: | Materials

Color Mappings
-

Initial color:

Materials

Active Materials Color
Inconel718
aluminium
copper
plastic
steel

OmECE

~ Status ~ Color Mapping

Name fitter: g





image8.png
Name: Predefined Field-1

Distribution: | Uniform

Definition: | Translational only

vi:[o





image9.png
S, Max. Principal
(Avg: 75%)

+5.415e+09
+3.840e+09
+2.266e+09
+6.913e+08
-8.831e+08
-2.457e+09
-4.032¢+09
-5.606e+09
-7.181e+09
-8.755¢+09
-1.033e+10
-1.190e+10
-1:348+10

> Frame Selector

Step-1

Step-1:0

B|





image10.png
S, Max. Principal
(Avg: 75%)

+1.992e+10
+1.764e+10
+1.537e+10
+1:310e+10
+1.083e+10
+8.558e+09
+6.287e+09
+4.016e+09
+1.745e+09
-5.2680+08
-2.7982+09
-5.069%+09
-7.341e+09

Step-1: 1700





image11.png
S, Max. Principal
(Avg: 75%)

+1.937e+10
+1.703e+10
+1.469e+10
+1.236e+10
+1.002e+10
+7.680e+09
+5.343e+09
+3.005e+09
+6.672e+08
-1.670e+09
-4.008e+09
-6.346e+09
-8.684e+09

4 Frame Selector

Step-1

1673

Step-1:0

Step-1: 1700
L)





image12.png
S, Max. Principal
(Avg: 75%)

+1.181e+10
+1.027e+10
+8.722e+09
+7.177e+09
+5.632e+09
+4.087e+09
+2.542e+09
+9.965e+08
-5.486e+08
-2.094e+09
-3.639%+09
-5.184e+09
-6.729e+09





image13.png
s, 812
(Avg: 75%)

+9.183e+08
+5.613e+08
+2.044e+08
-1.526e+08
-5.096e+08
-8.6650+08
-1.224e+09
-1.580e+09
-1.937e+09
-2294e+09
-2.651e+09
-3.0082+09
-3.3650+09





image14.png
s, 812
(Avg: 75%)
+8.919e+08

+7.497e+08
+6.074e+08
+4.652e+08

+3.229e+08
+1.807e+08
+3.845e+07
-1.038e+08
-2.460e+08

-3.883e+08
-5.305e+08
-6.728e+08

-8.150e+08





image15.png
s, 812
(Avg: 75%)

+8.994e-+08
+7.617e+08
+6.240e+08
+4.863e+08
+3.486e+08
+2.109e+08
+7.316e+07
-6.454e+07
-2.022e+08
-3.399¢+08
-4.7760+08
-6.1532+08
-7.530e+08

%





image16.png
s, 812
(Avg: 75%)

+1.087e+09
+8.422e+08
+5.974e+08
+3.526e+08
+1.079e+08
-1.369+08
-3.816e+08
-6.264e+08

[ -1:850e+09





image17.png
S, Max. Principal
(Avg: 75%)

+6.373e+10
+1.232e+10
-3.909e+10
-9.050e+10
-1.419e+11
-1.933e+11
-2.447e+11
-2.962e+11
-3.476e+11
-3.990e+11
-4.504e+11
-5.018e+11
-5.532e+11





image18.png
S, Max. Principal
(Avg: 75%)

+1.997e+11
+1.756e+11
+1.516e+11
+1:275e+11
+1.034e+11
+7.934e+10
+5.526e+10
+3.118e+10
+7.103e+09
-1.698e+10
-4.105e+10
-6.513e+10
-8.921e+10

=

Step-1: 1700





image19.png
S, Max. Principal
(Avg: 75%)

+5.279%+11
+4.770e+11
+4.262e+11
+3.753e+11
+3.245e+11
+2.736e+11
+2:227e+11
+1.719e+11
+1:210e+11
+7.014e+10
+1.927e+10
-3.15%+10
-8.245¢+10

4 Frame Selector

7
y/\
%




image20.png
S, Max. Principal
(Avg: 75%)

+8.973e+10
+6.178e+10
+3.383e+10
+5.886e-+09
-2.206e+10
-5.001e+10
-7.796e+10
-1.05%+11
-1:338e+11
-15p18e+11
-1:897e+11
-2.177e+11
-2.456e+11

Step-1:0





image21.png
s, 812
(Avg: 75%)

+1.075e+11
+4.892e+10
-9.610e+09
-6.814e+10
-1267e+11
-1:852e+11
-2.437e+11
-3.023e+11
-3.608e+11
-4.193e+11
-4.779%+11
-5.36de+11
-5.949+11





image22.png
s, 812
(Avg: 75%)

+1.694e+11
+7.399e+10
-2.147e+10
-1.169e+11
-2.12de+11
-3.078e+11
-4.033e+11
-4.988e+11
-5.942e+11
-6.897e+11
-7.851e+11
-8.806e+11
-9.760e+11





image23.png
s, 812
(Avg: 75%)

+1.584e+11
+1:317e+11
+1.049%+11
+7.816e+10
+5.141e+10
+2.466e+10
-2.091e+09
-2.884e+10
-5.559%+10
-8.234e+10
-1.091e+11
-1.358e+11
-15626e+11





image24.png
S, Max. Principal
(Avg: 75%)

+1.392e+10
+1:232e+10
+1.072e+10
+9:119e+09
+7.517e+09
+5.915e+09
+4.314e+09
+2.712e+09
+1.111e+09
-4.91ie+08
-2.093e+09
-3.694e+09
-5.296e+09

4 Frame Selector

Step-1

Step-1:0





image25.png
S, Max. Principal
(Avg: 75%)

+2.155e+10
+1.710e+10
+1.265e+10
+8.196e+09
+3.745e+09
-7.062e+08
-5.157e+09
-9.609e+09
-1.406e+10
-1.851e+10
-2.296e+10
-2.741e+10
-3.186e+10

> Frame Selector

Step-1

Step-1:0





image26.png
A
MWVMWWMMWW

SAVAVAvavsy, -
AVAVA
AR SR
‘Fﬂib%%

— 9000000000 0 nn
T Annnnnnes522%
R b o e o o ey
539939839004
2584988888800 0
ESRARARBRHAROOT
(=5 i) I CIR S S
i NNNHHHOTH S o
oS
25

2
o< [ininininininininini {1





image27.png
S, Max. Principal
(Avg: 75%)

401e+10
241e+10
081le+10
205e+09
603e+09
001e+09
400e+09
798e+09
196e+09
-4.056e+08
-2.007e+09
-3.609e+09
-5.211e+09

+1
+1
+1
+9
+7
+6
+4
+2
+1





image28.png
s, 812
(Avg: 75%)

+1.236e+09
+7.809e+08
+3.254e+08
-1.301e+08
-5.856e+08
-1.041e+09
-1.497e+09
-1.952e+09
-2.4082+09
-2.8632+09
-3.319%¢+09
-3.774e+09
-4.230e+09

Frame Selector

Step-1

151

Step-1:0
=





image29.png
NN
NN
NN
R
ﬂﬂﬂﬂﬂﬂaﬂﬂﬂ

SRNRN

DN

s, 812

(Avg: 75%)





image30.png
AN
AR AR
NN
DRI
R
S

. =

s, 812

2000 ®RRM
©00000CccTRRRA
TITTIIII99999
G000 0EEETE

SA8828RAR 8899

S ORINRmoRTRR N

N ®NNONROTOFE Mt

~ SR e e S AT

G TP

2

S





image31.png
s, 812
(Avg: 75%)

+1.093e+09
+8.248e+08
+5.563e+08
+2.878e+08
+1.934e+07
-2.491e+08
-5.176e+08
-7.861e+08
-1.055¢+09
-1:3232+09
-1.592e+09
-1.860e+09
-2.129+09

Frame Selector

Step-1

Step-1:0





