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Abstract. Armour steels and their response to ballistic and blast threats have been dutifully studied
in light of increased conflict and advances in protection levels. The strength of these quenched and
tempered martensitic steels is a result of micro alloying, Ni Cr, and Mn, a combination of hot and
cold rolling of the steel and proprietary heat treatments. The resultant hardness and toughness are
pronounced and are reflected in the ballistic performance of the steel, although the role of the
residual stress (RS) has not been unambiguously confirmed. To elucidate the effects of the RS on
ballistic properties a two-step study was performed. Firstly, stress measurements were carried out
on ARMOX 500T on the RS diffractometer KOWARI at ANSTO on a 8.3 mm thick plate. Stress
components in rolling and transverse directions were calculated. Using the experimentally
measured stress profiles as an input, numerical analysis was carried out on the ballistic response
of the plate to the 7.62 mm APM2 round. Since numerical modelling inherently require the
evaluation of material properties at elevated strain rates, to gauge the impact driven stress-strain
response, the material’s responses were derived using experiments utilising quasi-static testing
and instrumented high strain rate experiments using the Split Hopkinson Pressure Bar (SHPB) at
Swinburne University, Australia. These experimentally determined high strain rate data were
incorporated into the Johnson-Cook (J-C) computational models for the flow stress along with
literature sourced parameters for the failure model of the plate. Analysis of the two starting
conditions, with and without residual stress, allows the authors to draw some conclusion about
the role of the residual stress on the ballistic performance of ARMOX 500T armour steel.

Introduction

The evaluation of ballistic impact performance is often done through experimental testing.
Analogously FEA (Finite Element Analysis) can be used as a predictive tool for the optimisation and
validation of armour designs and to investigate the likely failure mechanism. RS are known to play a
significant role in many material failure processes (e.g. fatigue, fracture, and stress corrosion
cracking) [2], which are not characterised by high strain rate deformation of dynamic failure as in the
case of ballistic impact. Based on a literature review of hot rolled high strength steels, the role of RS
on their dynamic failures is yet to be fully elucidated, studies of HSLA-100 [3] under impact
exhibited a pronounced stress field, for the as-received material, in the through plate thickness,
analogous to the current study although with a dissimilar tensile stress magnitude. Another example
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can be found for SS 316 weldments [4] under impact. In a previous study the design of multi-layered
armour systems has been found to be beneficial [5] in reducing the aerial density with a
commensurate increase in performance when compared to homogenous rolled armour alone, RS was
not a part of that study. Since all armour materials (plates) have RS of varying magnitude as a result
of the manufacturing routes, a study of the role of the RS is desirable. To better clarify the ballistic
behaviour and performance of armour steels the current study looks to measure the RS in 8.3 mm
thick ARMOX 500T plate, quantify high strain rate material behaviour through SHPB testing and
combine these into numerical FEA modelling to evaluate ballistic performance in several regimes.

Apart from the ballistic performance, the knowledge of the RS in armour plates is important for a
number of other reasons. Commonly the compressive residual stresses at the surface can improve the
resistance to crack initiation when a tensile load is applied. This may also improves fatigue strength
and resistance to stress-corrosion cracking for vehicle mounted amour steels. Conversely, tensile RS
at the surface are undesirable as they increase the overall stress level. It is widely accepted that these
can lead to stress-corrosion cracking and fatigue failure by reducing the fatigue life and strength of
the part.

Microstructure and material properties

ARMOX 500T belongs to a class of quenched and
tempered high strength steel which are predominately used
in amour applications [6-9]. The material is characterised
by a high chemical purity, as shown in Table 1, with high
Mn and Ni, to stabilise the steel in quenching, reduce
distortion of the plate and to increase the hardenability and
hardness depth. Typically the production of these armour
steels involves hot rolling at a homologous temperature of
T™_ 0.8. The cut plates are then evenly quenched from a
temperature of T- 0.65 to form a largely martensitic
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Fig 1. SEM image of microstructure microstructure. Low cgrbon steels .such armour steel have
of as received ARMOX 500T (2000 ). small amounts of reta1*ned austenite bl_lt these steels_ are
often tempered at T - 0.1-0.3 to increase ductility.
Secondary processes such as welding or cutting of ARMOX 500T are done below the tempering
temperature of 200°, T'=0.1 as the steels strength is negatively impacted. These low tempering
temperature allow for the decomposition of the small amount of retained austenite to martensite
albeit with a smaller reduction in the internal stresses when compared with higher tempering
temperatures [10]. The resultant fine grained lathe martensite structure can be seen in Fig 1.

C% | Si MN% |P% [|S% |Cr |Ni Mo % | B %

% % %

032104 |12 0.015/0.010 1.0 [1.81]0.7 0.005
Table 1 Typical composition of ARMOX 500T.

High-strain rate testing

One method to quantify the high strain rate performance, which is readily used is armour testing, is
the SHPB [11, 12]. The test involves a striker bar being fired at the incident bar with a pre-specified
velocity. This induces stress waves, which propagate through the incident bar. Upon reaching the
interface with the specimen the stress pulse is partially reflected back through the incident bar, whilst
a portion of the pulse is transmitted through the specimen and into the transmitter bar. By placing
strain gauges on both the incident bar and the transmitter bar the strain histories can be evaluated.
The stress and strain can be evaluated through the Kolsky relation [13].
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Neutron diffraction experiment

Neutron RS measurements in the 8.3 mm thick ARMOX 500T plate were performed on the
KOWARI neutron diffractometer at the OPAL research reactor at ANSTO [14]. The Fe(211)
reflection was used at 90°-geometry employing a neutron wavelength of L = 1.67 A. Three principal
directions, rolling (RD), transverse (TD) and normal (ND), were measured scanning through
thickness in 0.5 mm steps with a nominal gauge volume of size of 0.8x0.8x20 mm® and resulting in
overall 17 point strain profiles. The high flux of KOWARI, optimised for this wavelength, yielded
average strain accuracy better than 50 pstrain (or ~10 MPa in stress scale after calculations and error
propagation) in ~7 minutes of beam time. Of the three strain measurements two stress components
were recalculated for RD and TD Fig3. (a), as well as dy values Fig.3 (c), assuming the zero plane
stress condition. In the authors’ opinion this is the most valid approach for stress calculation in the
current case. The applicability of the plane-stress condition in thin plates can be based on theoretical
consideration using the equation of equilibrium for the normal component, do33/0x5 =
—(00y3/0x, + 00,3/0x,), where x; is the through-thickness dimension and x; and x, are the in-
plane coordinates. In case of large uniform plate, with no gradient in x; and x, dimensions, there is
also no gradient of the o35 in the through-thickness direction and since o353 = 0 exactly on the both
surfaces, this holds true through the whole thickness.

Constitutive modelling
The experimentally derived stress strain curves are fit to the three parameter J-C constitutive
model [15] and is used to compute the flow stress of materials under high strain:

Ocq = [A+ Be™[1 4 Clng™|[1 - (T7)], (1)
where o, is the flow stress, ¢ is the effective plastic strain, &* =¢/¢, is the dimensionless plastic
-T
strain rate, T*= 9 is the homologous temperature and A, B, n, C and m are material
melt ~— 10

constants. This phenomenological model accounts for (i) the increase in yield stress due to strain
hardening through dislocation pile up (ii) the increase in yield and tensile strength with increased
strain rate and (iii) the thermal softening of the material due to thermal-plastic instability. The
temperature increase is assumed adiabatic. Johnson and Cook [16] also developed a fracture model

for ductile materials focusing on the stress tri-axiality sensitivity. The failure strain is computed from

a multiplicative relation that expresses the stress tri-axiality, G*—UP , where P is the hydrostatic

eq
stress, strain rate dependence and the homologous temperature, where Dy, D, D3, D4, D5 are the J-C
Fracture strain model constants:

g, = (D, + D, exp(D;0*))(1 + D, In(£*))(1 + D,T*). 2)
The 7.62 mm projectile, Fig. 2, is similarly modelled using a modified version of the J-C model
as outlined in [8]. A breakdown of the derivation and the applicability of the newly derived high

strain data will be analysed in a future publication. Preliminary strength model constants for
ARMOX 500T are listed in Table 2. Damage model contstants are reproduced from [17].

! 35.6mm ‘
‘ A [GPa] B[GP n Cc m
7.84mm : 0]

S 0.385 1.405 0.0 0.0 1.

Lead Filler 263 087 044

Steel Core

Lead Filler Copper Jacket Dl DZ D3 D4 D5

0.068 5.328 - 0 0

Fig. 2 Schematic of 7.62 mm APM?2 [1]. 2.554

Table 2 J-C flow stress and failure model constants for
ARMOX 500T.
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Results of residual stress

The macro-stress profile in the through thickness of the steel plate is shown in Fig. 3 (a), and exhibits
large oscillatory behaviour as a result of the production route. It characterised by large compressive
stresses, -200 MPa, present at the surface, tensile stress zones ~1 mm below the surfaces, ~120 MPa,
and a moderately compressive zone in the center, -100 MPa. Despite a more pronounced stress in the
rolling direction (RD), the similarities of the two profiles, rolling direction and transverse direction
(T]%g, indicate cross rolling was a most likely manufacturing route.
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Fig. 3 (a) Residual stress measured using neutron and mapped to FE model (b) contours of the
stresses after dynamic relaxation step (c) dy value profile evaluated for the zero stress condition

in the through thickness approach.

Stress (MPa)

Results for modelling simulation
Utilising a numerical routine the resultant stresses shown in Fig. 3 (a) were mapped in the plate’s
through thickness for the RD stress, 0, and the TD stress, gy, using MATLAB, the stresses were
initialised at the integration points using a dynamic relaxation step. The FEA model is built using 3D
half symmetry with 500,000 single-point integrated solid elements in LS-DYNA, with a plate
through thickness element size of 0.5 mm. Shown in Fig. 3 (b) are the results of the precursor
dynamic relaxation simulation in which sample equilibrium is achieved through nodal displacement
based on the user defined initial stress. Note that some discrepancies are apparent between these
dynamic relaxation stresses and those of the experimental measurements. Greater discretisation of the
through thickness mesh would alleviate this issue and will be tackled in future studies.

The numerical LS-DYNA simulation of bullet collision with stressed and stress-free armour plate
was performed for four bullet velocities of 450, 600, 750 and 900 m/s and with 0° of obliquity. These
present velocities above and below the steel’s Vs limits [18].

RS RS

Fig. 4 (a) Deformation of ARMOX 500T for 750m/s APM?2 velocity (b) contours of stress tri-
axiality.

The model results demonstrates the classical ductile hole growth failure mode, whereby the
projectile penetrates into the plate by pushing the target material aside, Fig.4(a). There is a small
amount of localised bulging with a largely straight penetration channel and no bullet tumbling. The
penetration process at t=32 ps shows the brass jacket stripped from bullet for the higher velocities.
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The lead filler atop the steel core is largely eroded due to adiabatic heating and to a lesser extent the
plastic work, the lead filler to the rear of the bullet is damaged by the collapsing brass jacket. This
damage is induced by the complex contact which creates disparities in the bullet component’s
velocities. Some bullet tip erosion is apparent but no pronounced shape variations are shown between
the steel with and without RS. The von Mises stress, Fig.5, in the bullets impacting at higher
velocities is more apparent and more distributed for the RS plates. We observed a reduction of the
residual velocity of the bullet after perforation, at an incident velocity of 900m/s, from 453m/s to 444
m/s for the RS plate.

For all the scenarios analysed the authors observed a reduction in the back face stress for the RS
plates with a correspondingly small reduction in the back face deformation at velocities of 450m/s
and 650m/s, Fig.6. At higher velocities, 750m/s there is greater propensity for the plate without RS to
fail, in penetration, on the back face as seen in Fig 4(a). This stems from the increase in stress tri-
axiality in the plates without RS, as the large compressive surface stresses in the RS plates improve
the ballistic performance by reducing the magnitude of the material with positive tri-axiality, Fig.4(b)
while the internal compressive stresses increase the volume of material with negative tri-axiality, also
a mitigating mechanism to failure.

Conclusion

Residual stress for hot rolled ARMOX
500T has been characterised using
neutron diffraction techniques with
pronounced compressive and tensile
stresses inherited from the production
route. Stress mapping of the RS was
used to model the ballistic
performance of the plate against
7.62mm APM coupled with newly
parametrised data for J-C flow stress
model. RS has a small beneficial effect
in reducing back face deformation in
lower velocity projectile impact,
Fig5 von Mises stress for L-R 450,600,750,900 m/s at  below the ballistic limit. This is
t=32us. The bottom 4 results are the models through a reduction in the positive tri-
initialised with RS. axiality experienced by the plate’s back
face and an increase in the volume of

material ahead of the bullet with negative tri-axiality.
There is a small reduction in the residual velocity of the
penetrating projectile for RS plates at higher velocities,
above Vso. The reduction could become more pronounced
where multiple sandwiched plated are used and were the
cumulative RS effect may not be a simple additive
relationship.

Backface displacement of APM2 round about plate's centreline

Plate displacement (mm)
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