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ABSTRACT

Choosing materials for high velocity applications is complicated by the fact that they have to meet 
many requirements, including weight, strength, ductility, hardness, impact resistance and cost. 
Although Rolled Homogeneous Armour (RHA) steel and aluminium 5083 are still in use today they do 
have short comings in their respective applications, including the low values of strength of welded 
joints, which do not exceed 300 MPa for aluminium 5083, and high weight for RHA. This paper covers 
preliminary testing on wrought Ti6Al4V as a prelude to considerations of additively manufactured 
Ti6Al4V (ELI) as an alternative to RHA and aluminium 5083 for high velocity impact applications.
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1. INTRODUCTION

Over the past 100 years, many metals have been evaluated for use in armour for protection against 
ballistic attacks. During the 1950s and 1960s an aluminium alloy AA 5083, and also RHA (Rolled 
Homogeneous Armour) were developed and have been widely used as ballistic armour ever since 
[1][2].

Although RHA and AA 5083 are still in use today, they do have some short comings in their respective 
applications [2]. In the military the use of RHA in main battle tanks and other combat vehicles makes 
the vehicles heavy and this in turn increases the requirements in the strength of the roads and 
bridges on which they travel [2][3]. Furthermore, the high weights arising from the use of RHA in 
main battle tanks in the military industry increase the requirements for power and therefore fuel 
consumption [2].

In the manufacturing of complex parts from RHA and AA 5083 in the military industry welding is 
normally used to join parts together in order to achieve various desired shapes [3][4]. Welding joints 
are problematic because they act as stress concentration sites that can eventually bring about 
fatigue cracking of the manufactured parts [2]. Additive manufacturing has the advantage of being
able to achieve complex geometries that are otherwise difficult, if not impossible to produce using 
conventional methods of manufacturing without resorting to welding [5][6].

The major disadvantages of AA 5083 are its low specific strength of 130 MPa-cm3/kg and the low 
values of strength of its welded joints, which do not exceed 300 MPa [2]. RHA on the other hand,
has a higher specific strength of 150 MPa-cm3/kg, but this comes at an expense of significantly 
increased weight due to its high density of 7.86 g/cm3 [2][3]. However, the most widely used 
titanium alloy, Ti6Al4V possesses a relatively low density of 4.45 g/cm3, whilst having a specific 
strength that is much higher than that of both RHA and AA 5083 at a value of 244 to 271 MPa-cm3/kg
[2][3]. Furthermore, the alloy has a ballistic mass efficiency that is higher than that of both RHA 
and aluminium 5083 at a value of 1.5 [2].

The unique combination of high specific strength and ballistic mass efficiency of Ti6Al4V makes it 
an attractive alternative for armour designers [2]. Limited research has been conducted on the high 
velocity impact properties of additively manufactured Ti6Al4V (ELI) due to cost considerations. 
Preliminary tests can however be conducted on the wrought Ti6Al4V as a starting point to determine 
the necessity for further work on additively manufactured Ti6Al4V (ELI). Such preliminary tests are 
able to create a better understanding the fracture characteristics of the alloy as well as determine 
the optimum thicknesses of the alloy to stop a projectile at a specific impact velocity. 

South Africa was ranked fifth in the world based on mining production of titanum mineral 
concentrates [7]. The Collaborative Program in Additive Manufacturing (CPAM) funded by the South 
African Department of Science and innovation has embacked on a journey to create a better
understanding of the behaviour and mechanical properties of the additive manufactured Titanium 
alloy Ti6Al4V (ELI). 

2. THE IMPACT PHENOMENA AND FAILURE

In mechanics impact is defined as a force or shock load created over a short time period when two 
or more bodies collide [1]. The effect of impact depends on several factors, including the relative 
velocity of the colliding bodies to one another, the relative mechanical properties of the two bodies
and the relative behaviour of the two colliding bodies upon contact [1][2]. The impact phenomena 
can be characterized in numerous ways according to the impact angle, the geometry and material 
characteristics of the target or projectile, as well as the striking velocity [2][3]. With reference to 
the striking or initial velocity ( ), multiple categories of ballistic impact loading can be defined 
depending on the application [1][2].

High velocity impact is normally simulated through ballistic testing, which is the firing of a high 
speed projectile at a target, followed there-after by investigation of damage on the target [1][8].
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This category of impact is characterized by a projectile travelling in a velocity range of 50 to 1500 
m/s [2].

Essentially, to identify an armour material prior to testing as having good ballistic performance the 
material should have a high hardness that would blunt the projectile and also high ductility to absorb 
the energy from the projectile during impact [2][9]. Nevertheless, not all materials with high tensile 
yield strength are suitable for shock loading because high strength normally comes with high 
brittleness [1].

Failure under ballistic impact is due to the interaction of a variety of mechanisms, including fracture 
due to the initial stress wave, fracture growth in the radial direction, spalling, scabbing, plugging, 
discing, dishing, front and rear petaling, fragmentation in the case of brittle targets and ductile 
hole-enlargement [1][10]. It has commonly been observed in ballistic experiments that plugs tend 
to form in hard thick plates, dishing and petalling occurs in thin ductile plates, and ductile hole-
enlargement and spalling occur in softer thick plates [10]. A combination of ductile failure and 
spalling is characteristic of perforation in thick plates [2][10]. Figure 1 shows various failure
mechanisms in impacted plates.

Figure 1: Some failure mechanisms in plates impacted by high velocity projectiles [2].

Penetration of a target due to high velocity impact occurs in four phases including, the transient, 
primary penetration, secondary penetration and recovery phases which occur in this listed order 
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[10]. The first phase, which is the transient phase is characterized by a short but also intense 
pressure spike that occurs when the projectile first comes in contact with the target it strikes
[2][10]. The ensuing phase which is the primary penetration phase is described as the period during 
which the projectile acts as a propulsive force, and therefore gives off its kinetic energy to the 
target in a hydrodynamic manner [2][9].

The next phase is the secondary phase also referred to as cavitation phase, and begins after the 
projectile exits the system and therefore stops being a source of energy [2]. In this stage the 
deformation is not caused by the kinetic energy of the projectile but instead the energy density 
behind the shock wave, which continues to deform the material. Lastly comes the recovery phase
in which the crater, now formed from through penetration of the projectile recovers or contracts 
slightly [2]. Figure 2 shows these four phases of penetration and the attendant relative magnitudes 
of pressure.

Figure 2: The pressure versus time profile of the four phases of high velocity impact 
penetration [2].

In the case of penetration of a target, the projectile leaves a hole with a fractured surface [11]. It 
is important in this case to determine whether the fracture formed is ductile or brittle so as to get 
insight into the behaviour of the target material [11].  A ductile fracture is a type of fracture that 
is characterized by extensive plastic deformation [12][13]. The term ductile rupture refers to the 
failure of highly ductile materials. When this type of failure occurs, the material pulls apart forming 
dimples, micro-cavities and voids before failure instead of failure through cracking [11][13].

On the other hand brittle fracture is characterized by little or no plastic deformation prior to failure, 
which is denoted by formation of cracks, chevron and cleavage marks as surface features on the 
fractured surface [11][14]. Chevron marks are normally created due to a fracture which rapidly 
progresses through the structure and in their arrangement point to the origin of the failure [11][14].
Figure 3 shows a SEM micrograph exhibiting dimple and cleavage rupture mechanisms at a fracture 
zone, while Figure 4 is a micrograph of ductile fracture surface dimples.



70RAPDASA 2019 Conference Proceedings

Figure 3: SEM micrograph exhibiting dimple and cleavage rupture mechanisms at a fracture 
zone [15].

Figure 4: Ductile fracture surface dimples [16].

3. MATERIALS AND METHODOLOGY

3.1 Specimens

Thirty specimens of Wrought Ti6Al4V plates with dimensions 100 mm by 100 mm were acquired for 
high velocity testing in this work. The specimens were acquired with five sets of different 
thicknesses, six plates for each thickness, thus plates of 6 mm, 10 mm, 12 mm, 14 mm and 18 mm 
thicknesses.

The plates were then labeled by punching of a numbering system on them to ensure traceability 
throughout the study. In this way each plate was allocated its own unique number, for example 6-1 
for the first 6 mm thick plate and 6-2 for the second one and so forth.

3.2 Measurements and measuring equipment

Gun chronograph: The chronograph shown in Figure 5 was placed at a distance of 2m in front of the 
target and was used to measure the velocity of the bullet at that point, accompanied by a 
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subtraction of 1.82m/s on the chronograph reading to get the actual striking velocity on the target. 
The value of 1.82m/s was arrived at from the fact that the bullet had a velocity drop of 0.91m/s 
per meter. 

Mild steel plates: A system of 15 mild steel witness plates, each 1 mm thick, was used to measure 
the residual velocity of the projectile in case of through penetration. The plates were spaced 20
mm apart in a jig, placed behind the target, and the residual velocity in each case of through 
penetration was calculated based on the number of plates the projectile penetrated after going 
through the target. Figure 6 is the testing setup schematic showing the placement of the various
pieces of equipment used for testing while Figure 5 is an image of the testing setup.

Figure 5: Image of the testing setup

Figure 6: Schematic of the testing setup

3.3 Testing equipment and procedure

3.3.1 Testing equipment

Rifle: A high caliber rifle was used to propel the projectile or bullet towards the target, at 
approximately 900 to the front face of the target. The outlet of the barrel of the rifle was placed 30 
m from the target upon advice of the personnel at the testing range that pointed to the fact that at 
this distance the bullet would have stabilized and would therefore impact the target with little or 
no yaw.

Projectile: The bullets used for the tests were of dimensions 7, 62 x 39 mm, and were of the 
incendiary type.
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Mounting jig: A mounting jig fabricated in the Product Development Technology Station (PDTS) 
workshops of the Department of Mechanical and Mechatronics Engineering of Central University of 
Technology Free State (CUT) was used to mount the target and to secure the 1 mm thick mild steel 
witness plates. The jig was further mounted onto an existing frame at the testing range.

Witness protection plate: The witness protection plate served as protection during testing, in case 
the projectile or fragments bounced off the target, to avoid injury of the people that were 
participating in the tests.

3.3.2 Testing Procedure

Table 1 shows the testing matrix that was used for the tests to ensure the correct testing order.

Table 1: Testing matrix used during ballistic tests

Testing 
order

Target thickness 
(mm)

Number of 
targets

Number of shots 
per target

Number of shots 
per target 
thickness

1 18 6 1 6
2 14 6 1 6
3 12 6 1 6
4 10 6 1 6
5 6 6 1 6

Total number of shots 30

The first step was to sort the test plates according to their respective thicknesses and labeling to 
ensure the correct testing order according to the matrix in Table 1. The next step was to mount a 
dummy target on the mounting jig and fire a few shots in order to adjust the telescope of the rifle 
to ensure the best accuracy. During this process the functioning of the chronograph was also verified. 
Prior to each test shot, each test piece was mounted on the jig and secured by tightening the clamps 
of the jig to keep the test plate in place. The witness plates were then placed in their respective 
slots.  All personnel at the testing range were then evacuated from in front of the rifle and located 
behind the witness protection boards. Upon verifying all personnel were in a safe location, shooting 
then started. Following onto this, the first set of shorts were fired on the first six 18 mm thick plates. 
With every shot that was fired, the velocity of the bullet from the chronograph was recorded. In the 
case of through penetration the number of mild steel witness plates that the bullet went through
was recorded and the penetration holes in each witness plate marked clearly.

The subsequent sets of tests were carried out on the 14 mm, 12 mm, 10 mm, and 6 mm thick plates 
in this specific order, following the process explained in the previous paragraph.

4. RESULTS AND DISCUSSSION

The average impact velocity recorded for the conducted tests was 701.18 m/s, which falls within 
the range of high velocity impact. Furthermore, the standard deviation of the impact velocities is 
5.56 m/s which gives rise to a coefficient of variation of 0.793% that is well below the limiting value 
of 5%. The impact angle of the projectile on the front face of the targets remained at 0o for all the 
tests. The variation between the minimum and maximum striking velocity for the 18 mm, 14mm, 
12 mm, 10 mm and 6 mm thick plates were small being 6 m/s, 4 m/s, 17 m/s, 16 m/s and 12 m/s, 
respectively.

The focus of this paper is on the analysis of the projectile hole surfaces, therefore the analysis and 
further discussion of results are limited to those plates where there was through penetration of the 
projectile. The projectile did not penetrate through the 18 mm and some of the 14 mm thick plates.

Through visual inspection of the 6 mm thick plates it can be deducted that the plates behaved brittle 
with respect to the projectiles. This is based on the regular holes punched through the plates, with 
minimal or no shear deformation visible. Furthermore, the fact that the fracture surface on the hole 
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is almost perpendicular to the direction of the force applied by the projectile also supports this 
conclusion. Figures 7(a and b) are images of a typical hole in the 6 mm thick plates, while Figure 
7(c) is a schematic showing the direction of the radial forces in a fracture hole and with regard to 
the fracture surface.

Figure 7: (a and b) Images of a typical hole in the 6mm thick plates; (c) Schematic showing the 
direction of the radial forces in a fracture hole and related to the fracture surface.

The 10 mm, 12 mm and 14 mm thick plates, on the other hand exhibited both ductile and brittle 
behaviour. This observation is supported by the observed formation of petals on the projectile exit 
side of the plates and bulging on the entry side of the plates. The existence of petals indicates the 
presence of plastic deformation before fracture of the plate, which is a characteristic of ductile 
materials. It was observed that the size of the petals formed increased with an increase in the plate 
thickness. Furthermore, the 14 mm thick plates in some cases showed an extreme case of the petals 
breaking off, while others actually stopped the projectile.  Figure 8 shows a typical image of the 
rearward petalling of plates.

Figure 8: Typical rearward petalling of a 10mm thick plate

To further understand the deformation behaviour of the 6 mm, 10 mm, 12 mm and 14 mm thick 
plates, analyses of their fracture surfaces were conducted using a scanning electron microscope 
(SEM). The analyses of the plates were conducted with the plates tilted at an angle in the SEM to 
investigate the insides of the holes. Figure 9(a) is a micrograph of a typical 6 mm thick plate at the 
entry point of the projectile hole while Figure 9(b) is a micrograph at the exit point of the projectile 
through the same plate.



74RAPDASA 2019 Conference Proceedings

Figure 9: (a) Micrograph of a 6 mm thick plate at the entry point of the projectile hole; (b) 
Micrograph at the exit point of the projectile hole through the plate.

Figure 9(a) shows circular beach marks that were formed due to the rotational motion of the 
projectile as it passed through the plate. In Figure 9(b) a clear network of cleavages marks that 
were formed on the fracture surface can be seen. The cleavages that formed on the surface suggest 
a brittle fracture and this supports the earlier observation made from the visual inspection of the 
plates.

For the 10 mm, 12 mm and 14 mm thick plates micrographs were taken of the projectile hole 
entrance, middle and exit points through the plates. The exit sides of the projectile holes though 
the target plates were analyzed with the plates flipped over. Figure 10 shows micrographs of a 12 
mm thick plate at the entrance side of the projectile hole through the plate. These micrographs are 
also typical for the observations made on the 10 mm and 14 mm thick plates.

Figure 10: Micrograph of a 12 mm thick plate at the entrance of the projectile hole through 
the plate.

Dimples are visible in the micrographs in Figure 10, which is an indication that the metal fractured 
in a ductile mode at this plate thickness. The dimples were formed as a result of a tensile load 
induced in the radial direction as the projectile penetrated the plates. Furthermore, there was a 
noticeable variation per respective plate thicknesses of the thickness of the layer over which ductile 
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fracture occurred. The thickness of this layer was seen to increase with an increase in the plate 
thickness. 

Figure 11 shows micrographs of the surface at the middle of the projectile hole through a 10 mm
thick plate. These micrographs are also typical of the observations made for the 12 mm and 14 mm 
thick plates.

Figure 11: Micrographs taken at the middle of the projectile hole through the 10 mm thick
plate.

Surface features, such as a radial cracks, circumferential cracks and cleavage marks, are visible on
this part of the hole as can be seen in Figure 11. These surface features indicate that on this part of 
the hole the plates experienced a brittle fracture. 

In Figure 12 micrographs of a 10 mm thick plate at the exit side of the projectile hole through the 
plate can be seen. These are also typical for the 12 mm and 14 mm thick plates.

Figure 12: Micrographs of a 10 mm thick plate at the exit side of the projectile hole through 
the plate.

The predominant surface feature on this micrograph is dimples, which suggests a ductile fracture. 
It is clear from Figures 10 and 12 that dimples are more pronounced on the projectile exit side than 
on the entrance side. This is probably due to the effect of reflected tensile shock waves on the exit 
side, which tend to cause layers of material to peel off and form petals.

The 6 mm thick plates exhibited brittle fracture, with a projectile hole whose edges were 
perpendicular to the direction of penetration, whilst plates of greater thickness exhibited a 
combination of brittle and ductile behaviour.

The 10 mm, 12 mmm and 14 mm thick plates all showed petalling on the exit side of the projectile 
hole, which is a sign of ductile deformation. Features of both ductile and brittle failure were 
detected at different locations in the projectile hole of the test specimens that experienced through 
penetration of the projectiles. On the projectile exit side of the test specimens a higher prevalence 
of dimples was observed on the fracture surfaces, signifying tensile ductile failure, which was 
attributed to reflected tensile shock waves. On the inner surfaces of the holes that penetrated 
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through the test plates, the thickness of the layers exhibiting dimples was seen to increase with 
increasing plate thickness.

Though Ti6Al4V is normally classified as a ductile metal under normal loading conditions, the tests 
conducted here showed this not to be the case for high velocity impact of plates with different 
thicknesses. The brittle behaviour observed here can be attributed to the very high rate at which 
the deformation of the plates took place in response to impact that does not allow opportunity for 
plastic deformation to occur before failure.

According to the military standard MIL-A-12560H (MR), it normally takes a 11.43 mm thick  RHA plate 
with a hardness of 241 to 388 BHN to stop a 7, 62 x 39 mm projectile also called a .30 caliber 
travelling at about 700 m/s. Moreover, according to the military standard MIL-DTL-46027K (MR), it 
normally takes an AA 5083 plate with a thickness greather than 19.812 mm having a hardness of 241 
to 388 BHN to stop for projectile the same projectile travelling at the same velocity. In the present 
work a 14 mm thick plate of wrought Ti6Al4V with a hardness of 300 BHN was observed to partially 
stop a 7, 62 x 39 mm projectile moving at an average velocity of 701.18 m/s. Given the lower density 
of wrought Ti6Al4V of 4,200 kg/m3, this implies a weight saving of about 1.4 over RHA with a density 
of 7,800 kg/m3.

5. CONCLUSIONS

The tests conducted were successful as they provided insightful information on the fracture 
behaviour of wrought Ti6Al4V under high velocity impact as an initial basis to further testing of 
additively manufactured Ti6Al4V (ELI). 

In the velocity range of about 700 m/s the preformance of the wrought Ti6Al4V used for the 
preliminary testing does not fall too short from that of RHA and is better than that of AA 5083. 
Morever the wrought Ti6Al4V alloy gives a weight advantge of 1.4 over the RHA. Additively 
manufactured Ti6Al4V (ELI) with its higher value of hardness (326 BHN) is expected to perform better 
by providing more effective blunting of the projectile and hence achieving better resistance to 
penetration.  Its higher value of strength (1250 MPa) compared to that of wrought Ti6Al4V (950 Mpa) 
implies a higher capacity to absord energy during deformation and therefore a higher capacity to 
stop the penetration of a projectile.
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