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The advent of additive manufacturing (AM) in the defence industry has introduced pos-
sibilities for customisable and optimised light-weight armour. Maraging steel is well
suited to AM and takes on ultra high-strength post heat-treatment, lending it significant
potential for protective applications. Promising ballistic performance has been demon-
strated in the literature albeit with a tendency for brittle behaviour; it remains unknown to
what extent the AM process is responsible for the unfavourable strength versus ductility
trade off. Here, AM maraging steel in both the as-printed and heat-treated state has been
experimentally characterised, examined, and tested in a ballistic range alongside its tra-
ditionally cast counterpart. Very little difference was found in the ballistic limit velocity
of the AM maraging steel compared to cast both before and after heat treatment, despite
a dramatic reduction in ductility. In the majority of the ballistic impact tests, damage
inflicted on the projectile core was more extensive for the AM targets than for the cast.

INTRODUCTION

Flexible and customisable production, one-off parts and even on-site armour re-
pairs are examples of the possibilities offered by the use of additive manufacturing
(AM) in defence applications. Laser powder-bed fusion (LPBF) processes in particu-
lar enable the building of intricate metallic parts with complex multi-scale geometries
that may be utilised for armour with high strength-to-weight ratios. The uncertainty
related to the effect of AM material properties on ballistic performance, however, has
meant that the application of AM techniques to advance protective structures is as of
yet unrealised [1, 2]. To date, existing studies have found promisingly little differ-
ence between the ballistic performance of AM aluminium compared to cast material
of the same composition [3], and attempts have been made to modify AM processing

parameters for optimised ballistic performance of titanium targets [4, 5].



Maraging steel is a martensitic steel that takes on ultra high-strength post heat-
treatment and is commonly used in aerospace industry [6]. The low carbon composi-
tion of maraging steel makes it suited to manufacturing through LPBF: the strength-
ening intermetallic precipitates developed during cyclic heating and subsequent heat-
treatment may cause cracking in high-carbon steels [7, 8]. It is well established that
high mechanical strength correlates with favourable ballistic performance [9, 10].
As such, significant potential for AM maraging steel in protective applications was
demonstrated in initial experimental studies by Costas et al. [11]. However, a ten-
dency for brittle fracture became evident with a detrimental effect on ballistic perfor-
mance for heat-treated AM maraging steel.

A reduction in ductility associated with high-strength can cause fragmentation
and erratic behaviour of targets under ballistic impact and reduce the overall perfora-
tion resistance [9, 12, 13]. At the same time, LPBF process defects such as lack of fu-
sion between melt track layers and unmelted powder are known to induce anisotropy,
in particular in the fracture strain [7, 11]. It remains unclear to what extent the addi-
tive manufacturing process is responsible for the unfavourable strength versus ductil-
ity trade off for AM maraging steel targets. The performance of AM maraging steel
alongside traditionally cast maraging steel under the same experimental ballistic test
conditions has not yet been examined.

In this study, AM maraging steel in both the as-printed and heat-treated state has
been experimentally characterised and tested in a ballistic range alongside its cast
counterparts. Comparisons of ballistic performance are informed by the mechani-
cal properties disclosed in quasi-static tensile tests, the ballistic limit velocities, and
the observed microstructures of different target material configurations. Scanning
electron microscope (SEM) images were taken to shed light on fracture surfaces and
penetration channels, and high-speed cameras recorded the ballistic impact tests to
observe perforation mechanisms at play.

The AM maraging steel had a marginally lower ballistic limit velocity compared
to that of the cast maraging steel both before and after heat treatment, despite exhibit-
ing a far smaller strain at fracture that was dramatically reduced after heat-treatment.
Both the heat-treated AM and cast maraging steel demonstrated a capacity to pul-
verise the armour piercing bullet upon impact at the ballistic limit velocity. However,
in the majority of impact tests, damage inflicted on the hard steel bullet core was more
extensive for the AM material than for the cast material.

EXPERIMENTAL METHODOLOGY

AM and cast maraging steel specimens were manufactured for an experimental
campaign to disclose the mechanical characteristics and ballistic performance. All
cast maraging steel specimens were machined from a @360.5 x 500 mm cylinder pro-
vided by Abrams steel [14]. Six AM maraging steel cylinders of ?¥60.5 x 50 mm
were produced using LPBF with the island scan strategy as detailed in Figure 1
using a 200 W Concept Laser M2 and processing parameters listed in TABLE 1.
Specimens for tensile tests and target plates for ballistic impact tests were machined
from the cylinders to the specifications in Figure 1. Note that tensile specimens for
the AM material were extracted with orientation in the build-direction, indicated by
the z direction in Figure 1. The build direction is expected to represent the worst
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Figure 1. Schematic of experiments and maraging steel specimen details with the number of tests
listed in brackets.

case scenario for reduced ductility due to AM processing as demonstrated by Costas
et al. [11]. Half of the specimens were tested in their as-printed or as-cast state, while
half underwent industry standard heat-treatment of 490 °C for 6 hours followed by
air cooling.

Quasi-static uniaxial tensile tests were carried out using an Instron universal test-
ing machine with an initial strain rate of 1 x 1072 s~!. Two synchronised Basler
cameras captured the tests at 3—10 frames per second which were analysed with the
digital image correlation software eCorr [15]. The Cauchy (true) stress, o, and loga-

rithmic strain, €, were computed using
o =F/A (1)

and
e=1n(Ap/A) ()



TABLE I. ADDITIVE MANUFACTURING PROCESS PARAMETERS.

Laser power Layer thickness Laser velocity Focus diameter Hatch distance Powder size

180 W 30 um 600 mm/s 150 ym 105 pm 10 — 45 um

respectively, where F is the force recorded by the load cell, A is the specimen gauge
area, and A is the initial cross-section area of the gauge area.

The ballistic limit velocity, vy, was disclosed by firing 7.62 mm calibre armour
piercing projectiles at target plates in a ballistic range using a smooth-bored Mauser
rifle as described by Bgrvik et al. [9]. Projectile impacts from 300—1000 m/s against
targets secured in a circular clamp were recorded at 300,000 frames per second by
a Phantom high-speed TMX 7510 camera to measure initial, v;, and residual, v,,
velocities. The Recht-Ipson model [16] was fitted to the experimental data using the
least squares method to estimate vy, for each target configuration. The Recht-Ipson
model is given as

vy = a(v?f vﬁl)l/p 3)

1

where a and p are constants fixed at 1 and 2, respectively, for the purpose of forming
grounds for comparison between target materials. Note that the intention of this study
is to draw comparison between AM and cast maraging steel for non heat-treated and
heat-treated states separately. Results of experimental ballistic impact tests on the as-
printed and heat-treated material are not directly comparable due to different target
thicknesses used (I x 5 mm cast targets and 2 X 5 mm AM targets as shown in
Figure 1).

RESULTS
Material Characterisation

Results from the quasi-static tensile tests and ballistic impact tests are reported in
Figures 2a and 2b respectively. The expected improvement in mechanical strength
after heat-treatment of maraging steel manifested as an increase in both the yield
stress, oy, and ultimate tensile strength, Surg, of approximately 60% and 80% for the
AM and cast, respectively. Alongside increased strength, a worsened strain-capacity
after heat-treatment was evidenced by a reduction of 30—40% in strain at peak force,
eurs, and a reduction of approximately 48% and 93% in strain at fracture, €g., for
the cast and AM maraging steel respectively.

Figure 2b presents the ballistic limit curves for the 1 X 5 mm cast targets and
2 x 5 mm AM targets both before and after heat-treatment. Very little scatter is ob-
served in the data for the as-printed targets with only slightly more for the heat-treated
targets. As expected, the ballistic limit velocity of the doubled AM heat-treated tar-
gets demonstrated a far higher ballistic limit than the non heat-treated single targets.
The differences found in ballistic limit velocity between AM and cast maraging steel
were small both before and after heat-treatment. Before heat-treatment, the AM tar-
gets were found to possess a ballistic limit velocity approximately 5% lower than that
of the cast targets, while after heat-treatment ballistic limit velocity of the AM targets
was 4% lower than cast.

Features that typically characterise ductile and brittle failure can be identified for
the as-printed and heat-treated maraging steel, respectively, in SEM images of tensile
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Figure 2. Experimental results: (a) tensile test results on cast and AM maraging steel, the latter
specimens extracted in the AM build direction (b) Experimental ballistic test results on cast and AM
maraging steel; heat-treated 2 x 5 mm plates and as-printed 1 x 5 mm plates, where the solid lines

represent the fitted Recht-Ipson model.

test specimen fracture surfaces displayed in Figure 3. A dimpled surface pattern in-
dicative of ductile failure upon the coalescence of voids is visible for cast maraging
steel specimens in both the as-cast and heat-treated state in Figures 3b and 3d, respec-
tively. The dimples of the heat-treated cast specimen surface appear to be shallower
as a result of more brittle behaviour, in accordance with the reduction in strain at
failure after heat-treatment found in the tensile tests. In contrast, the fracture surface
of heat-treated AM specimen contains craters, cracks and cleavages typical of brittle
fracture. The as-printed AM specimen exhibits dimples and holes as observed for
the as-cast specimen, however with a larger diameter and depth. In Figure 3a, a hole
has been identified containing a spherical particle of a diameter consistent with range
expected of powder particles used during the AM build. Small spherical particles on
the fracture surface and inside voids were not unique to the as-printed AM material:
similar particles may be observed in Figure 3c of the heat-treated AM specimen. The
latter indicates both the presence of unmelted powder particles inside the AM marag-
ing steel that the heat-treatment process does not affect, other than that some particles
in the heat-treated material appear to be fused together.

Ballistic Impact Tests

Figure 4 presents SEM images of the bullet perforation channel in an example bal-
listic test for each target configuration. Plastic deformation and evidence of smeared
surfaces during temperature softening is apparent in both Figures 4a and 4b for the
as-printed AM and as-cast material, respectively. Smooth surfaces and cracks charac-
teristic of brittle fracture can be observed in Figures 4c and 4d for the heat-treated AM
and cast material as a result of fragmentation in the target failure mode as opposed to
ductile hole growth.
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Figure 3. SEM images of quasi-static tensile test fracture surface of maraging steel: (a) as-printed
AM, (b) heat-treated AM, (c) as-cast, (d) heat-treated cast.
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Figure 4. SEM images of penetration channels from ballistic impact tests: (a) as-printed AM, (b)
as-cast, (c) heat-treated AM, (d) heat-treated cast.



Snapshots of high-speed camera recordings for selected ballistic impact tests are
displayed in Figures 5 and 6 for further analysis of the ballistic performance and
perforation mechanisms. Similar behaviour during perforation was observed for AM
and cast as-printed targets at both high velocities and low velocities, as exemplified
in Figure 5. At impact velocities of around 930 m/s, shown in Figures 5a and 5b,
both AM and cast targets experienced a similar amount of fragmentation and were
unable to strip the copper jacket from the bullet core, resulting in a similar, albeit
slightly larger, reduction in projectile velocity for cast compared to AM. At a low
impact velocity of 392.4 m/s, the as-printed AM target strips the bullet of its copper
jacket and fragments the tip of the core which perforates the plate along with small
target plate fragments, as shown in Figure Sc. In Figure 5d the ballistic limit velocity
of the as-cast target has been reached at 409.5 m/s: the projectile is arrested while the
target experiences plastic deformation representative of ductile hole growth.

At high impact velocities fragmentation was observed for both the heat-treated
AM and cast targets. The examples depicted in Figures 6a and 6b show broken bullet
cores emerging from the AM and cast targets with a similar residual velocity along-
side fragments of the maraging steel. Note that the case presented in Figure 6b is ex-
ceptional for the heat-treated cast targets being the only test out of eight during which
the bullet core was damaged. On the contrary, fracture of the bullet core occurred
in each of the four tests on the heat-treated AM material. At an impact velocity of
roughly 900 m/s, the heat-treated AM target produced larger fragments than the cast
target for which the residual bullet velocity was around 100 m/s lower. Despite more
significant fragmentation of the target plate at higher velocities, the heat-treated AM
target induced fragmentation of the steel bullet core whereas the cast target did not.
At the respective ballistic limit velocities, both the AM and cast heat-treated targets
were able to pulverise the bullet upon impact, in that no sizeable fragments can be
identified from the high-speed camera images in Figures 6¢ and 6d.

Figure 7 presents photographs of the front side of both the front and back tar-
get plates for the same two ballistic impact tests on the heat-treated AM and cast
maraging steel as the high-speed camera snapshots in Figure 6. The plates shown
in Figure 7a of the 809.9 m/s impact velocity test demonstrate the severity of target
fragmentation for the heat-treated AM material compared to the cast. The back plate
for the AM target is fragmented into three pieces, whereas the cast target exhibits
only a small central hole with significant plastic deformation of the bulk of the plate.
A similar scenario may be observed in Figure 7b at the ballistic limit velocity; despite
preventing perforation of the bullet or any fragments the heat-treated AM back plate
has experienced a breakage, whereas that of the cast experienced only a small amount
of damage and plastic deformation. The nature of the mechanism adopted by the sec-
ond 5 mm plate in order to reach the ballistic limit velocity may also be inferred from
Figure 7. For the heat-treated AM target, the projectile was unable to perforated the
front plate: a feature which may have been facilitated by energy absorption during the
breakage of the back plate. For the heat-treated cast target, the damage to the front of
the back plate evidences that the front plate alone was incapable of preventing either
perforation of the bullet, fragments of maraging steel, or both.
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Figure 5. Sequential images of 1 x 5 mm as-printed target plates impacted by armour piercing bullets
captured with a high-speed camera: (a) and (b) at higher velocities ~ 930 m/s for AM and cast,
respectively; (c) and (d) at lower velocities ~ 400 m/s for AM and cast, respectively.
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Figure 6. Sequential images of 2 x 5 mm heat-treated target plates impacted by armour piercing
bullets captured with a high-speed camera: (a) and (b) at higher velocities ~ 930 m/s for AM and
cast, respectively; (c) and (d) at medium velocities ~ 700-750 m/s for AM and cast, respectively.
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(b) AM v; = 708.9 m/s; vy = 0 m/s and cast v; = 747.3 m/s; vy = 0 m/s.

Figure 7. Projectile-facing sides of the 2 x 5 mm heat-treated AM and cast target plates after ballistic
impact tests. Comparisons are made at (a) high velocity and (b) ballistic limit velocity.



FINAL REMARKS

Findings of material properties for AM maraging steel fabricated by laser powder-
bed fusion before and after heat-treatment were reasonably in agreement with the lit-
erature. A large increase in mechanical strength was observed for the maraging steel
post heat-treatment as anticipated, with a 20% higher increase for the cast compared
to the AM specimens. The effect of heat-treatment on the mechanical properties of
AM maraging steel followed the expected trends based on an understanding of the
material composition, however with some quantifiable differences. The results pre-
sented here are similar to some existing studies, Tan et al. [8] for example, but diverge
from others. When compared to Costas et al. [11] the increase in AM maraging steel
yield stress and ultimate tensile strength were around 20% smaller in the present
work, while the decrease in strain at fracture was 30% larger.

The effects of AM processing compared to casting on the microstructure and re-
sulting material properties were clarified through SEM imaging. Analysis of frac-
ture surfaces reflected the differences in strain at fracture found in the tensile tests,
specifically a reduction of approximately 48% and 93% in strain at fracture for the
cast and AM maraging steel respectively. Dimples and holes in fracture surfaces of
the as-printed AM and cast maraging steel where craters and cleavage fractures were
found for the heat-treated AM material. Despite differences in material properties and
perforation mechanisms, the overall discrepancy in estimated ballistic limit velocity
between AM and cast was found to be within 5% both before and after heat-treatment.

Identified differences in brittle behaviour between AM and cast were clearly ev-
ident in high-speed camera visual analysis of the perforation processes. For the as-
printed targets, more fragmentation was observed for the AM material with insignif-
icant consequences at high velocities, where AM and cast residual bullet velocities
were similar, but with a detrimental effect at low velocities where a lack of plastic de-
formation allowed perforation at higher velocities for the AM than cast. The slightly
higher mechanical strength for the as-printed maraging steel compared to the as-cast
did not lead to a higher ballistic limit for the former material. For the heat-treated tar-
gets, again more fragmentation was observed for the AM material but with additional
fragmentation for the hard steel bullet core compared to the heat-treated cast mate-
rial. The conclusion that heat-treating AM maraging steel leads to higher-strength
and higher ballistic limit velocities concurrently with more severe fragmentation as
reported in previous work [11] was also reflected in the present results.

CONCLUSIONS

* Significant differences in material characteristics between AM and cast marag-
ing steel were identified and may be attributed to the microstructure induced by
laser powder-bed fusion.

* Despite a dramatic increase in brittle behaviour after heat-treatment for the AM
maraging steel, very minimal differences in ballistic limit velocity were found
between AM and cast targets.

* The heat-treated AM maraging steel demonstrated the best capacity of all target
configurations for fracturing the hard steel armour piercing bullet core.
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