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a b s t r a c t

Thin plates of high-strength steel are frequently being used both in civil and military ballistic protection
systems. The choice of alloy is then a function of application, ballistic performance, weight and price. In this
study the perforation resistance of five different high-strength steels has been determined and compared
against each other. The considered alloys are Weldox 500E, Weldox 700E, Hardox 400, Domex Protect 500
and Armox 560T. The yield stress for Armox 560T is about three times the yield stress for Weldox 500E,
while the opposite yields for the ductility. To certify the perforation resistance of the various targets, two
different ballistic protection classes according to the European norm EN1063 have been considered. These
are BR6 (7.62 mm Ball ammunition) and BR7 (7.62 mm AP ammunition), where the impact velocity of the
bullet is about 830 m/s in both. Perforation tests have been carried out using adjusted ammunition to
determine the ballistic limit of the various steels. In the tests, a target thickness of 6 mm and 6þ 6¼12 mm
was used for protection class BR6 and BR7, respectively. A material test programme was conducted for all
steels to calibrate a modified Johnson–Cook constitutive relation and the Cockcroft–Latham fracture
criterion, while material data for the bullets mainly were taken from the literature. Finally, results from 2D
non-linear FE simulations with detailed models of the bullets are presented and the different findings are
compared against each other. As will be shown, good agreement between the FE simulations and exper-
imental data for the AP bullets is in general obtained, while it was difficult to get reliable FE results using
the Lagrangian formulation of LS-DYNA for the soft core Ball bullet.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

According to the rapport ‘‘Who takes the bullet? The impact of
small-arms violence’’ by Jackson et al. [1], the hazard from small-
arms and light weapons is a major threat to human security. A large
number of casualties are every year the result of the enormous
amount of such weapons available worldwide. Also, out of 49 major
conflicts in the world in the 1990s, small-arms were the central
weapon in 47 of them. These weapons are relatively cheap, they are
easy to use and maintain, and they are portable. As understood, the
need for protection against small-arms and light weapons is large
both from a civilian and military point of view.

In the design of protective structures against small-arms, steel is
still the dominating material although more advanced lightweight
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composite based armours are available (see e.g. [2,3]). The
main reasons for this are that steels have high absolute strength
and hardness combined with high ductility, low price compared to
most other armour materials and excellent load carrying capability
and formability. Thin plates of ultra-high-strength steels are
therefore frequently being used both in civil and military ballistic
armours, where the choice of alloy is a function of application,
ballistic performance, weight and price. Earlier studies on steel
plates impacted by projectiles with various sub-ordnance veloci-
ties, thicknesses and nose shapes [4–7] have indicated that local
ductility may be an equally important parameter as material
strength in the design of protective structures against ballistic
threats. Since high-velocity perforation is an extremely localized
process, the consequence is that standard structural steels (with
a balanced combination of high-strength and ductility in addition
to good formability) under certain conditions may be an equally
good energy absorber during ballistic impact as expensive special
alloys like armour steels (having an extreme strength at the
expense of ductility). This is an interesting observation, even
though the literature indicates that this may not always be true
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[8–11]. On the other side, the authors are not aware of any publi-
cations in the open literature where this has been systematically
studied using real ammunition. Thus, one main objective in this
paper is to study whether the ballistic perforation resistance of thin
steel plates is equally much a function of ductility as of strength for
design purposes. Another main objective is to investigate if it is
reliable to use a finite element code together with a simplified
material description in the design of structures for small-arms
ballistic protection.

To meet the objectives of the study, the perforation resistance of
five different steels has been determined and compared against
each other. The considered alloys are Weldox 500E, Weldox 700E,
Hardox 400, Domex Protect 500 and Armox 560T, all produced and
delivered by Swedish Steel AB (SSAB). The yield stress of Armox
560T is about three times the yield stress of Weldox 500E, while the
opposite yields regarding ductility. The former is a well-known but
expensive armour steel, while the latter is a relatively cheap
structural steel. To have a design related problem, two different
ballistic protection classes defined in accordance with the European
norm EN1063 [12] (or similar) have been assessed. These are BR6
(for protection against 7.62 mm Ball ammunition) and BR7 (for
protection against 7.62 mm AP ammunition), where the impact
velocity of the bullet is about 830 m/s in both. Perforation tests
have been carried out using adjusted ammunition to determine the
ballistic limit velocity of the different steels using 6 mm and
6þ 6¼12 mm thick target plates for protection class BR6 and BR7,
respectively. Moreover, a material test programme including high
strain rate tests in a split-Hopkinson tension bar (SHTB) has been
conducted on all steels to calibrate a proper constitutive equation
and fracture criterion. Here, a limited identification procedure was
applied to calibrate a modified version of the Johnson–Cook
constitutive relation and the Cockcroft–Latham fracture criterion,
since it is considered important to limit the number of material
tests in design. Finally, results from 2D numerical simulations with
detailed models of the different bullets, primary by using the non-
linear finite element code LS-DYNA [13], are included and the
results are compared against each other.

2. Design requirements

In the design of protective structures it is important to relate the
capacity of the protection up against some well-defined threats. For
ballistic impacts, several international standards and norms have
been developed based upon the range of common ammunitions
available both for civilian and military applications. These define the
bullet type and velocity range which the protective structure must
defeat to be approved in a certain protection class. They also specify
performance requirements and test methods for the impacted
material. In [14], 12 of the most common international small-arms
ballistic standards are presented and compared against each other.
Even though these standards in general are both different and
cover various needs, many similarities can be found. In this study,
only the European norm EN1063 [12] will be considered. EN1063
specifies seven different protection classes from BR1 to BR7
Table 1
Protection class BR6 and BR7 based on EN1063 [12].

Class Weapon Calibre Type Mass (g) Tes

Ran

BR6 Rifle 7.62� 51 FJa/PB/SC 9.5� 0.5 10.
BR7 Rifle 7.62� 51c FJb/PB/HC1 9.8� 0.5 10.

FJ: Full metal jacket bullet; PB: Pointed bullet; SC: Soft core (lead); and HC1: Steel hard
a Full steel jacket (plated).
b Full copper alloy jacket.
c Twist length 254�10 mm.
(in addition to two protection classes for shot-guns). Only the two
highest protection classes, i.e. BR6 and BR7 dealing with 7.62 mm
ammunition, will be studied. The classification and test require-
ments for bullet-proof glazing for these two classes are quoted in
Table 1, but will be adopted herein for steel plates. Since the various
BR classes in EN1063 are classified in levels of protection offered, it
is provided that structures specified in a higher class also are able to
meet the requirements in all preceding classes.

As understood, the design requirements in this study prescribe
the use of two different types of 7.62 mm ammunition. These are
7.62 mm Ball ammunition for protection class BR6, and 7.62 mm AP
ammunition for protection class BR7. The main difference between
the two bullet types is that the more common Ball projectile has
a soft core of alloyed lead, while the AP projectile has an armour
piercing core of hardened steel or similar. Note that EN1063 only
specifies the family of ammunition within each protection class, and
not a detailed bullet type. It should thus be mentioned that within
each particular family of ammunition, there may be considerable
variation in performance. Horsfall et al. [15] compared the ballistic
performance of four different, but still rather similar, 7.62 mm AP
ammunition types. They concluded that the performance is strongly
influenced by details in the design. These differences resulted in
a variation of both absolute performance and even changed the
ranking of different projectiles against different target types. It was
further found that the 30-06 APM2 (7.62� 63 mm) projectile was
the toughest to defeat for high-strength steel plates of the tested
projectiles. Based on this, and on the fact that it is a common AP
bullet, it was decided to use the APM2 ammunition in protection
class BR7. Another advantage is the long cartridge of 63 mm, making
it possible to alter the charge weight if various impact velocities are
required. For protection class BR6, it was decided to use standard
7.62� 63 mm NATO Ball ammunition. The chosen ammunition
types are presented in more detail in Section 3.2.

3. Specification of target plates and projectiles

3.1. Target plates

As already stated, the considered steels are Weldox 500E,
Weldox 700E, Hardox 400, Domex Protect 500 and Armox 560T
from SSAB in Sweden. The chemical composition of the various
alloys is given in Table 2. Fig. 1(a) shows measured true stress–
strain curves to failure from tensile tests on smooth axisymmetric
specimens at quasi-static strain rate and room temperature. During
tensile testing, four transversal displacement transducers were
used to continuously measure the current area (also in the necked
part) of the specimen, and these measures were then used to
calculate the true stresses and strains all the way to failure (see also
[16]). As seen, the amount of strain hardening increases and the
failure strain decreases with increasing yield stress, so that the total
area under the stress–strain curves remains fairly constant. Fig. 1(b)
shows the true stress s3 at 3% plastic strain versus strain rate for
four of the five steels based on split-Hopkinson tension tests. The
strain rate sensitivity is found to be moderate for Weldox 500E,
t conditions

ge (m) Velocity (m/s) No. of strikes Striking distance (mm)

0� 0.5 830� 10 3 120� 10
0� 0.5 820� 10 3 120� 10

core, mass 3.7� 0.1 g, hardness more than 63 HRC.



Table 2
Chemical composition (in weight %) of the five steel alloys.

Material C Si Mn P S Cr Ni Mo V Ti Cu Al Nb B N

Weldox 500E 0.10 0.44 1.51 0.009 0.002 0.10 0.04 0.003 0.048 0.013 0.02 0.040 0.001 – 0.009
Weldox 700E 0.14 0.28 1.06 0.010 0.002 0.40 0.05 0.016 0.047 0.013 0.01 0.047 0.022 0.002 0.004
Hardox 400 0.13 0.31 1.00 0.010 0.001 0.20 0.05 0.012 – – – – – 0.002 –
Domex Protect 500 0.30 0.40 1.30 0.020 0.010 – – – – – – – – – –
Armox 560T 0.35 0.27 0.84 0.007 0.001 0.49 1.44 0.450 – – 0.19 0.053 – 0.002 –
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Weldox 700E and Hardox 400, and almost negligible for Domex
Protect 500, at least within the tested strain rate regime. Material
properties for the various steels will be given and further discussed
in Section 5.2. Target specimens with dimensions 300� 300 mm2

were then carefully cut from larger 6 mm thick steel plates by
plasma cutting under water. For protection class BR6 it was chosen
to use a single 6 mm thick steel plate as target material, while for
protection class BR7 two 6 mm thick plates in contact were used as
target. This gave a total target thickness of 2� 6¼12 mm for BR7.

The effect of using target plates made up of several separated,
thinner plates has been investigated in the literature for a long
time, but the results are deviating and difficult to interpret [17–25].
Nevertheless, the general trend seems to be that monolithic plates
are superior to spaced or layered plates of equal thickness when
impacted by ogival projectiles (due to a reduced shear capacity
when the plates are layered). However, as will be further discussed
in Section 4 experimental results on Weldox 700E steel using two
6 mm thick plates in contact compared to a 12-mm thick mono-
lithic plate impacted by AP projectiles disproved this for the given
impact conditions. At present the effect of replacing monolithic
plates with multi-layered ones is not clear and it is hard to make
comparisons between results from the literature. Thus, more
experimental and numerical work on this topic is required.

3.2. Projectiles

In this study, standard 7.62 mm NATO Ball ammunition is used
for protection class BR6 and 7.62 mm 30-06 APM2 ammunition is
used for protection class BR7. Schematic drawings with geometry
and cross-section pictures of both bullets are given in Fig. 2. A Niton
XLi PMI (Positive Material Identifier) was used to check the
chemical compositions of the materials in the bullets. For the Ball
projectile, the soft lead core is cast into a CuZn10 brass jacket. This
alloy consists of 87% copper (Cu) and 10% zinc (Zn), together with
smaller amounts of other alloying elements. The alloy is also known
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Fig. 1. (a) True stress–strain curves from tensile tests on smooth specimens at quasi-static st
for four of the five steel alloys.
as Tambac. The lead (Pb) is alloyed with antimony (Sb) to increase
the strength of the core. The ratio between lead and antimony in
the soft core was found similar to the ratio between copper and zinc
in the brass alloy, with about 87% Pb and 10% Sb in addition to 2% of
bismuth. For the AP bullet, the ogival-nose (with a critical radius
head of 3) hardened core projectile made of 1007 tool steel is
inserted in a brass sabot, before the jacket is clamped onto it. In
front of the core, a cap of lead is placed. The purpose of this cap is to
stabilize the projectile during flight and in the initial stage of
penetration. Based on PMI measurements, the alloys used in the
jacket and lead of the AP bullet were found to be almost identical to
those used in the Ball bullet.

The geometry and mass of the different parts in the Ball and AP
bullets are given in Tables 3 and 4. The total mass of the Ball bullet is
about 9.5 g, while the total mass of the AP bullet is about 10.5 g. The
mass of the cores is 4.5 and 5.0 g, respectively. Note that the core
mass of the AP bullet is somewhat higher than the required core
mass for protection class BR7 (see Table 1). The muzzle velocity of
both ammunition types using a long smooth-bore Mauser gun is
about 900 m/s. This indicates that the initial kinetic energy is
similar for the two bullets, so the distinction in performance during
penetration is mainly due to the difference in core hardness. The
muzzle velocity of the bullet is of minor importance in this study,
since the ammunition will be adjusted to a desired impact velocity
before each test. Material properties for both projectile types will
be further discussed in Section 5.2.

4. Experiments

4.1. Experimental set-up

The ballistic tests were carried out in a compressed gas gun
facility described in detail in Ref. [6]. However, in this study the gas
gun itself was not used. Instead a 7.62� 63 mm specially designed
smooth-bored Mauser gun with a barrel length of 1 m was used to
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Fig. 2. Schematic drawing, geometry and cross-section picture of 7.62 mm bullets; (a) Ball projectile and (b) APM2 projectile. Note that the pictures are not in scale.
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fire the bullets. During testing, the stock was removed and the rifle
was mounted in a rigid rack inside a 16-m3 impact chamber. This
guaranteed a well-defined impact point for each test. The rifle was
fired by a magnetic trigger from safe distance. A sabot trap located
just in front of the rifle was used to suppress muzzle flames. Before
a test, the hole in the sabot trap was covered with a cardboard plate
to prevent muzzle flames from affecting the velocity measure-
ments. Target plates were mounted in a stiff frame and adjusted to
the desired point of impact. Plates with dimension 300� 300 mm2

(one single plate with a thickness of 6 mm for Ball bullets and two
single plates of 6 mm in contact, i.e. 2� 6¼12 mm, for AP bullets)
were firmly clamped to the frame by two transverse beams (see
Fig. 3). This secured a fixed boundary of the horizontal sides of the
target, while the vertical sides remained free. Even though the
boundary conditions during testing were well-defined, they cannot
be regarded as fully clamped. It is however believed that the
boundary conditions are of minor importance in high-velocity
ballistic impacts if the in-plane distance between single shots and
the boundary is more than several projectile diameters. Here, the
in-plane distance between each shot and the boundary was
100 mm, and a maximum of 4 shots were allowed in each target
before it was replaced. Note that this distance is smaller than the
one specified in EN1063 (see Table 1), but is considered sufficient
for metals. The test procedure followed in large the recommenda-
tions for ballistic testing given in various norms and standards.

Two optical velocity measurement systems were available in the
impact chamber to measure initial and residual projectile velocities
[6]. To increase the accuracy and to get replicate measurements of
the velocities, two extra chronographs were installed. The velocity
Table 3
Geometry and masses of 7.62 mm Ball bullets (BR6).

Jacket (brass CuZn10) Core (antimony-alloyed lead)

l [mm] dmax [mm] m [g] l [mm] dmax [mm] m [g]

28.6 7.8 5.0 27.4 6.6 4.5
measurements were validated by firing bullets through all four
velocity stations without a target, and the spread in results
between the different measuring systems was in general found to
be within 1–2%. Due to debris from the target and projectile during
perforation, two mechanical make-wire screens were also used to
measure the residual velocity of the projectile. This technique is
considered not as accurate as the optical sensors, but is more robust
under the present test conditions. In some tests, two synchronised
Photron Fastcam-Ultima APX high-speed video cameras were used
to photograph the penetration event. However, it was found hard to
shield the chronographs from the required flashlight, so the
cameras were only used for visualisation purposes. When used, the
framing rate was kept constant at 15,000 fps.

Before each test the ammunition was adjusted to a predefined
velocity. This was done in accordance with earlier obtained
adjustment graphs, relating the amount of powder in the cartridge
to the measured muzzle speed of the bullet. Even though this was
done with great care, severe spread (�20 m/s) in initial velocity was
obtained among bullets with exactly the same amount of powder in
the cartridge. This spread sometimes made it difficult to accurately
determine the ballistic limit velocity of the target by a limited
number of tests, so several repetitions were often necessary.
4.2. Experimental results

In average,10–15 tests were required for each target to accurately
determine the ballistic limit velocity. The ammunition was adjusted
so that the bullet impacted the target at velocities well above and
just below the ballistic limit. Initial (vi) and residual (vr) velocities of
the bullet were measured in each test. Based on this, the initial
versus residual velocity curves shown in Fig. 4 for the different
targets were plotted. The ballistic limit vbl was calculated as the
average between the highest impact velocity not giving perforation
and the lowest impact velocity giving complete perforation of the
target. The solid lines through the plotted data points are calculated
based on a model originally proposed by Recht and Ipson [26]



Table 4
Geometry and masses of 7.62 mm APM2 bullets (BR7).

Jacket (brass CuZn10) Bracket (brass CuZn10) Core (hardened steel) Cap (antimony-alloyed lead)

l [mm] dmax [mm] m [g] l [mm] dmax [mm] m [g] l [mm] dmax [mm] m [g] l [mm] dmax [mm] m [g]

34.9 7.9 4.4 4.0 6.2 0.4 27.6 6.1 5.0 9.3 5.1 0.7
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vr ¼ a
�

v
p
i � v

p
bl

�1
p

(1)
where a and p may be considered as empirical constants and vbl

is the ballistic limit velocity. Note that the original Recht–Ipson
model, with a ¼ mp=ðmp þmplÞ and p¼ 2, is only valid if the
plastic deformation of the projectile during impact is negligible.
Here, mp and mpl is the mass of the projectile and plug, respectively.
Since the bullets mainly pierced the plates by a failure mode similar
to ductile hole growth with limited plugging, a was chosen equal to
unity (although fragments sometimes were ejected from both
surfaces for the hardest plates), while p was fitted to the test data.
Tables 5 and 6 give experimentally obtained ballistic limits for each
target, together with assessed values of a and p. Even though some
spread is seen in Fig. 4, the agreement between the experimental
data points and the Recht–Ipson model is in general good.

The ballistic limits in Tables 5 and 6 were then used to establish
relations between the perforation resistance and the yield strength
of the various steel materials. This is shown in Fig. 5 for both Ball
and AP bullets, where the s0.2 yield stresses are taken from Table 7.
As seen, there is a strong and almost perfect linear increase in
perforation resistance with target yield stress for both bullet types
within the limitations of these tests. This illustrates that material
strength is a much more important feature than ductility in the
design of small-arms ballistic protection. Another observation is
that the ballistic limit seems similar for identical materials for both
projectile types, but with twice the thickness for the AP bullet. As
a rule of thumb it can then be stated that the thickness of steel
targets must at least be doubled to have sufficient protection when
changing from a 7.62-mm Ball to a 7.62 mm AP threat. However, the
slope of the curve in Fig. 5 is somewhat steeper for Ball than for AP
bullets. This is probably a result of the difference in projectile
Fig. 3. Target plates clamped to the rigid frame by transverse beams.
damage as a result of the impact. While the Ball bullet is completely
crushed during perforation, and will gradually loosen its perfora-
tion ability with target strength, the core damage of the AP bullet is
minor in all tests. This distinct difference in behaviour between the
two bullets will increase with target thickness.

The requirement for protection class BR6 and BR7 is also indi-
cated in Fig. 5. For both classes, the only steels that meet the
requirements for the used thicknesses are the armour steels
(Domex Protect 500 and Armox 560T). None of the structural steels
(i.e. Weldox 500E, Weldox 700E and Hardox 400) can be classified
as BR6 or BR7 using 6 mm or 2� 6 mm thick plates, respectively,
and their thickness has to be increased to meet the specifications in
Table 1 from EN1063.

Figs. 6 and 7 show some high-speed video pictures from typical
tests. Fig. 6 shows the perforation of a 6-mm thick Armox 560T plate
by a 7.62-mm Ball bullet at an impact velocity close to 1000 m/s.
Immediately after impact, the soft core starts to mushroom and
break down. Both the brass jacket and the lead core fractures and
the materials start to spray backwards. However, due to its large
kinetic energy the bullet is able to perforate the target. A small plug
of target and bullet material is ejected from the rear side of the
target, while the rest of the bullet seems to form a characteristic
debris cloud after perforation. This cloud is similar in shape to those
formed during hypervelocity impacts on metal plates reported in
e.g. Ref. [27]. After perforation it is evident that the bullet is
completely destroyed, and only minor fragments can be found.

When AP bullets are used, the perforation process is rather
different. This is shown in Fig. 7, where an AP bullet perforates
a 2� 6¼12 mm thick Armox 560T plate at an impact velocity just
above 900 m/s. Just after impact, the behaviour is similar to the one
observed using Ball bullets. However, once the hard core projectile
gets in contact with the first steel plate, it starts to penetrate by
ductile hole growth. As the second plate is reached, the two plates
in initial contact start to separate, and at some point it looks like
that the core is almost completely embedded in the target. The core
then pierces the rear side of the target, occasionally by pushing
a small plug out of it. After perforation, the core continues into free
flight but with a rotated attitude, while the two plates fluctuate
somewhat in anti-phase before brought to rest. The jacket is
completely ripped off the core as a result of the impact and is
fragmented into several pieces. A distinct dent was made by the
jacket on the impact side of the steel plate. In some of the tests parts
of the jacket were found embedded inside the penetration channel
of the target plate. The hardened steel core broke up into two or
three parts, or the nose broke off, in some test for the hardest steel
plates. In other tests, the core was embedded and stopped inside
the target without complete perforation (but after piercing the rear
side of the second plate). For the softer steels, the core of the AP
bullet was almost undamaged after perforation. Fig. 8 shows
pictures of the cross-section of some targets impacted by 7.62 mm
AP bullets. The dent caused by the brass jacket on the impact side is
clearly seen. Further, the Weldox 500E target displays a much more
ductile behaviour with pronounced local deformation and bulging
than the more brittle Armox 560T plate. Proofs of some separation
of the two target plates during perforation are also seen.

To check the effect of double-layering the target when impacted
by AP bullets, some new tests using two additional configurations
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of Weldox 700E plates were conducted. First, the initial versus
residual velocity curve for a 12 mm thick monolithic Weldox 700E
plate was established. Then the initial versus residual velocity curve
for two 6 mm thick plates spaced with 30 mm of air were deter-
mined. Thus, both the total thickness and the target material were
identical in all tests. The new curves were finally compared to the
data for the double-layered targets in contact, and the results are
plotted in Fig. 9. Although some spread is seen, the ballistic limit
velocity between the monolithic and double-layered plates in
contact was found to be identical. Based on this it may be stated
that the effect of double-layering the target plate at these impact
conditions is minor. However, if the two plates are separated with
air there is a clear drop in ballistic limit. This is probably caused by
the fact that debris from the first plate is prevented from leaving
the rear side when the plates are in contact. Note also that if
double-layered plates are impacted by blunt projectiles, causing
plugging by shear localization, the ballistic perforation resistance
has been found to increase considerably [25].

Finally, the effect of the brass jacket and the lead cap on the
perforation resistance for two of the five steels was studied. This
was done by removing both the jacket and the cap from the AP
bullet and inserting the hard core steel projectile in a sabot. The
sabot was again inserted in the cartridge, and the projectile was
fired as usual by the smooth-bored Mauser gun. By removing the
jacket and the cap, the mass of the bullet was reduced by about 50%
(see Table 4), since the mass of the sabot fixed to the steel core was
only 0.32 g. This means that also the initial kinetic energy was
reduced accordingly. Some pictures from the high-speed camera
during perforation of a 2� 6 mm thick Weldox 700E plate using
this technique are shown in Fig. 10. As seen, the core broke up into
several pieces during perforation (maybe due to the small pitch at
impact in this particular test). Initial versus residual velocity curves
for APM2 bullets and hard cores only impacting 2� 6 mm thick
Weldox 700E and Hardox 400 steel targets are compared in Fig. 11.
The curves clearly reveal that the ballistic limit velocity is reduced
by 3–5% when only the hard core of the bullet is used as projectile.
This important observation indicates that it is conservative to only
model the core without the jacket and cap both in analytical and
Table 5
Experimentally obtained ballistic limit velocities and the Recht–Ipson constants using 7.

Weldox 500E Weldox 700E Hardox 400

a p vbl (m/s) a p vbl (m/s) a p

1.0 2.3 596 1.0 2.6 666 1.0 3.0
numerical simulations of 7.62 mm AP bullets impacting steel
targets (at least within the limitations of this study). The reason for
the drop in capacity seems to be that the hard core projectile
localizes more easily in the target when the jacket and cap are
removed. When present, the jacket is just ripped off the core
without any major contribution to the perforation process.

5. Computational material models

5.1. Constitutive relation and failure criteria

A slightly modified version of the Johnson–Cook constitutive
relation [28,29] (called the MJC model in the following to distin-
guish it from the original model), found to give reliable results in
previous studies on impact of steel plates (e.g. Refs. [5–7]), was
chosen both for the target and bullet materials. Here, the equivalent
stress is expressed as

seq ¼
�

Aþ B3n
eq

��
1þ _3*

eq

�C�
1� T*m

�
(2)

where 3eq is the equivalent plastic strain and A, B, n, C, and m are
material constants. The dimensionless plastic strain rate is given by
_3*
eq ¼ _3eq=_30, where _30 is a user-defined reference strain rate. The

homologous temperature is defined as T* ¼ ðT � TrÞ=ðTm � TrÞ,
where T is the absolute temperature, Tr is the room temperature
and Tm is the melting temperature. The temperature increment due
to adiabatic heating is calculated as

DT ¼
Z 3eq

0
c

seq d3eq

rCp
(3)

where r is the material density, Cp is the specific heat and c is the
Taylor–Quinney coefficient that represents the proportion of plastic
work converted into heat.

Failure is modeled using a fracture criterion proposed by Cock-
croft and Latham (CL) [30] where it is assumed that fracture depends
on the stresses imposed as well as on the strains developed. The
model can be expressed as the plastic work W per unit volume
62 mm Ball bullets (BR6) and 6 mm thick target plates.

Domex Protect 500 Armox 560T

vbl (m/s) a p vbl (m/s) a p vbl (m/s)

762 1.0 3.4 886 1.0 3.5 918



Table 6
Experimentally obtained ballistic limit velocities and the Recht–Ipson constants using 7.62 mm APM2 bullets (BR7) and 2� 6¼12 mm thick target plates.

Weldox 500E Weldox 700E Hardox 400 Domex Protect 500 Armox 560T

a p vbl (m/s) a p vbl (m/s) a p vbl (m/s) a p vbl (m/s) a p vbl (m/s)

1.0 2.2 624 1.0 2.4 675 1.0 2.0 741 1.0 2.1 837 1.0 1.5 871
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W ¼
Z 3eq

hs1id3eq �Wcr (4)

0

where s1 is the major principal stress, Cs1D ¼ s1 when s1 � 0 and
Cs1D ¼ 0 when s1 < 0. It is clear that fracture cannot occur when
there is no tensile stress operating, which implies that Cs1D equals
zero in compression stress states. The critical value of the plastic
work per unit volume (Wcr) can be determined from one simple
uniaxial tensile test. Moreover, the model is able to capture the
observed material behaviour for most steels exposed to impact.
From experiments it is seen that for increasing temperature the
strength decreases and the ductility increases, while for increasing
strain rate the strength increases and the ductility decreases, so
that the total plastic work remains fairly constant for varying
temperature and strain rate. It was shown by Dey et al. [31] that the
one parameter CL model gives equally good results as the five-
parameter JC fracture criterion in LS-DYNA simulations of perfo-
ration of steel plates. Further discussions regarding the applied
failure criterion can be found in e.g. Refs. [32–34]. To allow arbitrary
crack growth during impact, the model is coupled with an element-
kill algorithm that erodes damaged elements when the CL param-
eter W reaches its critical value Wcr at 3eq¼ 3f.

In addition to the CL fracture criterion, a temperature based
erosion criterion was used in the simulations. The value for the
critical temperature was taken as Tc ¼ 0:9Tm. This means that
when the temperature in the material reaches 90% of the melting
temperature, the element is eroded. It is assumed that at these
temperatures, the material is so weakened that it does not add
much impact resistance. Both failure criteria were used for all
materials except for the steel core in the AP bullets. The constitutive
relation and failure criteria were implemented as a user-defined
material model in LS-DYNA using a backward-Euler integration
algorithm.

Finally, although the impact velocities in this study are rather
high, no additional EOS (which relates pressure, volume, and some
thermal parameter, usually the internal energy or temperature) or
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Fig. 5. Ballistic limit velocity versus yield stress of steel plate material using (a) 6 mm thick t
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artificial bulk viscosity was introduced in the simulations to treat
possible shock waves. Thus, the relation between the pressure p
and the volumetric strain 3v is given by the linear expression
p¼ K3v, where K is the bulk modulus. This seems appropriate for
weak shocks. According to Zukas et al. [10] and Meyers [35] only
moderate pressures are generated for solid–solid impacts in the
0.5–2 km/s velocity regime, and a non-linear EOS under such
impact conditions seems to be of secondary importance.

5.2. Material tests and identification of material constants

5.2.1. Target plates
Material data for the five steels used as target plates were

determined first. The yield stress parameter A and the hardening
parameters B and n for the MJC constitutive relation in Eq. (2) and
the critical CL parameter Wcr in Eq. (4) were determined from the
quasi-static tensile tests performed on smooth specimens at room
temperature. In these tests, the reduction in cross-section diameter
was continuously measured during straining. Thus, the true stress–
strain curves to fracture could be obtained directly from the tests,
see Fig. 1(a). The measured longitudinal true stress s1 was further
corrected for triaxiality effects, since this stress is not equal to the
equivalent stress seq after necking. The equivalent stress after
necking was obtained using Bridgman’s analysis [36]

seq ¼
s1�

1þ2R
a

�
ln
�

1þa
2R

� (5)

where a is the specimen radius and R is the curvature radius of the
current neck. The geometry of the neck is estimated using an
empirical expression proposed by Le Roy et al. [37], where
a=R ¼ 1:1ð3eq � 3UÞ for 3eq > 3U and 3U is the equivalent plastic
strain at incipient necking. From the Bridgman-corrected true
stress–strain curves, the MJC parameters A, B and n were deter-
mined by a best fit using the method of least squares. It was
however not possible to get a good fit between the MJC strain
Experimental data (7.62 mm AP)
Linear best fit
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Table 7
Target material constants for the MJC constitutive relation and CL fracture criterion.

Material Yield stress Strain hardening Strain rate hardening Temperature softening CL failure

s0.2 (MPa) A (MPa) B (MPa) n _30 (s�1) C Tr (K) Tm (K) m 3f Wcr (MPa)

Weldox 500E 605 605 409 0.50 5� 10�4 0.0166 293 1800 1.0 1.46 1516
Weldox 700E 819 819 308 0.64 5� 10�4 0.0098 293 1800 1.0 1.31 1486
Hardox 400 1148 1350 362 1.0 5� 10�4 0.0108 293 1800 1.0 1.16 2013
Domex Protect 500 1592 2030 504 1.0 5� 10�4 0.0010 293 1800 1.0 0.67 1484
Armox 560T 1711 2030 568 1.0 5� 10�4 0.0010 293 1800 1.0 0.92 2310
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hardening model and the experimental data for the three hardest
steels due to the sharp break in the stress–strain curves at yielding.
For these steels A was not taken as the measured yield stress, and
linear strain hardening (n¼ 1) after yielding was assumed.
Obtained values are given in Table 7, while Fig. 12 shows
a comparison between the experimental data and the calibrated
MJC strain hardening model. The agreement is as seen good.
Additional constants for the steels required for FE simulations are
given in Table 8.

For each steel alloy the critical plastic work Wcr was determined
by calculating the area (or the plastic work per unit volume) under
the uncorrected true stress–strain curves in Fig. 1(a), since the
measured true stress in the axial direction in the uniaxial tensile
test is equal to the major principle stress s1. Note that this is an
approximation as s1 varies over the cross-section after necking, and
that the true stress used actually is the average value of s1. Calcu-
lated CL values Wcr for the different steels are listed in Table 7
together with measured true failure strains 3f from the tensile tests.

To determine the strain rate sensitivity of the steels under
consideration, tension tests with varying strain rates at room
temperature were carried out. Tests with strain rates from 10�3 to
1/s were performed in an Instron servo-hydraulic tension/torsion
machine, while a split-Hopkinson tension bar [38] was used for
strain rates at order 100–1000/s. About 10 such strain rate tests
were carried out for each alloy except for Armox 560T, which had
too high-strength and ductility to be tested successfully in our split-
Hopkinson bar. The strain rate in each of these tests was constant.
Engineering and subsequently true stress–strain curves were
generated from each test. For calibration purpose, the true stress at
3% plastic strain, denoted by s3, was identified. Fig. 1(b) shows s3 as
function of plastic strain rate for all tests and materials (except
Armox 560T), and these data were used to fit the C constant in the
MJC model. Fig. 1(b) reveals that the lowest strength steels have
Fig. 6. Perforation of 6 mm thick Armox 560T plates by 7.62 mm Ball bullet (vi z 1000
a modest increase in s3 with increasing strain rate, while Domex
Protect 500 seems to be insensitive to strain rate. Even so, both
Domex Protect 500 and Armox 560T were given a small positive
value of C to have a viscous regularisation of the problem to
suppress pathological mesh size dependency. Note that also the
Domex steel turned out to be difficult to test in the Hopkinson bar,
and only one test with strain rate higher than 100/s is reported in
Fig. 1(b). No separate tests at elevated temperatures were con-
ducted for the various steels, so the constant m describing
temperature softening in the MJC model was chosen equal to 1 for
all alloys (indicating a linear reduction in equivalent stress with
temperature). This seems to be a reasonable assumption for steels
(see e.g. Refs. [31,39]).

5.2.2. Bullets
Material data for the Ball and AP bullets are far more uncertain

since the required stress–strain data are generally not available in
the literature or from producers, and it is difficult to make speci-
mens for material testing directly from the various bullet parts.
Chocron et al. [40] and Anderson et al. [41] have reported some
tensile material test data both for the hardened steel core and the
CuZn10 brass jacket of the APM2 projectile, and these results were
used to estimate some of the parameters for the MJC constitutive
relation. Even so, material data for the projectiles must be based on
several assumptions.

Vickers hardness (HV) of the bullet materials was first deter-
mined using a Matzusawa hardness measurer. Due to the large
dissimilarity in hardness between the involved materials it was
necessary to apply different loads in the measurements, but HV
should be independent of the magnitude of the applied load [42].
Average HV values for the various materials in the bullets are given
in Table 9. As seen, HV varies from 13 for the lead core in the Ball
bullet to more than 800 for the steel core in the AP bullet.
m/s and vr z 150 m/s). The Ball bullet is completely destroyed during perforation.



Fig. 7. Perforation of 2� 6 mm thick Armox 560T plates by 7.62 mm APM2 bullet (vi z 920 m/s and vr z 200 m/s). In this test there is no break-up of the hardened steel core during
perforation, but some rotation and flattening of the nose after perforation are seen.
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Unfortunately, it is difficult to correlate HV numbers to material
properties required for numerical simulation due to a complex
stress state under the indenter. Methods have been proposed in the
literature to extract the necessary material parameters from hard-
ness measurements [43,44], but these rather sophisticated tech-
niques have not been used in this study. A rough estimate suggests
that the ultimate tensile strength is about three times the Vickers
hardness number [42]. The ultimate tensile strength may be related
to the yield stress if the material does not strain harden too much,
which is typical for very hard materials. Anderson et al. [41] found
from tensile tests that even though the 1007 tool steel core in the
APM2 bullet is hard it has a large hardening exponent. It yields at
about 1200 MPa, and strain hardens linearly to 2000–2500 MPa,
before it fails at about 2% plastic strain. These data seem to fit the
measured HV values in Table 9 quite well, and were used to cali-
brate the MJC constitutive relation for the steel core of the AP bullet.
The core is often modeled as a rigid body, but simulations have
shown that this may alter the penetration process because some
plastic deformation always takes place in the projectile, and should
therefore be avoided. Even though the steel core broke up into two
Fig. 8. Pictures of cross-sections of 2� 6¼ 12 mm thick (a) Weldox 500E and (b)
Armox 560T steel plates perforated by a 7.62-mm APM2 bullet.
or three parts in some tests for the hardest steel plates (see Section
4), fracture in the hard core is not considered here. Anderson et al.
[41] used an assumed constant failure strain of 10% to describe core
erosion during impact. Required material data for the hardened
steel core are given in Tables 8 and 10.

Anderson et al. [41] also gave a set of JC material constants
determined from tensile tests on ligaments taken directly from the
brass jacket of the APM2 bullet. They found that the CuZn10 jacket
is surprisingly strong, with a yield stress of approximately 500 MPa.
This yield stress is considerably higher than the estimated ultimate
tensile strength from the HV measurements (Table 9), and will
therefore not be used here. In the original paper by Johnson and
Cook [28], a complete set of material constants for cartridge brass
(CuZn30) for the JC constitutive relation was given. A similar set of
constitutive constants was given in a paper by Lindholm and
Johnson [45] for CuZn30, but now for pure shear. In Ref. [45], the
experimentally obtained critical shear strain to failure was given as
gf¼ 3.0, and this can be used together with the JC constants in Ref.
[28] to give a rough estimate of the CL critical parameter for the
brass jacket. Note further that cartridge brass (CuZn30) is not
exactly the same as Tambac (CuZn10). The hardness of the former is
stated to be HRF67 (or HV79), which is much lower than the
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measured HV145 for the latter. If it is assumed that the strain
hardening is about the same for the two brass alloys, the hardness
difference may be taken into account by adjusting the yield stress
constant A in the MJC model by the ratio 145/79. This has been done
in Table 10, where estimated constants for the brass are given. The
critical parameter Wcr for the CL fracture model was found by
assuming a true failure strain for the brass of about 1.5, and then
calculating the area under the stress–strain curve in a similar way
as done for the steel targets. General material values for CuZn10
brass required for the MJC model are given in Table 8.

Material constants for the antimony-alloyed lead are finally
estimated. Andersen et al. [41] gave a set of material constants for
lead based on a report by Steinberg [46], but these data do not seem
to be for antimony-alloyed lead. Antimony (Sb) is used to increase
the hardness and mechanical strength of lead, but it vaporizes at
low temperatures. It is often found in small-arms bullets and
batteries. We have not found any information on antimony-alloyed
lead for bullets in the literature, but several publications exist for
the alloy used in battery grids. From the PMI measurements, it was
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impacting 2� 6 mm thick Weldox 700E and Hardox 400 steel targets.
revealed that the lead was alloyed with about 10% antimony
(PbSb10). For a similar alloy, Prengaman [47] found a yield stress of
24 MPa, an ultimate tensile strength of 36 MPa and an elongation to
failure of 35%, which are in agreement with the measured hardness
in Table 9. Abd El-Khalek and Nada [48] showed that the strain
hardening and thermal softening for PbSb alloys are both linear and
considerable, while Mahmudi et al. [49] showed that the strain rate
sensitivity is substantial, even for small increases in strain rate.
Using this information, and by assuming a true strain to failure of 1,
the material constants for the lead core and cap in Tables 8 and 10
were generated following the procedures given above. Even though
several of the material parameters both for the brass and for the
lead are rough estimates (and that material tests are required to
validate the data), they will be used in this study as a first attempt
to simulate perforation of steel plates by 7.62 mm Ball and AP
bullets. It was further shown in Section 4 that neither the brass nor
the lead had a major influence on the perforation efficiency of the
AP bullet.
6. Numerical simulations

6.1. Numerical models

In the design of protective structures using non-linear FE
simulations, it is essential that the numerical models have some
special features. First of all, the material description should be
simplified, at least as a first approach, since it is impractical to have
to determine a large number of material constants for different
types of possible steels. Second, the computational time should be
minimized, since design often involves many numerical simula-
tions and such simulations may soon be very time consuming. Last,
Table 8
General material constants for the MJC constitutive relation.

Material E (MPa) n r (kg/m3) Cp (J/kg K) c a (/K) T*
c

All steel alloys 210,000 0.33 7850 452 0.9 1.2� 10�5 0.9
Lead core and cap 1000 0.42 10,660 124 0.9 2.9� 10�5 0.9
Brass jacket 115,000 0.31 8520 385 0.9 1.9� 10�5 0.9



Table 9
Average values of measured Vickers hardness (HV) for the bullet materials.

Material HV (load 0.01 kg) HV (load 0.025 kg) HV (load 0.2 kg) HV (load 0.5 kg) Estimated ultimate
tensile strength, su [MPa]

Hardened steel core – – – 801 2403
Lead core and cap 13 13 14 12 39
Brass jacket – 151 143 146 434
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but not least, it is important that the numerical results are
conservative in order to have a safe design. Note that most simu-
lations in this study have been carried out after finishing the
experimental test programmes. Such detailed data for numerical
guidance are in general not available during design.

All numerical models were made assuming axisymmetric
conditions. The main focus was on the determination of the ballistic
limits to see if the models were able to capture the phenomena
observed experimentally. All materials were modeled using the
MJC constitutive relation defined in Eq. (2) and the Cockcroft–
Latham failure criterion given by Eq. (4) with the material input
listed in Tables 7, 8 and 10. Previous work by Børvik et al. [5] and
Dey et al. [7] had shown that numerical problems and error
termination due to element distortion would appear if a fixed mesh
was used under pointed-nose projectile impacts. To avoid this
problem, r-adaptive remeshing with a predefined time interval
between adaptive refinements was used on all parts in all simula-
tions (except for the steel core in the AP bullet). Even so, numerical
problems associated with mesh distortion appeared in some
simulations. This was solved by adjusting the predefined remesh-
ing time interval by trial and error.

Geometries of the targets and bullets were similar to those used
in the tests with two exceptions. First, since axisymmetric condi-
tions are assumed in the simulations, the targets were modeled as
circular with a constant radius of 60 mm (i.e. in accordance with the
in-plane striking distance between single shots as stated in Table 1).
Second, the target plates were taken as fully clamped at the
support. However, at high impact velocities neither the boundary
conditions nor the in-plane shooting distance are assumed to have
any major influence on the perforation resistance of the target.
Thus, the bullets were modeled with nominal masses and geome-
tries as given in Tables 3 and 4, while the targets were modeled as
a single 6 mm thick plate (when impacted by Ball bullets) or
a 2� 6 mm thick double-layered plate in initial contact (when
impacted by AP bullets) with a free-span diameter of 120 mm.
All models were made of 4-node 2D axisymmetric elements with
one integration point and stiffness-based hourglass control
with exact volume integration. Contact between the various
parts during perforation was established using the *contact_
2D_automatic_surface_to_surface algorithm available in LS-DYNA.
Friction between parts in contact was neglected since this gives
a conservative estimate. This can be done with confidence due to
the high impact velocities. No major contact problems appeared in
the simulations using this contact algorithm. The contact energy
was further checked after each simulation and found to only be
a small fraction of the total energy. Also the energy loss was
checked and normally found to be small.
Table 10
Bullet material constants for the MJC constitutive relation and CL fracture criterion.

Material Yield stress Strain hardening Strai

A (MPa) B (MPa) n _30 (s�

Hardened steel core 1200 50,000 1.0 5� 1
Lead core and cap 24 300 1.0 5� 1
Brass jacket 206 505 0.42 5� 1
Earlier studies have shown that perforation problems involving
blunt projectiles causing shear localization are rather mesh size
sensitive, while the mesh dependency is far less distinct for pointed
projectiles causing ductile hole growth (e.g. Refs. [5–7]). In a recent
paper by Børvik et al. [50], studying the perforation of aluminium
plates with four different thicknesses impacted by conical projec-
tiles, it was shown that the problem is only slightly mesh size
sensitive and at an element size of 0.25 mm the solution seems to
have converged. Also the effect of mesh size on the ballistic limit for
the various target thicknesses when decreasing the element size
from 0.5 mm to 0.25 mm was studied [50]. Even though the number
of elements was increased by a factor of 4 (and the computational
time by a factor of at least 8), the change in ballistic limit was only 1–
3%. Based on this, and on the restriction that the computational time
should be limited, an element size typically between 0.2 and
0.3 mm was used in the various parts in the present study. This
element size resulted in about 15,000 elements in the models and
a computational time of about 30 min when running on a single
Intel Xeon 3.0 GHz processor. Plots of the initial finite element mesh
of the bullets and a part of the targets are shown in Fig. 13.

In the simulations, the projectile was given an initial velocity
similar to the one used in a corresponding experiment and the
residual velocity of the projectile was registered. From this, the
ballistic limit velocity vbl for each target was estimated based on
a number of runs using the analytical model by Recht and Ipson in
Eq. (1) and the method of least squares.

6.2. Numerical results

6.2.1. Ball bullets
It was soon clear that the Lagrangian formulation in LS-DYNA

could not treat the problem of a soft Ball bullet impacting a stiff
plate effectively due to severe mesh distortion. In such impacts, the
bullet behaves almost like a fluid (see Fig. 6) and its momentum
becomes more important than the strength. Even though the time
interval between adaptive refinements for the soft lead core was
chosen very low and severely deformed elements were continu-
ously eroded by reducing the critical CL constant, the behaviour of
the materials during perforation was not well captured. Therefore,
a systematic study to determine the ballistic limits for the various
steels using this approach has not been conducted. A sequence of
plots showing the perforation of a Weldox 500E plate by a 7.62 mm
Ball bullet is given in Fig. 14. As seen, the bullet ‘‘erodes’’ through
the target during perforation rather than moving the material out
laterally in a ductile hole growth mode. Note, however, that the
obtained residual velocity of the plate fragment is quite similar to
the one measured in a corresponding test (Fig. 4(a)).
n rate hardening Temperature softening CL

1) C Tr (K) Tm (K) m Wcr (MPa)

0�4 0 293 1800 1.0 –
0�4 0.1 293 760 1.0 175
0�4 0.01 293 1189 1.68 914



Fig. 13. Numerical models of (a) Ball bullet against a single 6 mm thick plate and (b) AP bullet against a 2� 6 mm thick double-layered plate in initial contact. Note that the models
have been reflected about their symmetry axis to better show the geometry and that only a part of the target’s diameter of 120 mm is shown.
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It is known that fluid mechanics problems cannot be treated
effectively with Lagrangian meshes due to mesh distortions [51].
Instead, a hybrid technique using an Arbitrary Lagrangian–Eulerian
(ALE) formulation or similar should be used. However, only a 3D
Lagrangian–Eulerian formulation is available in LS-DYNA. The 2D
FE code GRALE [52] was therefore used to demonstrate the process
using such a technique for this particular problem. GRALE is an
explicit multi-material Eulerian code for 2D problems, developed
by the Swedish Defence Research Agency. The code works with
selectively reduced integrated 4-node quadrilaterals. The problem
was modeled using 60,000 multi-material Eulerian elements
(Fig. 15(a)), while the element size in the primary domain of
interest was 0.1 mm (Fig. 15(b)). Both the material models and the
material input were identical in the GRALE and LS-DYNA simula-
tions. The first order Donor Cell scheme was used to advect both
element centered variables and node centered velocities. Some
plots of the same perforation process as shown in Fig. 14 using LS-
DYNA are given in Fig. 16 using GRALE. Neither this technique
seems to give a good description of the perforation process, as the
global target deformation is too large and the bullet too intact when
compared to Fig. 6. On the other hand, no major numerical prob-
lems appeared in these simulations, and the residual velocity of the
bullet was found to be similar to the Lagrangian LS-DYNA simula-
tion. However, more work is required in order to have reliable
Fig. 14. Some plots showing perforation of a 6-mm thick Weldox 500E plate by a 7.62 mm
resulting in an unphysical and complete ‘‘erosion’’ of the bullet during perforation.
results in impact problems where soft bullets hit hard targets (as
also discussed by Schwer et al. [53] using the 3D SPH formulation of
LS-DYNA). This is outside the scope of the present work, and
a preliminary conclusion is that the 2D Lagrangian formulation of
LS-DYNA cannot be used with confidence to study the perforation
of steel targets by soft lead core Ball bullets.

It should finally be commented that due to environmental
reasons lead filled bullets have become forbidden in many coun-
tries, and the soft lead core has been replaced by a soft steel core.
Since it is anticipated that these bullets will be harder to defeat for
steel targets, simultaneously as they are easier to simulate using
standardised FE tools, it may not be necessary to simulate the
impact of soft core lead bullets for design purposes.

6.2.2. AP bullets
In contrast to the Ball bullets, no major numerical problems

were detected in Lagrangian LS-DYNA simulations of the hard steel
core APM2 bullets during impact. Fig. 17(a) shows initial versus
residual velocity curves from LS-DYNA simulations for the five
different steel targets, while Fig. 17(b) gives a comparison between
ballistic limit velocities versus steel alloy from experimental tests
and LS-DYNA simulations using 2� 6 mm thick targets and
7.62 mm APM2 bullets. As seen, the simulations are not able to
capture the linear increase in ballistic perforation resistance with
Ball bullet using the Lagrangian formulation of LS-DYNA (vi¼ 800 m/s, vr z 500 m/s),



Fig. 15. (a) Multi-material ALE model and (b) mesh density used in GRALE simulation.
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increasing target yield stress as found in the experiments. For the
lowest strength Weldox steels, the simulations give conservative
ballistic limits with a deviation of 6–12% compared to the experi-
mental results. For the higher strength steels, all results are non-
Fig. 16. Some plots showing perforation of a 6 mm thick Weldox 500E plate by a 7.62
vr z 500 m/s).
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conservative, but now the deviation is less than 3% from the
experimental data. For all practical design purposes, these results
are regarded as good. One possible reason for the larger deviation of
the Weldox 700E targets compared to the other alloys is the
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400 800 1200 1600 2000

Yield stress (MPa)

500

600

700

800

900

1000

B
al

lis
ti

c 
lim

it
 v

el
oc

it
y 

(m
/s

)

Experimental data (7.62 mm AP)
LS-DYNA
Linear best fit

BR7 (vbl= 820 m/s)

Weldox 500E

Weldox 700E

Hardox 400

Domex Pro 500
Armox 560T

stic limit velocities versus yield stress of the steel material from experimental tests and



Fig. 18. Plots showing perforation of a 2� 6 mm thick Weldox 700E target by a 7.62 mm APM2 bullet using the Lagrangian formulation of LS-DYNA (vi¼ 650 m/s, vr¼ 248 m/s).

Fig. 19. Plots showing perforation of a 2� 6 mm thick Armox 560T target by a 7.62 mm APM2 bullet using the Lagrangian formulation of LS-DYNA (vi¼ 920 m/s, vr¼ 286 m/s).
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Fig. 21. A sequence of plots (as fringes of accumulated plastic strain, where red indicates a plastic strain above 0.8) showing perforation of a 2� 6 mm thick Hardox 400 plate by
using the hard core only of the 7.62 mm APM2 bullet in Lagrangian LS-DYNA simulations (vi¼ 800 m/s, vr¼ 257 m/s).
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calibration of the slope of the hardening curve in Fig. 12, since
earlier material tests of Weldox steels [7] have shown that Weldox
700E strain hardens somewhat more for large plastic strains than
Weldox 500E (which is opposite to what is seen here). Another
explanation may be an imprecise calibration of the fracture crite-
rion for this alloy. Note that the overall goal in this study has not
been to show a one-to-one correlation between the predicted and
experimental data, but to investigate if the experimental trends are
correctly described for design purposes. Therefore, no additional
effort has been spent to investigate this deviation in any detail.

Fig. 18 shows a sequence of plots of an AP bullet perforating
a 2� 6 mm thick Weldox 700E target, while Fig. 19 shows corre-
sponding plots during perforation of a 2� 6-mm thick Armox 560T
target. If compared to Figs. 7 and 8, it is seen that the physical
behaviour is well captured even though the fracturing process is as
expected more ductile (especially for the brass jacket) in the
simulations than in the experiments. Also the dent caused by the
jacket on the impact side of the target is well-described.

In a final set of simulations, only the hard steel core without the
brass jacket and the lead cap of the bullet was modeled. This was
done to see if the numerical simulations were able to capture the
drop in ballistic limit velocity under such conditions as observed
experimentally. Fig. 20(a) shows a comparison between initial
versus residual velocity curves from experimental tests (Fig. 11) and
LS-DYNA simulations when only the core of the APM2 bullet was
used to impact 2� 6 mm thick Weldox 700E and Hardox 400 steel
targets. As in Fig. 17(b) for the full APM2 bullet, conservative results
are obtained for the Weldox 700E target, while non-conservative
results are obtained for the Hardox 400 target. The deviation
between experimental and numerical results is about 5% for both
materials. Fig. 20(b) shows a comparison between initial versus
residual velocity curves from LS-DYNA simulations for full APM2
bullets and hard cores only. The experimental trend from Fig. 11 of
a drop in capacity when only the hard core of the bullet is used is
captured for the Hardox 400 target, but not for the Weldox 700E
target. However, the difference in ballistic limit velocity is less than
2% for both materials. Thus, it is hard to draw strict conclusions
based on these results. Fig. 21 shows some plots of the perforation
process when only the core of the 7.62 mm AP bullet is used to
impact a 2� 6 mm thick Hardox 400 target. No dent on the front
side of the target is now seen. Instead the material flows out in
a frontal bulge as also seen in the tests, and the ogival-nose
projectile pierces through the target by ductile hole growth.

Based on these simulations, it seems safe to state that neither
the brass jacket nor the lead cap has any major influence on the
ballistic perforation resistance of steel targets, and that reasonable
good agreement with experimental data may be obtained when
only the hard core of the AP bullet is modeled. However, it should
be noticed that conservative results from the simulations are only
obtained for the softest steels, but the deviation between experi-
mental data and numerical results is in general small.

7. Conclusions

In this study, the perforation resistance of five different high-
strength steels against small-arms bullets has been determined and
compared against each other. The considered alloys are Weldox
500E, Weldox 700E, Hardox 400, Domex Protect 500 and Armox
560T. To have a design related problem, two ballistic protection
classes defined in accordance with the European norm EN1063
have been assessed. These are BR6 (for protection against 7.62 mm
Ball bullets) and BR7 (for protection against 7.62 mm AP bullets),
where the impact velocity of the bullets is about 830 m/s in both
cases. Perforation tests have been carried out using adjusted
ammunition to determine the ballistic limit velocity of the different
steels using 6 mm and 2� 6¼12 mm thick target plates for
protection classes BR6 and BR7, respectively.

From the impact tests, a strong and almost linear increase in
perforation resistance with target yield stress for both projectile
types within the limitations of this study was found. This illustrates
that material strength is a much more important feature than
ductility in the design of small-arms ballistic protection. It was
further found that for both protection classes, the only steels that
meet the requirements for the used thicknesses are the armour
steels (Domex Protect 500 and Armox 560T). None of the structural
steels (i.e. Weldox 500E, Weldox 700E and Hardox 400) can be
classified as BR6 or BR7 using 6 mm or 2� 6 mm thick plates,
respectively, and their thickness has to be increased to meet the
specifications in EN1063. The effect of using monolithic versus
layered plates (either in contact or spaced with air) was also
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investigated. It was found that the ballistic limit between the
monolithic and double-layered plates in contact was identical,
while if the two plates were separated with air a clear drop in
ballistic limit was obtained. Tests were finally carried out using only
the hard core of the AP bullet. This was done by removing the brass
jacket and the lead cap, and inserting the hard core steel projectile
in a sabot. By removing these parts the mass of the bullet was
reduced by 50%, which means that the initial kinetic energy was
reduced accordingly. It was found that when only the hard core was
used as projectile the ballistic limit dropped by 3–5%. This obser-
vation indicates that it is conservative to only model the hard core
in analytical and FE simulations of 7.62 mm AP bullet impacting
steel targets.

A simplified identification procedure was proposed to calibrate
a modified version of the Johnson–Cook constitutive relation and the
Cockcroft–Latham fracture criterion, since it is considered important
to limit the number of material tests in design. For the steel targets,
material constants were based on various material tests, while data
for the bullets mainly were taken from the literature.

Non-linear 2D axisymmetric finite element simulations with
detailed models of the different bullets were finally carried out. It
was seen that neither the Lagrangian formulation in LS-DYNA nor
the multi-material Eulerian formulation in GRALE could effectively
treat the problem of a soft core bullet impacting a hard plate, and
more work is required to have reliable results for this particular
problem. On the other hand, no major numerical problems were
detected using the Lagrangian formulation of LS-DYNA in simula-
tions of hard core APM2 bullets during impact. Under such condi-
tions reasonable agreement with the test data was in general
obtained with a deviation less than 12% compared to the experi-
mental results. However, not all of the numerical results were
found to be conservative, so care should still be taken when such
methods are used in the design of protective structures.
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