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Abstract: The ballistic impact resistance of lightweight magnesium alloys is an eye-catching material
for the military and aerospace industries, which can decrease the cost of a project and the fuel
consumption. The shockwave mitigation ability of a magnesium alloy is 100 times stronger than an
aluminum alloy; nonetheless, ballistic impact resistance has still not been achieved against blunt and
API projectiles. The major obstacles are the low hardness, low mechanical strength, basal texture and
strain hardening ability under loading along the normal direction of the sheet. The high yield strength
and ultimate strength can be achieved for a specific loading condition (tensile or compression) by
adjusting the texture in magnesium alloys. The projectile impact along the normal direction in
a strong basal-textured magnesium alloy can only produce a slip-induced deformation or minor
twinning activity. Here, we propose a practical technique that can be valuable for altering the texture
from c-axes/ /ND to c-axes//ED or TD, and can produce high strain hardening and high strength
through a twinning and de-twinning activity. Subsequently, it can improve the ballistic impact
resistance of magnesium alloys. The effect of the technique on the evolution of the microstructure
and possible anticipated deformation mechanisms after ballistic impact is proposed and discussed.

Keywords: Mg alloys; pre-compression; texture; hardness; ballistic performance

1. Introduction

Over the years, scientists have worked on the development of next-generation lightweight
materials for military applications. China and the United States military are working on the
ballistic impact behavior of different metals, ceramics and glass materials. Most specifically,
steel [1], aluminum (Al) [2] and titanium (T%) [3] have been extensively employed for
ballistic impact resistance against different projectiles. However, the high density and
high fuel consumption led to an increase in the cost of the application and restricted their
broad use. The other potential reason is the high CO, emission into the environment.
Therefore, uses of lightweight materials are important to reduce the cost of the project and
CO; emission into the environment. One of the prospective replacements is the magnesium
(Mg) alloy, because the density (0~1.78 g cm~3) of Mg is 2/3 of the density of Al and 1/4 of
the density of steel [4,5].

Mg alloys are comprised of a hexagonal close-packed crystal structure [6,7]. Owing
to a low slip activity and twinning dependencies on the strain path loading, these alloys
exhibit an anisotropic mechanical behavior [8,9]. Therefore, plastic deformation during the
projectile impact is one of the important issues in thermomechanically processed Mg alloys.
A severe and more complex deformation during impact can provide more resistance against
the stress—energy and, hence, targeted material can facilitate more resistance and may be
intact inside of it. The mechanical strength of Mg alloys without rare-earth elements is
roughly <400 MPa under tensile or compressive loading [8,10-13]. In addition, the hardness
of the material is roughly <90 HV [14,15]. It is believed that the mechanical strength with
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a large elongation to fracture can absorb energy in the radial direction and the bottom of
the crater; contrarily the high hardness controls the depth of penetration (DOP). However,
in Mg alloys, another important parameter is the strong basal-textured development after
rolling/extrusion. The exposure direction of the impact on the sheet is the normal direction
(ND). Therefore, crystallographic orientations (c-axes//ND) can only provide a slip-induced
deformation or minor twinning activity when it is subjected to loading along the ND. It
has also been reported that the propensity of the dislocation and volume expedite with the
decrease in grain size, whilst a transition from the slip to twinning occurs with an increase
in grain size [16]. This is attributed to the twin interface energy (84-122 m]J/ m?), which
increases with a decrease in the grain size.

It is obvious that an Mg alloy only provides basal and prismatic slip systems which
have an <a> type Burgers vector, while the other non-basal <c+a> type of slips (pyramidal
I and II) requires very high critical resolve shear stresses (CRSS) [17,18]. Therefore, the
low-slip activity and no twinning/less twinning activity in basal-textured Mg alloys have
provided a low absorption capacity and led to early cracks and even exhibited catastrophic
failure [19,20]. Thus, loading along the ND in a basal-textured (c-axes//ND) Mg alloy
restricts the stain hardening and high absorption capacity. In short, the low hardness,
average strength, and basal texture (c-axes//ND) in Mg alloys displays the low ballistic
impact resistance, or the projectile completely perforates through the targeted material.

The shape of the projectile, nose, speed, and type have a big influence on the DOP.
Zou et al. [21-24] used different velocities (0.5 km/s, 4 km/s, and 5 km/s) and different
projectiles (2017 Al ball, GCr15) on die-casted AM60B Mg alloys; the projectile was intact
inside the targeted material. The velocities of the projectiles were high enough and met the
requirement of aerospace applications. Zhang et al. [25] studied the deformation behavior
of an Mg—Al-Zn alloy against a GCr15 projectile with an impact velocity of 900 m/s, and re-
ported that the projectile was stopped inside the target material. Similarly, Zhang et al. [26]
also studied the ballistic impact behavior of a Mg-Al-Mn sheet against a GCr15 projectile
under a velocity of 833 m/s. Most recently, Zhang et al. [27] conducted an impact test
by using a 2017-Al ball against the AZ31B Mg alloy under a hypervelocity of 1.6-5 km/s,
and reported that the DOP is linked to the speed of the projectile as shown in Figure 1a-i.
However, for military applications, the standardized 7.62 mm projectile with a different
nose (blunt and API) was required. In another study, Shi et al. [28] conducted a ballistic
impact test by using 7.62 mm T12 steel on a forged Mg—Gd—Y-Zr (wt.%) alloy but at a low
velocity of 400 m/s. One of the projectiles completely perforated, but the other one stayed
intact at the rear edge of the sheet. Abdullah et al. [19] used a Parabellum and NATO
projectiles against AZ31 and AZ31+Pb Mg alloys, and showed that the AZ31 + 1%Pb exhib-
ited a ballistic resistance against the Parabellum projectile under a velocity of ~435 m/s.
However, the NATO projectile fully perforated the targeted materials. Malik et al. [17]
used a standard 7.62 mm soft steel core projectile at a standard velocity of 830 m/s. The
projectile completely perforated, and onion-shaped concentric rings were formed at the
rear view of the material, which exhibited catastrophic failure as shown in Figure 1j-m.

The hardness of the Mg alloys was very low compared to the Al alloys [2,29-31]. It is
obvious that the hardness controlled the DOP, while the high mechanical strength and high
elongation absorbed the stress—energy carried by the projectile. Recently, spray-formed
and extruded Al 7055-T6, 6061-T6511, and 7A52-T6 Al alloys exhibited a higher mechanical
response [2,30-32]. Among them, Al 7075-T6 exhibited a very high mechanical strength
(YS5~690 MPa and UTS~720 MPa). These values were much higher compared to Mg
alloys. Therefore, based on the high hardness and high strength, Al alloys showed a high
ballistic efficiency. Most of the projectile was intact inside the Al alloys. Contrarily, the Mg
alloys comprise of a low hardness and low mechanical strength. Therefore, the projectile
completely perforated. However, the low density of the Mg alloys is very attractive;
therefore, the ballistic impact resistance of Mg alloys is of special interest.
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Figure 1. The macro images of deformed specimens: (a-i) AZ31 Mg alloy at given conditions against
2017Al projectile [27] (Copyright 2022 Elsevier); (j—m) front and rear view, perforation channel and
backing plate images of Mg-Zn—Zr Mg alloy (thickness 30 mm) against standard 7.62 mm soft steel
core projectile under standard velocity 830 m/s [17] (Copyright 2022 Elsevier).
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Almost all aforementioned studies on Mg alloys reported a rotational dynamic recrys-
tallization mechanism to accommodate the stress—energy under ballistic impact loading. A
comprehensive microstructure evolution after the ballistic impact loading was presented
in our previous review article [33]. However, the ballistic impact resistance at a standard
velocity of 830 m/s or hypervelocity 1200 m/s with a standardized projectile (soft steel core
deformable blunt projectile or hard steel core non-deformable API projectile) against an
Mg alloy sheet is still an open question. Here, in this study, we propose a novel approach
“cross pre-compression” for developing a lightweight high-strength Mg alloy, which can
provide ballistic impact resistance against standardized 7.62 mm soft steel or hard steel
core projectiles under a standard velocity of 830 m/s.

2. Proposed Solution and Anticipated Deformation Mechanism

The ZK series of Mg alloys are of special interest in terms of their large ductility
and mechanical strength compared to other Mg series [34]. The root cause of the strong
and ductile ZK-based Mg alloy is the incorporation of zirconium (Zr), which is a potent
grain refiner and can stabilize the MgZn, precipitates. Given their potential, an extruded
ZK-based Mg alloy of dimensions 100 mm X 100 mm x 30 mm would be required to
subject against the heat treatment process (510 °C for 7-8 h), so that the finer grains can
recrystallize into big equiaxed grains (greater than or equal to 15 um). Later, the aging
process under a temperature of 180 °C for 6-12 h would also be required. The reason for
increasing the grain’s size is that twinning induces deformation, which hardly occurs in
fine small grains. Subsequently, the material can be subjected to cross pre-compression
for imparting twinning, dislocation, and altering the texture as shown in Figure 2. The
suitable pre-compression parameters for ZK-based Mg alloys (extruded ZK61 Mg alloy)
under extrusion conditions should be pre-strained up to 0.1 at room temperature under a
strain rate of 0.001/s [35]. It is obvious that twinning is strain path-dependent, i.e., loading
along with the ED and TD can produce twinning-induced deformation in extruded Mg
alloys with a c-axes//ND texture of the sheet. Therefore, the loading along with the ED and,
subsequently, the loading along with the ND brings out a de-twinning phenomenon as
reported in Ref. [36]. Therefore, the practically possible pre-compression along with the ED
and then the TD is a realistic approach for retaining twinning. The texture (c-axes//ND) of
an undeformed extruded Mg alloy can be altered towards c-axes//ED under loading along
with the ED (soft orientation) up to a strain of 0.1, while, again, loading along with the
TD (soft orientation) is also advantageous for twinning-induced deformation, and would
rotate the c-axes of the grains towards the c-axes//TD as schematically illustrated in Figure 2.

The pre-compression can be applied in two different directions up to higher strains.
Therefore, some of the grains would be engulfed by twinning, and can completely alter
the a-axis distribution. However, some of them would be left or tilted towards the ED of
the sheet; later, loading along with the TD would also tilt some of the grains and some
of them would be engulfed through twinning. Moreover, some of the twinned grains
would, preferentially, exhibit de-twinning, owing to different twin variants and twinning
morphology (individual lenticular twin in a single grain, neighbor twinning, and chain
twinning) [37]. Hence, finally, a resultant texture (c-axes L ND or tilted away from the ND
and random distribution of a-axes) can be developed at the end of the pre-straining.

In our previous review article [14], it was summarized that the pre-strain level in-
creased the yield strength (YS) of the Mg alloys; therefore, the strain up to 0.1 led to a
remarkable increase in the YS of the ZK-based Mg alloy. The texture c-axes L ND and the
loading along with the ND led to the sigmoidal shape curve, which is the signature of
twinning-induced deformation; however, the sigmoidal shape curve correlates with the
twinning and de-twinning phenomenon [35,38—41]. In addition, twinning boundaries
subdivide the parent grains into the number of grains, especially in an multi-variant ex-
tension twinning alloy, which can also facilitate the increase in the compressive yield
strength (CYS) [14]. Figure 3 illustrates the CYS and UCS of some Mg alloys subjected
to pre-straining under different conditions. The graph reflects that the pre-straining was
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beneficial for enhancing the CYS and UCS simultaneously. This is related to the grain refine-
ment through pre-induced twinning boundaries, high residual stresses/dislocation [42],
and the obvious reallocation of the precipitates from basal to prismatic and prismatic to
basal slip, which can facilitate more resistance during plastic deformation [43,44]. The
other reason is the high <a> basal Schmidt factor (SF) in the pre-compressed Mg alloy
and can be attributed to the altered texture. The alloy is also in a pre-compressed state;
therefore, the dislocation cannot be neglected, which also contributes to the increase in the
CYS. Therefore, twinning, de-twinning, hard texture orientations, and the dislocation-twin
interaction leads to a high UCS. Not only the CYS and UCS, but also the hardness of the Mg
alloys can be increased, which correlates with the synergistic effect of twinning boundaries
and pre-induced dislocation.

Heat-treated

extruded or rolled Mg alloy Compressed along ED Compressed along TD

ND

C-axes//ED

G e and tilted along with ED

Figure 2. Schematic illustration of pre-compression process and texture of Mg alloys.
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Figure 3. The different Mg alloys subjected to pre-straining under different loading conditions [35,38,39].



Metals 2022, 12, 241

6 of 10

The mechanical response of the Mg alloys under a high strain rate compression
differed to the quasi-static compressive loading [37]. In prior literature, it was proposed
that the alloys which provide both dislocation and twinning-assisted deformation were
strain rate sensitive [18]. The UCS of those alloys increased with an increase in the strain
until thermal softening overcame the UCS. Therefore, the cross pre-compressed Mg alloy
having a different texture and pre-induced twinning and dislocation provided a higher
strain rate sensitivity under ballistic impact. The other reason was the higher slip activity
under loading along with the ND of the cross pre-compressed specimen compared to the
quasi-static loading. The texture c-axes L ND or tilted away from the ND and the random
distribution of a-axes are liable to produce a higher SF value for the {0002} <1120 >
basal slip, which can produce ease in an extensive basal glide in contrast to the strong
basal texture (c-axes//ND). In short, the higher {0002} < 1120 > basal slip activity under
dynamic compressive loading is texture advantageous for twinning and de-twinning and,
further, its interaction with the dislocation and re-allocation of hard precipitates on the
basal plane leads to a higher dynamic CYS and UCS. Thus, the synergistic effect of a high
UCS, high CYS, high hardness, and texture (c-axes L ND or tilted away from the ND) could
be beneficial for absorbing more stress—energy against a standardized 7.62 mm projectile
(soft and hard) and might stay intact inside of the magnesium targeted alloy.

The twinning induces the rotational dynamic recrystallization mechanism along with
the adiabatic shear band and cracks accommodate the stress—energy near to the crater after
ballistic impact in Mg alloys, as reported in Refs. [17,33]. The microstructure away from the
crater comprised of different zones, such as the ultrafine grain zone (UFGZ), ultrafine grain
and twinning zone (UFG and TZ), high-density deformation twinning zone (HDDTZ), and
low-density deformation twining zone (LDDTZ), as shown in Figure 4a. This showed the
gradient variation of the strain energy away from the crater. Notably, the pre-compressed
Mg alloys already contained profuse HDDT5 as illustrated in Figure 4b [45]. Thus, it is
anticipated that the already pre-induced twinning through pre-compression would also
facilitate a large volume fraction of ultrafine grains on further impact adjacent and away
from the crater. The pre-induce twinning interacts with the newly developed twinning in
the early stages of impact and with impact proceeding, a twin-twin interaction, the de-
twinning /annihilation of twinning, and the interaction with dislocation lead to a dynamic
recrystallization. It was noted that the twinning areas already contained high residual
stresses, and offered new sites for grain refinement, especially for the {1011} < 1012 >
contraction twinning and {1011} — {1012} double twinning.

It is also obvious that the high-speed impact leads to a temperature rise, which
facilitates the activation of a higher <c+a> non-basal slip activity owing to a decrease in
their CRSS. Therefore, <a> basal, <a> prismatic, and <c+a> non-basal (pyramidal I and
pyramidal II), along with pre-induced twinning, can offer a maximum absorption capacity
under a high strain rate impact. However, the critical stress—energy at the twin—twin
interaction or dislocation pileup at the triple junction of fine newly nucleated grains might
be higher, but this stress energy can be accommodated by the rise in temperature and, hence,
the possibility of crack formation can be controlled near the crater in an already pre-twinned
Mg alloy. Thus, an already high-density deformation twining zone in a pre-compressed Mg
alloy can facilitate the attainment of finer grains and result in the formation of a large UFGZ
as shown in Figure 4b. Moreover, this zone can provide more resistance to the next impact,
which can be adjacent to the first impact. In the literature [17], it has already been reported
that the texture near the crater is strong prismatic (c-axes L ND), and the hardness in UFGs
is also high; hence, this type of texture would exhibit a sigmoidal-shaped curve and would
produce more resistance through the strain hardening of the alloy; therefore, due to the
UFGZ and high hardness, the second projectile would also experience a high resistance
by the targeted material. Thus, pre-induced twinning can lead to only three zones, UFGZ,
UFG and TZ, and HDDTZ (Figure 4b), compared to the twin-free Mg alloys which exhibit
the UFGZ, UFG and TZ, HDDTZ, LDDTZ and unaffected zone (Figure 4a).
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Figure 4. Schematic illustration of the anticipated deformation mechanism after the ballistic impact
of (a) non-pre-compressed (b) pre-compressed Mg alloy.

Based on the twinning dependencies on the strain path loading and then their role
on the strain hardenability, the optimization of the texture (c-axesL ND) for compression
loading along the ND is advantageous. Therefore, cross pre-compression is beneficial for
increasing strength compared to die-casted and thermomechanically processed Mg alloys. The
ballistic impact resistance and the deformation mechanism of die-casted, thermomechanically
processed, and pre-compressed Mg alloys are illustrated in Figure 5. In short, the (c-axes LND)
texture through cross pre-compression, profuse pre-induced twinning, high dislocation activity,
the interaction of dislocation and twinning, twin annihilation, and high hardness can absorb
the stress—energy of the projectile and can stop it inside of the target.
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Figure 5. Schematic illustration of texture, strength, elongation, slips, and deformation mechanism in
differently processed Mg alloys.
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3. Conclusions

In this study, we proposed a possible solution for the ballistic impact resistance of
lightweight Mg alloys. The following important points are summarized below:

1.  The typical extruded/rolled texture (c-axes//ND) cannot facilitate a large strain
hardening ability, owing to twinning dependencies on the strain path loading. After
cross pre-compression, multiple extension twin variants and extension twin types
can re-distribute the texture towards ¢ — axes LND and tilted towards the ND. This
crystallographic orientation under projectile impact loading along with the normal
direction can provide a high strain hardening ability.

2. The grain refinement through twinning boundaries can increase the compressive yield
strength, ultimate compression strength, and hardness of the Mg alloy. The high ultimate
compression strength is the cause of de-twinning and the twin—dislocation interaction.

3. The high hardness can control the depth of the penetration, while high mechanical
properties can show a high absorption capacity. Consequently, strong resistance
against the projectile impact can be offered.

4.  The re-allocation of non-basal precipitates to the basal plane and vice versa can also
take parts to increase the strength. The basal slip activity and non-basal slip activity
and its interaction with the pre-induced twinning can lead to a large UFGZ, which
can provide more resistance against the next projectile under the impact adjacent to
the first crater.

The optimization of the texture and microstructure features through this practical
“cross pre-compression” technique can increase the use of Mg alloys in aerospace and
military industries.
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