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ABSTRACT
Magnesium alloys are an attractive material system for protection applications due to their high specific
strength and stiffness, but exhibit low ductility in these applications. The potential to address this shortcoming
through materials-based-design has motivated the Center for Materials in Extreme Dynamic Environments
(CMEDE) to focus on improving Mg systems over the past decade. The plastic anisotropy from the lowsymmetry hexagonal-close-packed crystal structure of Mg, as well as defects in the microstructure such as voids
and precipitates, may all play roles in spall (dynamic tensile failure at high strain rates), but experimental data
assessing the effect of individual microstructure features on spall remains challenging to obtain. We begin the
present study by reviewing spall investigations on pure and alloyed Mg from the literature, and then present a
large number of spall experiments performed with a laser-driven micro-flyer apparatus on Mg-9Al (wt.%) thin
foil specimens with various precipitate morphologies in order to address this shortcoming. The model Mg-9Al
binary alloy is warm-rolled and processed in two conditions: (a) fully solutionized with no precipitates, and (b)
peak-aged to generate high aspect-ratio precipitates (Mg17 Al12 second phase particles/inclusions) with nm-scale
thickness and μm-scale length on the basal plane. The loading direction is varied between the normal-to and
transverse-to rolling directions of the specimen in order to interrogate the effects of both plastic anisotropy
of the matrix material and geometric anisotropy of the precipitates on the spall strength. Bayesian analysis
of the results enables us to account for instrument uncertainty and microstructure variation in our study.
We compare the experiments to numerical simulations using realistic precipitate geometries and spacings
from electron microscopy observations, finding a significant decrease in spall strength in the Mg-9Al with
precipitates despite the expected increase in quasi-static yield strength.

1. Introduction

of pure and alloyed Mg could enable its use in various applications
calling for lightweight structural materials, but this control requires

Magnesium features a high yield strength for its weight but suffers
from a low threshold to mechanical failure as compared to other
structural metals. In the case of low strain rate loading, such as during
forming (less than 100 s−1 ), the failure of Mg and its alloys typically
occurs as brittle fracture in shear modes (Beggs et al., 2010; Meredith
et al., 2016). In contrast, dynamic failure (more than 103 s−1 ) tends
to depend more on features in the material microstructure, such as
the crystallographic texture and the presence of precipitates that act
as failure nucleation sites (Lloyd et al., 2019). Controlling the failure

an understanding of the active failure mechanisms at the application
loading rate.
The U.S. Army has sponsored the Center for Materials in Extreme Dynamic Environments (CMEDE) collaborative research alliance
to pursue Mg because Mg’s advantageous strength-to-density ratio
may unlock tremendous weight savings in vehicle and personnel armor (Jones et al., 2007; Prameela et al., 2021a). Under the dynamic
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conventional methods — explosive or gas-gun-driven flyer plate impacts (Yu et al., 2017; Garkushin et al., 2015; Farbaniec et al., 2016;
Kanel et al., 2014), though recent shock studies of Mg have employed laser-driven approaches (Mallick et al., 2019b; Turneaure et al.,
2018; de Rességuier et al., 2017). Each method aims to achieve planar
uniaxial strain deformation through impact or other shock-driven compression in the region probed by time-resolved velocimetry diagnostics
on the rear free surface of the specimen, as shown in Fig. 2a–b (Antoun
et al., 2003). The conventional spall techniques are effective but are
typically more dangerous and time-consuming to perform, resulting
in lower experimental throughput. Laser-driven shock techniques are
beginning to address this shortcoming because they use lower kinetic energy to deform smaller specimens and often require simpler
procedures to implement and align diagnostics.

conditions experienced by protection materials undergoing ballistic
impact, Mg has shown a relatively low resistance to cavitation-driven
(void-mediated) spall failure, a dynamic tension failure mode. In voidmediated spall failure, shock-generated wave interactions in the metal
develop high tensile stresses on the order of gigapascals, causing
unstable dynamic nucleation of voids and subsequent failure through
void growth and coalescence (Antoun et al., 2003; Wu et al., 2003;
Molinari and Wright, 2005). The spall failure threshold of pure and
alloyed Mg has been shown to depend strongly on microstructure
factors such as grain size, crystallographic texture, and precipitate
(second phase particle/inclusion) morphology. While some of these
factors may affect the flow stress, impeding or aiding the plastic
deformation that dynamically grows voids, changes in the geometry
and frequency of grain boundaries and precipitates may change the
potential failure nucleation sites in the material. Thus the material
processing methodology plays a crucial role when designing against
spall for protection applications. For example, studies have shown how
controlling the processing parameters, such as alloying, temperature,
strain and strain rate can yield dramatically different microstructure
features in Mg alloys (Prameela and Weihs, 2020b; Prameela et al.,
2020b; Ma et al., 2018; Prameela et al., 2021c). However, the interplay
between material processing and the introduction of failure nucleation
sites into the microstructure remains poorly understood (Mallick et al.,
2020b). To overcome this challenge, several research efforts within
CMEDE have focused on developing unique processing strategies for Mg
alloys that can potentially fare well in extreme environments (Prameela
et al., 2020c,a, 2021b).
Preceding and during spall, the deformation mechanisms of Mg
become important, as shockwaves from impact loading propagate and
reflect prior to achieving the peak tension that causes failure. Mg
has a low-symmetry hexagonal-close-packed (HCP) crystal structure,
creating large variances in the critical resolved shear stress (CRSS)
for different dislocation slip systems, meaning that Mg with a strong
texture from processing features a strong plastic anisotropy. At least 5
independent slip systems are necessary for general uniform non-brittle
deformation (Taylor, 1938), but the primary slip system in Mg with
⟨ ⟩
⟨
⟩
̄ ) has only two independent
the lowest CRSS (basal 𝑎 , (0001) 1120
modes. As a consequence, other systems generally need to be activated
as well. The next lowest CRSS is an order of magnitude higher for slip
on the basal plane (Zhang and Joshi, 2012) and provides two further
⟨ ⟩ ⟨
⟩
⟨ ⟩
̄ {1100}).
̄
modes (prismatic 𝑎 , 1120
Pyramidal 𝑎 slip offers four
⟨ ⟩
independent slip systems, equivalent to the four from basal 𝑎 and
⟨ ⟩
⟨
⟩
⟨
⟩
̄ {1011}).
̄
prismatic 𝑎 slip ( 1120
Pyramidal I and II 𝑐 + 𝑎 slip
systems allow for shear on non-basal planes and feature a nominally
⟨ ⟩
⟨
⟩
̄ {1011}
̄ for I and
30 percent higher CRSS than prismatic 𝑎 slip ( 1123
⟨
⟩
̄ {1122}
̄ for II). Pyramidal slip should provide the five requisite
1123
systems, but is the most difficult to activate, so deformation twinning
is typically required to accommodate general plasticity (Hong et al.,
2010; Nave and Barnett, 2004). The HCP slip systems in Mg are shown
schematically in Fig. 1a.
In deformation twinning, shear reorients the parent crystal lattice to
develop a mirror plane between the parent and twinned lattice (Christian and Mahajan, 1995). Unlike in the case of dislocation slip, deformation twinning is directional, or polar, and can only operate in
⟨ ⟩
the one direction. Tension along the 𝑐 axis of the lattice activates
⟨
⟩
⟨ ⟩
̄ {1012}),
̄
extension twinning ( 1011
while compression along the 𝑐
⟨
⟩
̄
activates contraction twins ( 101̄ 2̄ {1011}).
Extension twins have a
much lower critical stress and are more prevalent in experimental
observations (Zhang and Joshi, 2012). The polarity of both mechanisms
introduces a tension–compression asymmetry in their stress–strain response. Both mechanisms are shown schematically in Fig. 1b. The
variance in critical stress required to activate different twinning and
dislocation slip systems imposes strong plastic anisotropy in the system,
potentially introducing anisotropy to the spall failure threshold.
Several studies have been conducted on pure and alloyed Mg to
determine its resistance to spall (termed ‘‘spall strength’’) through

In a spall experiment, the free surface velocity history of the specimen undergoes a ‘‘pull-back’’ from a peak shock velocity to a local
minimum as peak tension in the target is achieved, as shown in Fig. 2c.
By method of characteristics, this velocity drop 𝛥𝑈𝑓 𝑠 corresponds to the
spall strength 𝛴 ∗ by the expression,
𝛴∗ =

1
𝜌 𝐶 (𝛥𝑈𝑓 𝑠 + 𝛿),
2 0 0

(1)

with reference density 𝜌0 , bulk wave speed 𝐶0 , and a elastic–plastic
correction factor 𝛿 that depends on the deformation rate and sample
thickness (Antoun et al., 2003). Kanel (2001) has shown that this
correction factor results in a maximum of ∼10 percent change to 𝛴 ∗
for most experiment geometries and deformation rates.
To estimate the tensile strain rate during a spall experiment, we
assume the simplest equation of state,
𝑃 = −𝐾

𝛥𝑣
,
𝑣0

(2)

relating the pressure 𝑃 = −𝑡𝑟(𝝈)∕3 from the Cauchy stress tensor,
the bulk modulus 𝐾 = 𝐶02 𝜌0 , the change in volume 𝛥𝑣, and the
reference volume 𝑣0 . Under the uniaxial strain deformation in plate
impact experiments, the strain tensor is 𝜺 = (𝛥𝑣∕𝑣0 )𝐞1 ⊗ 𝐞1 , allowing a
two point time differentiation to estimate the scalar tensile strain rate
𝜀̇ ∗ preceding spall using Eqs. (1) and (2),
𝜀̇ ∗ =

1 ̇∗
𝑈 ,
2𝐶0 𝑓 𝑠

(3)

with the velocity time derivative near the pullback minimum 𝑈̇ 𝑓∗𝑠 ≈
𝛥𝑈𝑓 𝑠 ∕𝛥𝑡, shown in the Lagrange diagram and idealized velocity history
in Fig. 2b–c. Note that the strain rate can change significantly from the
peak shock stress state to the spalled state in an elasto-plastic material,
so using the velocity drop and a shorter time interval closest to the
pullback minimum velocity to estimate the tensile unloading rate is
often the preferred practice, though we use the full pullback duration
from peak to minimum to reduce uncertainty in this work. Both the
aforementioned conventional and laser-driven spall studies examine the
spall strength after various alloying and grain refinement preparations
using Eqs. (1) and (3), but these studies mostly cannot determine
the role of a single microstructure feature on the spall strength in
isolation (Mallick et al., 2020b).
This paper summarizes spall strength studies for pure and alloyed
Mg across a wide range of processing preparations and tensile loading
rates. We then review spall studies performed as part of the CMEDE
effort and examine the combined spall data for trends that relate
material properties, such as grain size and crystallographic texture, to
the spall strength. Finally, we report the results of a high-throughput
spall study on a model Mg alloy (Mg-9Al (wt.%)), performed by CMEDE
to systematically interrogate the role of precipitate morphology and
texture with respect to loading direction on the spall strength.
2
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Fig. 1. Schematic of the HCP crystal lattice unit cell showing possible (a) slip and (b) twinning systems reproduced from Mallick et al. (2020b).

Fig. 2. Schematic of the spall process showing: (a) Projectile (termed ‘‘flyer’’) impact on a target. (b) Simplified Lagrange (Position vs. Time) diagram of spall as a result of flyer
impact. Spall failure occurs in the region of high tensile stress caused by interacting rarefaction fans from the flyer and target free surfaces. The fans are omitted for clarity. Only
the initial longitudinal wave is drawn to illustrate the general wave propagation. (c) Idealized free surface velocity history of a spall signal. The free surface history is probed at
the rear of the target free surface.

2. Background

2.1. Spall of single crystal Mg in the literature

and aluminum), potentially because deformation twinning reintroduces
some of those sites during the shockwave propagation in the material
preceding spall. de Rességuier et al. (2017) performed laser-driven spall
experiments on the same Mg sample, but cut to 75 to 200 μm thicknesses, shown as the rightmost open and closed squares respectively in
Fig. 3.
These measurements are all several times lower than the theoretical
spall strength of Mg. Grady (1988) suggests an analytical expression
∗ , the minimum pressure achievfor the theoretical spall strength 𝛴𝑡ℎ
able from the Morse intermolecular potential, i.e. the second volume
derivative of the potential,
√
𝐾𝑈𝑐𝑜ℎ 𝜌0
∗
𝛴𝑡ℎ =
,
(4)
8

Single crystal Mg is not feasible for use as a mass-produced structural material and has thus received limited attention in the literature. There is one study performed using explosively launched flyer
plates (Kanel et al., 2014), and another using tamped laser ablation (de
Rességuier et al., 2017). Kanel et al. (2014) performed the explosivedriven experiments on 2 mm thick 99.999% purity Mg single crystals
⟨ ⟩
⟨ ⟩
along the 𝑐 and 𝑎 crystallographic directions, shown as the leftmost open and closed circles respectively in Fig. 3. The authors also
present results in an intermediate 45◦ orientation, but we omit those
results for clarity. Their post-mortem microscopy results indicate that
void-mediated failure is the dominant mechanism in both orientations,
and that the spall strength of the single crystal material is higher than
polycrystalline Mg. We discuss this further et seq., but generally there
are fewer failure nucleation sites in the single crystal matrix, though
the difference is not as pronounced as in other metals (e.g. copper

with bulk modulus 𝐾 = 37.87 GPa (Farbaniec et al., 2016), reference
density 𝜌0 = 1770 kg∕m3 (Farbaniec et al., 2016), and specific cohesive
energy 𝑈𝑐𝑜ℎ = 6.5 MJ/kg (Chou and Cohen, 1986) for Mg resulting in a
∗ = 7.4 GPa. The spall experiments on pure Mg
theoretical strength of 𝛴𝑡ℎ
single crystals in Fig. 3 represent the highest measured spall strengths in
the literature but are over three times smaller than this theoretical spall
strength. Eq. (4) is only limited by the cohesive energy of the lattice and
does not account for the flaw structure in the material, or even other
failure processes that might have a lower energy barrier. Pre-existing
defects such as voids or impurities, no matter how rare in a high-purity
single crystal, or twin boundaries acting as failure nucleation sites are
two suggested reasons for the sub-theoretical observed spall strength.
Ductile metals typically fail under spall through void growth which is
also not accounted for by the cohesive energy alone.
⟨ ⟩
In both studies, 𝑐 -aligned compression results in lower spall
⟨ ⟩
strengths (∼0.25 GPa lower than 1.65 GPa for 𝑎 compression in Kanel

CMEDE has recently initiated retrospective reviews of spall studies
in pure and alloyed Mg and reviews of experimental campaigns conducted during the CMEDE effort (Mallick et al., 2020b; Williams et al.,
2020b). Mallick et al. (2020b) examine in situ time-resolved diagnostics
measuring spall strength, while Williams et al. (2020b) review spall
recovery experiments, where microscopy reveals which deformation
and failure mechanisms are dominant during spall. We briefly review
these studies and relevant spall failure modeling efforts in this section
to motivate the spall studies presented later in this paper while omitting
data examining temperature dependence of Mg spall strength.

3
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Fig. 3. Spall strength measurements from analyzed time-resolved velocimetry on pure and alloyed Mg from the literature.

et al. (2014)), but the difference between the spall strengths of the
two crystallographic directions is lower at the high strain rate in de
Rességuier et al. (2017), where the spall strength is ∼ 1.9 GPa. The
experimental error bounds from the free surface velocimetry essentially
overlap between the two loading directions, obfuscating any trend in
the laser-driven spall data, but de Rességuier et al. suggest that the
difference in spall strength stems from directionality in deformation
twinning, as they find a strong correlation between localized damage
and profuse twinning. The directionality in twinning might act as a
pathway to anisotropy in the number of shock-induced void nucleation
sites based on loading direction, directly inducing anisotropy in 𝛴 ∗ .
We have suggested another possible contributor to the observed
spall strength anisotropy, where the anisotropy in flow strength in the
material affects threshold stress to grow voids following shock compression (Williams et al., 2020b). The spall strength can be decomposed into
hydrostatic and deviatoric components, i.e.

Preceding spall, the crystal in the spall plane first undergoes shock
compression up to a peak shock stress, 𝑃 = 𝜌0 𝐶0 𝑈𝑓𝑝𝑠 ∕2. This is followed
by decompression to zero stress and further decompression until the
spall strength is achieved. The von Mises strain at spall is, then,
2 |𝑃 | 2 |𝑃 | 2 𝛴 ∗
+
+
,
(8)
3 𝐾
3 𝐾
3 𝐾
taking the compression and subsequent decompression events into
account, assuming a constant bulk modulus and negligible deviatoric
stresses and deviatoric elastic strains (Nguyen et al., 2020; Meyers,
2007). Kanel et al. (2014) subjected their Mg single crystals to shock
stresses of approximately 3.3 GPa and observed spall strengths between
1.6 and 1.4 GPa, which for Mg (with a relatively low bulk modulus
of ∼37 GPa) will accumulate roughly 14% plastic strain. At such
an accumulated plastic strain, the differences between the true flow
̄
∗[1010]
strengths in strongly textured AZ31B Mg alloy are roughly 𝛴𝑒𝑞
−
∗[0001]
𝛴𝑒𝑞
≈ 150 MPa (Zhao et al., 2018). This orientation dependency
in flow strengths is driven by the activation of extension twinning but
suppression of basal slip for tensile loading along [0001], and suppres̄ (Zhang
sion of the same mechanism for tensile loading along [1010]
and Joshi, 2012). Therefore, the anisotropy in flow strength is a major
contributor to the observed orientation dependence of single crystal
Mg spall strength, but not the sole contributor. If the shock strain is
high enough to drive the twin volume fraction to saturation, then the
̄
∗[1010]
∗[0001]
anisotropy between 𝛴𝑒𝑞
and 𝛴𝑒𝑞
will vanish, and the anisotropy
in spall strength may likewise be relaxed. We attempt to observe
this relaxed anisotropy in experiments presented in the results and
discussion sections. That said, any loading direction dependency on
anisotropy in shock-induced void nucleation sites would also directly
induce an anisotropy in 𝛴𝑚∗ .
𝜀∗𝑣𝑚 =

2 ∗
𝛴 ,
(5)
3 𝑒𝑞
∗
∗
where 𝛴𝑚 and 𝛴𝑒𝑞 denote the peak tensile pressure and the equivalent
von Mises flow stress at spall, respectively. Assuming the hydrostatic
̄
component of spall strength is independent of orientation, i.e. 𝛴𝑚∗[1010] ≈
∗[0001]
𝛴𝑚
with added superscripts denoting the impact direction with
respect to the Mg crystal, then the anisotropy in flow strength, i.e.
̄
∗[1010]
∗[0001]
𝛴𝑒𝑞
− 𝛴𝑒𝑞
, would drive the observed (Kanel et al., 2014) orī
entation dependence of single crystal Mg spall strength, i.e. 𝛴 ∗[1010] −
𝛴 ∗[0001] ≈ 250 MPa.
The accumulated plastic strain just prior to spall failure can be
approximated by taking the state of uniaxial strain expected in a normal
impact
and examining the von Mises strain 𝜀𝑣𝑚
=
√
(2∕3)(𝜺 − (𝑡𝑟(𝜺)∕3) ⋅ 𝑰) ∶ (𝜺 − (𝑡𝑟(𝜺)∕3) ⋅ 𝑰),
𝛴 ∗ = 𝛴𝑚∗ +

𝜀𝑣𝑚 =

2 𝛥𝑣
| |.
3 𝑣0

(6)

2.2. Spall of polycrystalline Mg in the literature

Using the equation of state from Eqs. (2) and (6), we can approximate the von Mises strain for a change in volume assuming that P is
sufficiently larger than the von Mises stress,
𝜀𝑣𝑚 =

2 |𝑃 |
.
3 𝐾

Typical processing of Mg for structural use first consists of alloying
with other elements for corrosion resistance and solution strengthening,
and then rolling and/or extruding the material to form sheets for the
application. The resulting microstructures are polycrystalline to exploit

(7)
4
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strengthening from the introduction of grain boundaries (e.g. Hall–
Petch strengthening). Rolling tends to introduce strong basal texture
⟨ ⟩
where the majority of grains in the material have their 𝑐 -axis aligned
along or near the sheet normal direction (Perez-Prado et al., 2004). The
consequence of the strong texture in polycrystalline Mg is a stronger
orientation-dependence in yield strength and flow behavior than is
typical of other rolled metals. Adding alloying elements to Mg can
improve the yield strength through solid solution strengthening and
precipitation strengthening. Thermal annealing treatment of solutionized samples results in nucleation and growth of precipitates in the
matrix. While this might increase quasi-static yield strength, it may also
introduce failure nucleation sites in the material during spall. Pure and
alloyed polycrystalline Mg is more reasonably mass produced for structural applications than single crystals, so the literature contains a much
larger body of research on spall of these materials. These studies span
a wider range of loading strain rates with different material processing
approaches, so many of the studies are unique from one another by way
of loading parameters (e.g. peak shock stress, strain rate, loading pulse
duration, experiment geometry) and microstructure (e.g. grain size
distribution, texture, second phase particle morphology). We review
these past studies in this subsection, omitting a study on Mg matrix
composites because of its unusual microstructure (Khrustalyov et al.,
2019).
Kanel et al. (1996, 1984) investigated the spall strength of 99.95%
pure cast polycrystalline Mg and Ma1 (Mg-1.3Mn (wt%)) cast Mg alloy
with grain sizes in the mm regime using explosive-driven flyers. The
grain size distribution and texture are unreported, but a random texture
and uniform grain size distribution are reasonable assumptions for the
cast materials. With a random texture, the loading orientation of the
material is not crucial to know, as the mechanical behavior is likely
to be relatively isotropic. The impacts imposed shock stresses between
1.9 and 3.7 GPa at varying shock durations to span strain rates from
∼1 × 104 to 0.5 × 106 s−1 . In Fig. 3, the measured spall strengths for
the pure Mg are shown as 4 asterisks, while the spall strengths of the
Ma1 alloy are shown as 2 open downward-pointing triangles, ranging
between 0.77 to 1 GPa and mostly increasing with strain rate. The
reported spall strengths incorporate a correction factor 𝛿 in Eq. (1)
using the velocity gradients surrounding the local minimum of the
pullback signal to account for the difference in elastic and plastic wave
velocities.
Hazell et al. (2012) performed gas-gun experiments on extruded and
aged Elektron 675 Mg alloy along two separate loading orientations,
developing unloading strain rates between 104 to 105 s−1 . For all processing routes, the material was first cast and then extruded, inducing
a strong basal texture in the ingot. Spall experiments were conducted
⟨ ⟩
with the loading direction along and perpendicular to the 𝑐 axes of
most grains in the ingot. The average grain size of the un-aged and
aged material was 25 μm, with the aging process leaving grain size
and texture mostly unchanged. The extrusion process creates bands of
‘‘fibers’’ of smaller grains that run along the extrusion direction. In this
case, the aging process did not affect the trends in spall strength, so we
omit the aged results from Fig. 3 for clarity. Instead, we show the un⟨ ⟩
aged spall experiments when loading along the material 𝑐 -axes as 4
open leftward-pointing triangles, while loading transverse to the basal
axis direction are 4 closed leftward-pointing triangles. Hazell et al.
(2012) presents this data as pullback velocities only, so we calculate
the spall strengths in Fig. 3 using Eq. (1) with no correction factor
(𝛿 = 0). The spall strengths of the strongly textured Elektron 675 Mg
alloy in the authors’ study exhibit the directional anisotropy observed
⟨ ⟩
in single crystal Mg with the compression experiments along the 𝑎 axis at approximately 0.75 GPa, nearly 0.2 GPa higher than when
⟨ ⟩
compression is in the direction of the 𝑐 -axis of most grains. The
directional anisotropy of the spall strength may again be explained by
the anisotropy in flow stress at these high plastic strains and/or by
damage nucleation that depends on crystallographic orientation.

Yu et al. (2017) performed gas-gun spall studies on both commercially available and equal channel angular extruded (ECAE) AZ31B
Mg alloy at unloading strain rates ranging from 105 to 106 s−1 . They
performed 4 impact experiments on the as-received hot-rolled plate
along the rolling direction, or perpendicular to the plate normal and the
⟨ ⟩
𝑐 -axis of most grains, shown as 4 closed pentagrams in Fig. 3 with
spall strengths from ∼0.87 to 1.12 GPa. The as-received hot-rolled plate
had a strong rolling texture where most grain c-axes aligned parallel
to the plate normal, and with an average grain size of 16.5 μm. They
performed 4 additional impacts along the ECAE extrusion direction,
shown as 4 open pentagrams in Fig. 3, with spall strengths from ∼0.96
to 1.1 GPa, all slightly higher than the as-received spall strength at
the same unloading rate. The ECAE processing step refined the grain
structure significantly, to an average size of 1.8 μm, and induced a
far more randomized texture, likely impeding the plastic growth of
voids. For all reported spall strengths, a correction factor from the rate
average between bulk and longitudinal 𝐶𝑙 wave velocities was applied
(𝛿 = (1 − 𝐶0 ∕𝐶𝑙 )∕(1 + 𝐶0 ∕𝐶𝑙 ) in Eq. (1)), with the reported strengths
consistently increasing with strain rate in a mostly linear fashion.
Garkushin et al. (2012b,a, 2015) performed 5 gas-gun-driven spall
experiments on commercially available Ma2-1 Mg alloy, shown as
small, closed, upward-pointing triangles in Fig. 3, and 3 experiments
on equal channel angular extruded Ma2-1 alloy shown as dots in Fig. 3.
Their gas-gun achieved unloading strain rates spanning 105 to 106
s−1 . The commercially available alloy had an average grain size of
∼20 μm, while the extruded alloy average grain size was ∼7 μm. The
as-received material did not have a reported texture and had spall
strengths ranging from 1 to 1.25 GPa. In the authors’ experiments on
the extruded alloy, they observed a ∼17% lower spall strength when
loading perpendicular to the extrusion direction rather than along it
from 1.1 to 1.3 GPa. The lower spall strength direction is expected to
⟨ ⟩
be aligned with the 𝑐 -axes in the likely strongly textured material.
This trend was observed between the lowest and highest unloading rate
experiments on the ∼7 μm grain size extruded material in Fig. 3. All of
the analyzed spall strength measurements have incorporated correction
factors as per Kanel et al. (1996) and Kanel (2001).
2.3. CMEDE Mg spall studies
CMEDE researchers have undertaken several studies exploring the
spall strength of polycrystalline Mg alloys with the potential for mass
production in structural applications. We have thus far focused on
AZ31B Mg alloy as a baseline metric because of its ubiquity in structural
applications, but have also investigated AMX602 alloy. Our efforts,
summarized below, have increased the amount of Mg spall data in the
literature by approximately 50%.
Farbaniec et al. (2016) performed 4 gas-gun-driven spall experiments on equal channel angular extruded AZ31B-H24 Mg alloy, shown
as plus signs in Fig. 4. Their impact conditions generated peak shock
stresses varying from ∼1.5 to 4.5 GPa at an unloading strain rate of
approximately 1 × 105 s−1 . Their material was received as a rolled plate
and then extruded four times using a hybrid 4E route, resulting in a
nominal grain size of ∼2 μm and maximum grain size of 6 μm. The alloy
⟨ ⟩
featured a strong rolling texture with mostly aligned 𝑐 -axes along
the experiment impact direction. Their observed spall strengths were
clustered around 0.9 GPa; however, Farbaniec et al. (2016) observed a
trend of slightly decreasing spall strength as the peak shock stress increased. This is possibly from the temperature dependence of nanovoid
size. The majority of plastic work, which increases with shock stress,
imparts considerable heat into the material and causes larger nanovoids
to grow, resulting in a lower spall strength. The authors’ reported
spall strengths have incorporated a correction factor from Eq. (1) using
the accelerations from the velocity history before and after the spall
minimum, as described by Kanel (2001). Their post-mortem recovery
analysis using Scanning Electron Microscopy (SEM), Electron Backscattered Diffraction (EBSD), and Energy Dispersive X-ray Spectroscopy
5
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Fig. 4. Spall strength measurements from analyzed time-resolved velocimetry on alloyed Mg from the CMEDE 10-year effort.

(EDS) showed precipitates of sizes ranging from sub-μm up to many
μms in or near fracture surfaces. These Al-Mn intermetallic precipitates
can have weak interfacial strengths, making them the likely initiation
sites for spall failure. The extrusion procedure typically increases static
yield strength, but can introduce more of these precipitates into the
microstructure, to the detriment of the spall strength.
Krywopusk et al. (2019) used a similar approach as Farbaniec
et al. (2016) to study the failure characteristics of AZ31B Mg alloy
processed via the ECAE 4B𝐶 route under spall. They conducted spall
recovery experiments at ∼0.85 GPa and ∼1.75 GPa shock stresses along
to the extruded and transverse directions for post mortem analysis.
Using scanning electron microscopy and electron backscattered diffraction for fractography, they found that microscale AlMn intermetallic
precipitates throughout the microstructure that had fractured during
processing were the initial source of void nucleation. The microscopy
for both impacts suggested a combination of brittle fracture and ductile
void growth for all impact cases generally. These voids appeared to
grow in a ductile void growth mode following particle fracture in the
matrix. Impacting along the transverse direction appeared to generate
larger voids near or containing precipitates from alloying when compared to the fractography from specimens impacted along the extrusion
direction.
Williams et al. (2017) and Farbaniec et al. (2017) used gas-guns to
study the spall strength of AMX602 Mg alloy in 5 experiments, shown
as open diamonds in Fig. 4. Their large diameter gas-gun achieved
unloading strain rates near 7 × 104 s−1 resulting in spall strength
measurements between 0.8 and 1 GPa. The alloy was fabricated via a
specialized spinning water atomization cold-pressing process followed
by extrusion into bars, featuring a sub-μm grain size. The texture of
the alloy bars again was strongly basal and had the majority of grain
⟨ ⟩
𝑐 -axes aligned perpendicular to the extrusion direction, with the
⟨ ⟩
experiment impact direction along the 𝑐 -axes. Post-mortem analysis
of the fracture surfaces using scanning electron microscopy showed
numerous Al2 Ca intermetallic compounds (that have a high melting
point preventing a solutionized microstructure) and closely spaced subμm-sized precipitates, again acting as likely failure nucleation sites in
the microstructure. The fine grain size and slightly higher spall strength
of the AMX602 alloy, when compared to AZ31B alloy data from Yu
et al. (2017) and Farbaniec et al. (2016), suggest that Hall–Petch
strengthening may be a viable approach to improve spall strength,

provided that the higher resistance to plastic flow offsets the higher
density of grain boundaries that can act as failure nucleation sites. The
authors followed this study with a compression-release investigation
using time-resolved XRD and observed that, during the compression to
peak shock stress and release back to zero stress, significant twinning
occurs (Williams et al., 2020a).
Mallick et al. (2019b) used a laser-driven micro-flyer system to
interrogate the spall strength of extrusion machined AZ31B Mg alloy
foils in two preparations shown as 5 closed upward-pointing triangles
and 5 open upward-pointing triangles in Fig. 4. The extrusion machining process was essentially a controlled ‘‘machining chip’’ generation
technique performed at very high strains and strain rates, inducing
significant deformation in the foils. The foil thickness was controlled
by processing strain rate, with the thickest foil experiencing an order of
magnitude lower processing strain rate. As a result of the higher strain
rate, the thinnest foil underwent dynamic recrystallization, resulting
in an average grain size of 3.3 μm and a strong basal texture with
⟨ ⟩
the foil 𝑐 -axes aligned with the loading direction. In contrast, the
thicker foil features an average grain size of 2.4 μm, but with a sheared
microstructure and a wider distribution of grain sizes with profusely
twinned regions. The uncorrected (𝛿 = 0 in Eq. (1)) spall strengths
are shown in Fig. 4 as large closed triangles for the thicker foil,
and open triangles for the thinner foil, with unloading strain rates in
the 0.5 × 107 s−1 regime and spall strengths between 1.34 and 1.76
GPa. The thicker foil with the deformed microstructure consistently
exhibited higher spall strength, likely because the high dislocation
density and twin volume fraction in the thicker microstructure inhibits
plastic growth of voids. Mallick et al. (2020a) found that the laserdriven impact apparatus (Mallick et al., 2019b) generated low energy
impacts, causing incipient spall where growing voids do not completely
coalesce to form a fully separated spall plane. They leveraged microcomputed tomography scans to obtain size statistics of individual voids
in a single recovered spall specimen and exercised an analytical model
of the relationship between void growth dynamics and far field loading
to estimate the distribution of spall strengths throughout the specimen.
The experimental campaigns reported in the literature and by
CMEDE researchers do a satisfactory job of characterizing the spall
failure of several Mg preparations across a wide range of loading rates.
Apart from our work on AZ31B, our investigation into fine-grained
Mg alloys (Farbaniec et al., 2017; Williams et al., 2017) suggests that
6
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At its most fundamental level, spall strength is primarily a measure
of the material’s capacity to sustain an extraordinarily high, nearlyhydrostatic, tensile stress state for a brief moment prior to catastrophic
fracture. Atomistic calculations are quite well-suited for such loading
conditions. To develop a baseline understanding, the spall strengths
of pure magnesium and magnesium alloys were studied via molecular
dynamics. The key insight from these calculations is that the so-called
∗
ideal spall strength, 𝛴𝑖𝑑𝑒𝑎𝑙
, of a defect-free crystal is remarkably small
∗
in magnesium. Ponga et al. (2016) calculated this value to be 𝛴𝑖𝑑𝑒𝑎𝑙
∼5
GPa in pure magnesium. The ideal spall strength is primarily related
to the non-linear bulk modulus, which is remarkably low in magnesium as compared to other structural metals. Surprisingly, Nitol et al.
(2020) found that solid solution alloying actually softens, rather than
∗
enhances, this ideal spall strength, e.g. 𝛴𝑖𝑑𝑒𝑎𝑙
∼ 4 GPa in Mg-8Al (at.%).
Moreover, the introduction of ∼5 nm nano-voids significantly reduced
the spall strength to about 2.5 GPa in pure Mg and 2 GPa in Mg-8Al.
It has been hypothesized that nano-voids of this size can be rapidly
grown (in ≲ 1 μs) through the clustering of shock-generated excess
vacancies, c.f. Adibi and Wilkerson (2020), Wilkerson and Ramesh
(2016a), Wilkerson (2017) and references therein. As such, these values
of 2.5 GPa in pure Mg and 2 GPa in Mg-8Al may be loosely regarded
as upper bounds on the practically achievable spall strength in these
materials. Real magnesium alloys include additional damage nucleation
sites, e.g. μm-sized second-phase particles, that are not accounted for
in the atomistic calculations. These additional damage nucleation sites
on larger length-scales will tend to reduce the spall strength of real
materials to well below the ideal spall strength. No magnesium alloys
studied in the CMEDE experimental campaigns or the general literature
exhibited spall strengths above 2 GPa. Even after optimizing alloying
content and microstructure, it may simply be impossible to reach spall
strengths higher than 2 GPa in magnesium alloys, due to Mg’s unusually
low non-linear bulk modulus.
With this upper bound in mind, one goal of the CMEDE effort was to
optimize the alloy content and microstructural design in Mg in order
to get as close to this upper bound as possible. Grain size reduction,
i.e. Hall–Petch strengthening, is a common strategy for increasing the
yield strength of metals (Prameela and Weihs, 2020a). Wilkerson and
Ramesh (2016b) argued that this increase in yield strength would
enhance the resistance to void growth, but would simultaneously introduce additional void nucleation sites along the grain boundaries. For
grain sizes ≳100 μm, the material is typically starved of the weakest
void nucleation sites that lie along the grain boundaries. As such,
increasing the grain size is expected to increase the spall strength for
coarse grained metals. However, for metals with nanocrystalline grain
sizes (≲ 1 μm) the number of void nucleation sites is plentiful and the
spall strength is governed primarily by the resistance to void growth. In
this regime, decreasing grain size is predicted to increase spall strength
in accordance with Hall–Petch strengthening. The lowest spall strength
was predicted to occur for grain sizes of ∼ 10 − 100 μm. Guided by these
theoretical predictions, there was an effort within the CMEDE campaign
to reduce the average grain size of their magnesium alloys below 10 μm.
Furthermore, Nguyen et al. (2019) carried out a high-throughput suite
of 2000 crystal plasticity calculations to better understand the origin of
the stress concentrations that drive early void nucleation along grain
boundaries. They found that stress concentrations are primarily driven
by the grain boundary tilt angle, elastic anisotropy, and the contrast
between the CRSS of various deformation modes. The elastic stiffness
tensor of magnesium is nearly isotropic, and thus is not a source of
grain boundary stress concentrations. The texture of magnesium could
potentially be controlled in such a way as to reduce the tilt angle distribution. However, the more accessible strategy is to alloy magnesium
in such a way as to bring basal slip CRSS closer to that of the other
deformation modes. According to Nguyen et al. (2019), this is expected
to reduce stress concentrations at grain boundaries by facilitating more
compatible plastic strain fields across grain boundaries. Successfully

Hall–Petch strengthening could improve spall strength in Mg alloys,
assuming the concurrent increase in potential failure nucleation sites
does not overtake the gains from increased yield strength. Studies are
underway to further examine fine-grained preparations as the CMEDE
10-year effort concludes.
Figs. 3 and 4 show that the various polycrystalline Mg preparations
have spall strengths that lay within a fairly narrow band, even when
accounting for directional anisotropy of spall failure, suggesting a
general weakness of Mg to this type of failure. However, normalizing
the absolute spall strength by the density does result in a specific
spall strength that is on the order of other metals (Chhabildas et al.,
1990), highlighting the need to consider weight savings when designing
with Mg. Most of the aforementioned studies point to void growth
as the primary failure mechanism under spall. Grady (1988) further
confines the theoretical spall model in Eq. (4) by using a Gurson model
for spherical cavity growth in a rigid solid as an estimate for the
ductile fracture energy for void growth in spall, again ignoring the
flaw structure in the material. For spall to occur, the elastic energy of
the material and the imposed kinetic energy must exceed this ductile
fracture energy, leading to an expression for the spall strength,
√
𝛴𝑑∗ = 2𝜌𝐶02 𝑌 𝜀𝑐 ,
(9)
with local tensile plastic flow stress 𝑌 = 0.64 GPa (Mallick et al., 2020a)
and critical porosity 𝜀𝑐 ∼ 0.15 (Grady, 2020) resulting in a theoretical
ductile spall strength of 𝛴𝑑∗ = 2.65 GPa. We select 𝑌 used to calculate
𝛴𝑑∗ as the critical pressure for unstable void nucleation and growth in
AZ31B Mg alloy (Wilkerson and Ramesh, 2016b; Mallick et al., 2020a)
to account for the high strain rate, high plastic strain, and small scale
conditions under spall failure (Grady, 1988). This choice of tensile flow
stress may be unrealistically high, but as a lower bound, the Hall–Petch
yield strength is within the same order of magnitude despite ignoring
the dynamic conditions of spall failure. This more restrictive theory still
predicts a higher spall strength than those observed in Figs. 3 and 4,
again encouraging a closer look at the processing steps that generate
different flaw structures in the material by way of grain boundaries,
texture, and precipitates. The driving parameter for this discrepancy
may be the critical porosity. We assume the same 𝜀𝑐 as Grady does for
other metals in this estimate, but the literature suggests that the critical
porosity of Mg may be lower than in more isotropic metals because of
the anisotropy in flow, and the heterogeneity and ordered nature of
potential failure nucleation sites (Lloyd et al., 2019; Ponga et al., 2016).
Though we have made inroads into further understanding the effects
of individual processing steps on the spall failure threshold, the literature rarely divorces grain size dependency from precipitate morphology
dependency and texture dependency of spall failure. We recognize
that experiment design to isolate just one parameter is non-trivial,
especially from a processing perspective, but studies in a model Mg
alloy where only one microstructure feature can be independently
modified would be beneficial to the body of literature. Across the
investigations reviewed here, the characterization of precipitates is
consistently underdeveloped, so we will now present an experimental
campaign attempting to address this shortcoming from the literature
and from prior CMEDE work in the subsequent experimental section.
2.4. Insights from CMEDE microstructure-spall modeling
In experiments, it is often quite difficult to systematically vary alloy
composition while holding microstructure fixed. Likewise, it is difficult
to vary a single microstructure feature, such as grain size, while holding
all other microstructure features, e.g. dislocation density, fixed. That
said, physics-based models are particularly well-suited for systematic
study of the effect of a single compositional change or microstructural
change on spall strength. The CMEDE 10-year effort made significant
advances in atomistic, crystal plasticity, and microstructure-based finite
element modeling of spall failure. The key insights gleaned from these
studies are briefly summarized here.
7

Mechanics of Materials 162 (2021) 104065

D.D. Mallick et al.

Fig. 5. (a) Perspective view of a schematic of the peak-aged Mg-9Al crystal containing high aspect ratio Mg17 Al12 precipitates on basal habit planes. (b) Viewing the schematic
⟨ ⟩
⟨ ⟩
⟨ ⟩
along the 𝑐 direction onto the HCP basal plane of the Mg-9Al crystal showing the precipitates aligned with the 𝑎 axes. (c) Viewing the schematic along an 𝑎 -axis onto the
prismatic plane of the Mg-9Al crystal showing the precipitates on the basal habit planes. (d) TEM images of high-aspect ratio precipitates in the Mg-9Al matrix.

Fig. 6. (a) Schematic showing three principal directions defined with respect to the rolled Mg-9Al ingot: Normal Direction (ND), Transverse Direction (TD) and Rolling Direction
(RD). (b) EBSD map of the solutionized Mg-9Al alloy taken on the RD-TD plane. The circles with capital letters A and B represent the PDV probe spot size and illustrate how
two measurements might probe single grains with different crystallographic orientations. (c) EBSD map of the peak-aged Mg-9Al alloy taken on the RD-TD plane. The circles with
capital letters A and B represent the PDV probe spot size and illustrate how two measurements might probe single grains with different crystallographic orientations.

3. Experimental approach

engineering a relaxation of the stress concentrations at grain boundaries
should lead to an enhancement of the spall strength in Mg.
Lastly, Nguyen et al. (2019) carried out microstructure-based finite
element calculations to understand the role of micron-sized secondphase particles, e.g. Al8 Mn5 , on spall failure. Generally speaking, these
large second-phase particles provide no yield strengthening and thus
do not enhance the resistance to void growth. They do, however, act
as void nucleation sites. As such, an effort was made within CMEDE to
develop processing strategies to minimize these types of large secondphase particles. While the particles’ volume fraction, size, and mean
spacing affect spall strength, it was reported that spall strength is fairly
insensitive to their orientation (Olinger et al., 2020). On the other hand,
uniaxial ductility and ballistic performance were found to be highly
sensitive to the orientation of said particles, c.f. Lloyd et al. (2019) and
Olinger et al. (2020). This seemingly contradicting finding is due to
the fact that spall failure is nearly a hydrostatic (spherical) stress state,
whereas the stress states during uniaxial tension and ballistic impact
are highly directional in nature. Taken together, these modeling studies
provide valuable insights that have helped to guide the CMEDE compositional and microstructural design strategies to optimize spall strength
as well as providing context for better interpretation of experimental
observations.

We perform spall experiments on an Mg-9Al (wt.%) binary alloy to
further understand the effects of texture and of precipitation strengthening on spall strength. Mg-9Al has received considerable attention
in the literature because precipitates can be introduced into the microstructure through warm aging (Black precipitates in Fig. 5d). Aging
grows Mg17 Al12 precipitates at high volume fractions that are stronger
and stiffer than the surrounding matrix (Clark, 1968). The formed
precipitates are continuous within grains (Celotto, 2000) and discontinuous at grain boundaries (Porter and Edington, 1978; Xu et al., 2009)
and lay on the crystallographic basal planes of the matrix as shown
schematically in Fig. 1a–c. Studies of deformation mechanisms in Mg9Al alloys have shown changes in the CRSS of basal and prismatic slip
that depend on precipitate shape and habit plane, ultimately leading
to increases in yield strength, but the contribution of precipitates to
the dynamic ultimate tensile strength is not known (Robson et al.,
2011; Stanford et al., 2012). This simple model binary alloy is an
excellent choice for our investigation as the formed second phase can
only take on one composition, allowing easier identification of crucial
microstructure features. We perform spall experiments using a laserdriven flyer apparatus on Mg-9Al alloy materials in two processing
8
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conditions: fully solutionized with no precipitates, and peak-aged to
generate high aspect-ratio precipitates.
3.1. Material characterization
We procure the Mg-9Al alloy for this study from Magnesium Elektron North America as a cast ingot. We warm roll the ingot to 60%
rolling reduction to produce a strong basal texture and then solution
treat the alloy in a furnace at 450 ◦ C for 24 h in Ar atmosphere followed
by cold water quenching to fully solutionize the microstructure. The solutionized samples are used to examine the anisotropy in spall strength
and contain no precipitates in the microstructure. We also examine the
effect of strengthening precipitates on the spall strength in peak-aged
Mg-9Al samples. The solutionized samples are aged at 150 ◦ C for 163 h
to form the lath precipitates shown both schematically and through
microscopy in Fig. 5a–c.
Both the solutionized precipitate-free ingot and the peak-aged
precipitate-rich ingot are sectioned into 2 mm thick sheets using a wire
electro discharge machine (EDM) in two directions to enable impacts
⟨ ⟩
⟨ ⟩
along the matrix 𝑐 -axis and perpendicular to the matrix 𝑐 -axis, denoted normal direction (ND) and transverse direction (TD) with respect
to the sheet normals, respectively. Fig. 6a shows a schematic of the wire
EDM-cut sample sheets and illustrates the ND/TD nomenclature. The
sheets are carefully polished to present a flat and planar surface for
the spall experiment and to remove the EDM damage zone from the
sample, using increasing grits of polishing papers from 400, to 600,
to 800, to 1200. The final thickness of each sheet is nominally 200
μm; however there are variations from sheet to sheet as the sheets are
further polished to ensure planarity of the entire sheet (checked with
a micrometer). Finally, we cut 3 mm diameter specimen coupons from
each sheet using a Transmission Electron Microscope (TEM) specimen
punch.
Prior to performing the spall experiments, we characterize the
solutionized and peak-aged preparations using Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), and X-ray
Diffraction (XRD) to understand the material texture, precipitate morphology, and bulk response under dynamic compression. We obtain
inverse pole figure maps displaying the grain size and texture of the
Mg-9Al microstructure in both solutionized and peak-aged preparations through electron back-scattered diffraction (EBSD) performed
in a Tescan SEM using TEAM software (Fig. 6b–c). The EBSD scans
require oxidation-free specimen surfaces, so specimen coupons are
further polished with a colloidal silica solution, then electropolished
using a Struers twin-jet electro-polishing machine with a solution of
lithium chloride, Mg perchlorate and 2-butoxy-ethanol in methanol
as an electrolyte at 100 V and ∼40 ◦ C bath temperature. We use a
Fischione Instruments (Model 1060) ion mill at 1–2 kV driving voltage
with Ar ion guns inclined at 3◦ to the sample surface before mounting
it into the scanning electron microscope (SEM) as a final cleaning step.
The resulting scans are shown for the solutionized (Fig. 6b) and peakaged samples (Fig. 6c). The solutionized samples present ∼200 μm
grains, while peak-aging grows the grains to nominally ∼500 μm. These
estimates are made by making major axis measurements while scanning
different regions. We note that the introduction of the second phase
makes indexing difficult for the peak-aged sample (black regions in
Fig. 6c). Our scans confirm the expected grain size and texture reported
in Prameela et al. (2019), but we undertake XRD measurements to
further characterize the specimen texture, since EBSD scans on this
microstructure with such large grain sizes are cumbersome to obtain.
We examine the texture of the solution treated and peak-aged foils
through symmetric X-ray diffraction analysis, using a Bruker D8 Focus
diffractometer. We use a two-theta scan in the range of 30–80◦ with a
step size of 3 μm and 0.5 s dwell time. Fig. 7 shows the x-ray diffraction
data for both solutionized and peak-aged samples. Both samples exhibit
strong basal texture with the (0001) Mg phase having the highest
relative intensity, though the aging process appears to reorient grains

Fig. 7. X-ray diffraction experiments on the solutionized and peak-aged samples
showing a basal rolling texture for both preparations. Lattice indices are shown for
the dominant (0001) Mg phase.

to show an even stronger basal texture than in the solutionized samples.
Note the small offsets from the expected Mg peaks in both scans due to
the presence of Al atoms in the 𝛼-Mg matrix.
We employ TEM to both confirm the precipitate-free solutionized
microstructure (Representative scans shown in Fig. 8a–b) and also
observe the continuous and discontinuous precipitate structure in grain
interiors and grain boundaries of the peak-aged microstructure (representative scans shown in Fig. 8c–d). Samples for TEM are taken from
3 mm diameter specimen coupons punched from the 200 μm thick
foil. We then mechanically polish the coupons to 50 μm thickness
using silicon carbide paper and a waterless colloidal suspension. The
specimen is ion-milled using a GATAN PIPS II system to create a
perforation for TEM observation in a Tecnai TF 30 microscope at 300
kV. The TEM imaging indicates the presence of long precipitates on the
basal habit planes. The average width of the precipitates is 20 ± 6.2 nm
with an average length of 0.73 ± 0.18 μm. In the transverse direction,
the spacing between basal habit planes for the precipitates is an average
of 130 ± 42 nm (Fig. 8c–d). The mean spacing between precipitates on
the basal habit plane when looking at ND specimens is 314 ± 149 nm.
These spacing measurements suggest a volumetric density of 1.56
× 1011 mm−3 , directly in line with measurements by Prameela et al.
(2019) of aged Mg-9Al alloy. Note that these averages are taken from
TEM images of both continuous precipitates in grain interiors and
discontinuous precipitates that grow at the grain boundaries.
3.2. Spall with laser-driven micro-flyers
Figs. 3 and 4 seek to compare results from different spall studies,
but the differences in loading conditions and diagnostics between each
study can make such a comparison inappropriate. Because the imposed
strain rates and microstructures vary widely from study to study,
accounting for changes in wave speed from dissipation or elastic–plastic
hysteresis (Reed et al., 2021) and for contamination by deformation and
failure mechanisms (Becker and Callaghan, 2018a) to the spall signal
becomes quite complex. We acknowledge these challenges and aim to
develop a statistically significant volume of spall strength measurements to differentiate the failure threshold of each alloy preparation.
We use a single experimental apparatus, imposing a repeatable loading
that is close to a single strain rate with the goal of imparting only the
required kinetic energy to cause spallation.
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Fig. 8. TEM images of the samples taken from the TD direction. (a) Grain interior of solutionized sample. (b) Grain boundary of solutionized sample. (c) Continuous precipitates
in grain interior of peak-aged sample. (d) Discontinuous precipitates at grain boundary of peak-aged sample. Notice that the grain boundary itself is not shown.

Fig. 9. System diagram of the laser-driven micro flyer-plate launcher. M: Mirror. ISO: Isolator. BS: Beamsplitter. MLA: Multi-Lens Array. OBJ: Objective.

To accomplish this, we employ a high throughput laser-driven spall
apparatus, described in detail in Mallick et al. (2019b), to conduct
spall experiments at impact velocities between 750 and 1500 m/s. The
apparatus launches 50 μm thick and 1.5 mm diameter Al flyers that are
epoxy bonded to a glass substrate through a tamped ablation process
driven by a 2.5 J energy, 10 ns duration, 1064 nm wavelength laser
pulse. The driving laser pulse is conditioned to optimally launch the
flyers by expanding the pulse in time to approximately 20 ns using

an optical ring cavity to reduce vibrations within the flyer, and by
homogenizing the spatial intensity through a pair of multi-lens arrays to
remove hot-spots for uniform flyer launch (Mallick et al., 2019b). The
optical ring cavity and multi-lens arrays (MLA) are shown schematically
in Fig. 9. The spacing of the multi-lens arrays modifies the driving
laser spot size and thus the fluence (energy per unit area) and impact
velocity (Mallick et al., 2017). For every specimen preparation and orientation, two experiments were performed at a higher fluence, followed
10

Mechanics of Materials 162 (2021) 104065

D.D. Mallick et al.

by one experiment with an intermediate fluence, further followed by
the lowest fluence, resulting in flyer impact velocities between 675 and
800 m/s. The experiments are performed in a polymethyl methacrylate
(PMMA) vacuum chamber that achieves approximately 85 percent
evacuation to reduce air shock and drag effects but still allows laser
interferometry (Our experience from this study is that PMMA is a poor
laser interferometry window because PMMA has a deleterious effect on
the velocimetry laser polarization state). The 50 μm thick flyer imparts
a shock with duration between the longitudinal and bulk wave roundtrip time through the flyer into the spall target, which is between
nominally 15 and 20 ns, respectively. A Kapton spacer is adhesivebonded to the flyer and the target, separating the flyer and specimen by
a stand-off distance of approximately 125 μm and presenting the rear
surface of the specimen for velocimetry.
The spall response is characterized through analysis of the freesurface velocity history obtained using photon Doppler velocimetry
(PDV) probing a spot size of ∼50 μm. Our PDV diagnostic is described in detail in Mallick et al. (2019b,a) and is a standard ∼ 2 GHz
frequency-upshifted arrangement, apart from an additional low-noise
pre-amplifier to boost returned signal from the target. The returned signal is first processed with a narrow dynamic bandstop filter to remove
the frequency baseline, followed by a narrow bandpass filter about only
the frequency content of interest. We then directly differentiate the
filtered PDV signal, rather than using Fourier transforms, to provide
a velocity history at the sampling rate of our PDV digitizer (Mallick
et al., 2019a). A minority of our experiments require further dynamic
filtering when some parts of the signal suffer the intermittent losses that
are inherent to the PDV technique (starred in Appendix). The EBSD
scans in Fig. 6 and in Prameela et al. (2019) show grain sizes that
are considerably larger than the PDV spot size (shown as a capital ‘A’
and ‘B’ within a circle scaled to the PDV spot size); in the discussion,
part of our analysis examines the probability that we probe a grain or
grain boundary in a given orientation. Both the laser-driven micro-flyer
apparatus and the velocimetry are described in detail by Mallick et al.
(2019b,a) and were developed with assistance from the Dlott research
group (Bassett et al., 2020; Nissen et al., 2021).

of measured velocities within the central differentiation window 𝜏 of
3 ns (Hess et al., 2018), respectively. The first expression in Eq. (10)
for the photon noise floor depends on the laser wavelength 𝜆, Planck’s
constant ℎ, speed of light in vacuum 𝑐, central differentiation window
𝜏, and returned power from the target 𝑃𝑇 . Using a 𝑃𝑇 = −40 dBm
returned power, an unrealistically conservative estimate because of
our post-target reflected pre-amplification, the minimum uncertainty in
velocity is ∼ 1.7 m/s. The second expression in Eq. (10) is the velocity
uncertainty as a function of the sampling rate 𝑓𝑠 , central differentiation
window 𝜏, and noise fraction 𝜎𝑆𝑁𝑅 (𝑡) at the time of measurement 𝑡
within the central differentiation window. This term decreases with
higher sampling rates or window durations as the digitizer has more
sampling points to identify the velocity with greater certainty. The
final term in Eq. (10) is simply the standard deviation over the central
differentiation window 𝜏 surrounding the time of measurement because
the differentiation window contaminates any given measurement with
velocities measured at the other times contained within the window.
This final term is typically the largest term, inherently introducing the
largest uncertainty at the regions of interest from the velocity histories
for spall events because these regions feature the largest accelerations.
We utilize the standard pullback spall strength and tensile strain rate
calculations in Eqs. (1) and (3) without any correction factor because
of the short duration of the imposed shock, acknowledging that free
surface velocity histories alone cannot account for all the complex wave
interactions present in even an ideally designed spall experiment. These
could include growing voids or cracks in the spall plane contaminating
the spall signal or changes in wave speed due to accumulated plastic deformation (Becker and Callaghan, 2018a; Reed et al., 2021). The results
of 47 experiments in this experimental campaign are shown together
in Fig. 11. The 12 spall strength measurements of the solutionized Mg9Al impacted along the ND are shown as purple open right-pointing
triangles. These experiments averaged a spall strength of 1.84 GPa ±
0.1 GPa at an averaged strain rate of 2.09 × 106 ±7.46× 105 s−1 . The
12 measurements of the solutionized Mg-9Al impacted along the TD
are shown as green closed right-pointing triangles. These experiments
averaged a spall strength of 1.79 GPa ± 0.15 GPa at an averaged strain
rate of 2.71 × 106 ±8.1× 105 s−1 . The 11 measurements of the peakaged Mg-9Al impacted along the ND are shown as open red hexagrams.
These experiments averaged a spall strength of 1.35 GPa ± 0.16 GPa
at an averaged strain rate of 1.97 × 106 ± 6.16 × 105 s−1 . The 12 measurements of the peak-aged Mg-9Al impacted along the TD are shown
as closed blue hexagrams. These experiments averaged a spall strength
of 1.47 GPa ± 0.18 GPa at an averaged strain rate of 2.39 × 106 ± 7.84 ×
105 s−1 . Fig. 11 also uses error bars to show uncertainties for the spall
strength and strain rate measurements and colored balloons around
each population (preparation and impact direction) for emphasis. The
calculations to convert velocimetry uncertainty to spall strength and
rate uncertainty are discussed et seq.
To propagate the velocimetry uncertainties into the reported spall
strengths and strain rates as error bars in Fig. 11, we calculate the firstorder second moment (first standard deviation, 95 percent) of each
contributing variable in Eqs. (1) and (3) as a result of the uncertainties in velocity calculated above to provide a complete spall strength
uncertainty figure,

4. Results
The velocity histories for all 47 spall experiments are shown in
Fig. 10, with corresponding spectrograms showing the spectral content
of the processed raw data in the appendix. There are 12 experiments for
the solutionized Mg-9Al in each impact direction and 12 experiments
for the peak-aged Mg-9Al in the TD impact direction. There are 11
experiments for the peak-aged Mg-9Al in the ND impact direction
because one experiment had a signal-to-noise ratio (SNR) that made
it impossible to process the velocity history. To give a sense of the
uncertainty in the measurement, an upper and lower uncertainty bound
is superimposed on each curve shown in Fig. 10 at the same scale as the
velocity history. In Mallick et al. (2019b), our spall strength and strain
rate uncertainty estimates are values drawn from worst-case instrument
errors. For this study, we follow a different approach to estimating
velocimetry uncertainty, taken by Hess et al. (2018) and Dolan (2020).
At any given time 𝑡 in the velocity history, the uncertainty in
velocity is given as,
√
{ √
1
𝜆ℎ𝑐
𝜆
6
,
𝜎
(𝑡),
𝛿𝑈𝑓 𝑠 (𝑡) = 𝑚𝑎𝑥
2𝜋 𝑃𝑇 𝜏 3 2𝜋 𝑓𝑠 𝜏 3 𝑆𝑁𝑅
√
√
(𝑇 =𝑡+𝜏∕2
))2 }
𝑇 =𝑡+𝜏∕2(
√
∑
∑
√ 1
1
√
𝑢𝑓 𝑠 (𝑇 ) −
𝑢𝑓 𝑠 (𝑇 )
,
𝑓𝑠 𝜏 𝑇 =𝑡−𝜏∕2
𝑓𝑠 𝜏 𝑇 =𝑡−𝜏∕2

𝛿𝛴 ∗ = {

∑ 𝜕𝛴 ∗ (𝑋𝑖 )
⋅ 𝛿𝑋𝑖 ]2 }1∕2 ,
[
𝜕𝑋𝑖
𝑖

1
1
𝛿𝛴 ∗ = {[ 𝜌𝐶0 ⋅ 𝛿𝑈𝑓𝑝𝑠 ]2 + [− 𝜌𝐶0 ⋅ 𝛿𝑈𝑓∗𝑠 ]2 }1∕2 ,
2
2

(11)

with free-surface velocity at peak shock stress 𝑈𝑓𝑝𝑠 and at peak tension
𝑈𝑓∗𝑠 . For strain rate, we use the same procedure but estimate that the
uncertainty in the time at peak shock stress 𝛿𝑡𝑝 and at peak tension 𝛿𝑡∗
are 1 ns, similar to our procedure in (Mallick et al., 2019b),

(10)
where we take the maximum of three expressions that describe: (1) the
photon noise floor (Dolan, 2020), (2) uncertainty as a result of signalto-noise ratio (SNR) (Dolan, 2020), and (3) the standard deviation

𝛿 𝜀̇ ∗ = {
11

∑ 𝜕 𝜀̇ ∗ (𝑋𝑖 )
⋅ 𝛿𝑋𝑖 ]2 }1∕2 ,
[
𝜕𝑋𝑖
𝑖
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Fig. 10. Velocity histories of individual experiments offset for clarity. Each history curve has an upper and lower bound corresponding to the velocity uncertainty from
instrumentation using Eq. (10), so the thickness of the curve corresponds to the uncertainty at any given point of each curve (thicker means higher uncertainty).

Fig. 11. Processed spall strength measurements from this experimental campaign. The impacts on solutionized Mg-9Al along the TD are shown as closed green right-pointing
triangles. The impacts on solutionized Mg-9Al along the ND are shown as open purple right-pointing triangles. The impacts on peak-aged Mg-9Al along the TD are shown as
closed blue hexagrams. The impacts on peak-aged Mg-9Al along the ND are shown as open red hexagrams. Bounding balloons are drawn for each material preparation and impact
direction to guide the eye. Error bars are calculated using Eqs. (11) and (12).
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1
1
⋅ 𝛿𝑈𝑓𝑝𝑠 ]2 + [−
⋅ 𝛿𝑈𝑓∗𝑠 ]2 +
2𝐶0 𝛥𝑡
2𝐶0 𝛥𝑡
𝛥𝑈𝑓 𝑠
𝛥𝑈𝑓 𝑠
[−
⋅ 𝛿𝑡𝑝 ]2 + [
⋅ 𝛿𝑡∗ ]2 }1∕2 ,
2𝐶0 𝛥𝑡2
2𝐶0 𝛥𝑡2

𝛿 𝜀̇ ∗ = {[

̇ are the rate-dependent single-crystal spall strengths
̇ and 𝛴⟂∗ (𝜀)
𝛴𝐜∗̂ (𝜀)
⟨ ⟩
̂ respecalong and perpendicular to the crystallographic 𝑐 -axis, 𝒄,
tively. Note that these are the quantities of interest from the experiment, but these principal crystallographic directions are not in practice
precisely aligned with the external impact axes 𝒍̂𝑁𝐷 and 𝒍̂𝑇 𝐷 . Eq. (13)
is a simple expression for modeling the direction-dependency of single
crystal spall, which satisfies the physical requirements of objectivity.
Fig. 12b shows the assumed dependency of the spall strength for a
range of possible impact angles 𝜽 ∈ [0◦ , 90◦ ] between the axis of
incident impact 𝒍̂ and the crystallographic 𝒄̂ of the spalling crystal.
‘‘Ideal’’ impacts corresponding to 𝜃 = 0◦ and 90◦ orientations would
result in spalling stresses of 𝛴𝐜∗̂ and 𝛴⟂∗ , respectively, shown on the left
and right bounds of the plot. However, in practice any impact angle 𝜃 ∈
[0◦ , 90◦ ] may be realized when working with polycrystalline samples, as
in this study. This is also evident from the distribution of (0001) poles
in Fig. 12a in relation to the impact axes TD and ND by inspection.
Having defined the forward model for the measurement process,
we may now study the effect of crystallographic variability on the
spall measurements. EBSD scans are presented in the material characterization section in Fig. 6. The large-grained microstructure allows
limited-domain scans, which capture approximately 170 grains. The
corresponding pole figure for (0001) is shown in Fig. 12a, where
̂ is plotted in multiples of uniform
the pole probability density 𝑝 (𝐜)
̂ is calculated using
distribution (MUD). The probability density 𝑝 (𝐜)
Kernel Density Estimation (Pelletier, 2005) from the voxel-based EBSD
data 𝐜̂(𝑖) ∈ 𝑆 2 using a 8◦ smoothing bandwidth on the unit sphere 𝑆 2 .
With the assumption that the EBSD domain in Fig. 6 is statistically
̂ in Fig. 12a is taken as
representative of the impacted sample, 𝑝 (𝐜)
⟨ ⟩
the probability distribution of the 𝑐 -axis orientation of each grain
probed in the spall experiments. Now treating 𝐜̂ in Eq. (13) as a
̂ in addition to the random measurement error
random variable 𝐜̂ ∼ 𝑝 (𝐜)
term 𝜖𝑚 ∼  (0, 𝛿𝛴 ∗ ), and propagating the uncertainties, the resulting
(
)
̂ 𝜀̇ is simulated for impacts along
̂ 𝒍,
uncertainty in the spall stress 𝛴 ∗ 𝒄,
{
}
̂
̂
̂
TD and ND directions, 𝒍 = 𝒍𝑁𝐷 , 𝒍𝑇 𝐷 . Fig. 12c shows the probability
distributions of the internal spall stress under impacts along TD and ND
(solid lines), as well as the distributions of the experimentally measured
strength which includes the contribution from random experimental
noise term 𝜖𝑚 (dashed lines). Note that most measurements are expected
to frequently deviate from the spall strength parameters 𝛴𝐜∗̂ and 𝛴⟂∗ .
For example, referring to the blue curve, most strength measurements
along the ND would be significantly higher than the quantity 𝛴𝐜∗̂ , which
is the quantity targeted by this particular specimen-impact orientation.
Thus a simple statistical averaging of the measured data along ND, like
those reported in the results section, would result in a significantly
biased estimation of the underlying parameter 𝛴𝐜∗̂ , over-estimated by
[ ∗ ]
approximately 0.12 GPa in this case (Referring to Fig. 12c, E 𝛴𝑁𝐷
=
∗
∗
1.39 GPa for single-crystal parameters 𝛴𝑐 = 1.27 GPa, 𝛴⟂ = 1.53 GPa).
This precisely results from spread of the (0001) poles in the ND direction of the processed material, as shown in Fig. 12a. A deeper rolling
process may reduce this spread, in turn reducing such bias, but may not
completely remove it. We therefore use the Bayesian method to infer
the single-crystal quantities of interest.
Inspection of Figs. 3 and 4 clearly shows a strain rate dependency
of the spall strength. Spall strength may follow a power law over strain
rates covering several orders of magnitude (Wilkerson and Ramesh,
2016b). Since a relatively narrow range of strain rates is studied in
this work (1–5 × 106 s−1 ), a linear expression is assumed to model the
rate dependency of single-crystal spall strengths parameters 𝛴𝐜∗̂ (𝜀)
̇ and
𝛴⟂∗ (𝜀)
̇ in Eq. (13):

(12)

again noting that higher strain rate experiments reduce the time between events and increase the uncertainty in strain rate.
A cursory evaluation of the balloons and the averages indicates that
the solutionized preparations show weaker loading-direction anisotropy
than the peak-aged preparations, though the significant instrument error bars and overall zone of mixed results allows only weak conclusions
using these basic metrics alone. We employ probabilistic methods to
further analyze these results in a quantifiable manner in the discussion.
5. Discussion
This laser-driven flyer apparatus imparts shockwaves of middling
intensity, causing incipient spallation (Mallick et al., 2020a) thus limiting the contamination of the spall signal from waves emanating out of
active deformation and failure mechanisms in the specimen. Even so,
there are significant sources of experiment error and variation in specimen microstructure that must be rectified to analyze the above results.
5.1. Probabilistic interpretation of the results
Our laser-driven micro-flyer experiments characterize the spall process at single-grain length scales of the alloy due to the spot size of the
PDV interferometry. At this length scale, variability in crystallographic
orientations and inherent uncertainties in the measurement process
result in significant scatter in the collected measurements as shown in
Fig. 11. Measurement uncertainties have been quantified by Eqs. (11)
and (12), and are shown with error bars in that figure.
The other major source of uncertainty in a measurement is the crystallographic orientation of the probed grain. Grady (2020) and Vogler
et al. (2004) have identified significantly varied shock failure behavior
within even a single experiment in the presence of dissipative structures such as grains that do not all share the same crystallographic
orientation. While the rolling process largely aligns the crystallographic
(0001) poles with the ingot ND of the Mg-9Al alloy, a certain degree
of deviation around this common orientation is evident. For example, the PDV might capture the spall response from grain A or grain
B, marked in the inverse pole figures from Fig. 6b–c, with certain
probabilities that may result in different measurements because of the
spall strength anisotropy found in the single crystal spall literature (de
Rességuier et al., 2017; Kanel et al., 2014). In turn, extraction of the
underlying single-crystal spall strengths along and perpendicular to the
⟨ ⟩
(0001)/ 𝑐 -axis (𝛴𝐜∗̂ and 𝛴⟂∗ , respectively) from measurements made
along the ingot ND and TD is not straightforward and requires particular attention to the crystallography of the sample. Bayesian analysis
provides a rational framework to infer hidden parameters of systems
that contain randomness based on measurements of their output, and
has been commonly used in analysis of experimental data (Trotta, 2017;
Matthies et al., 2016; Barber, 2012). In this section we employ Bayesian
analysis to infer the single-crystal spall strengths 𝛴𝐜∗̂ and 𝛴⟂∗ of Mg-9Al
from experimental data.
The following relation is adopted to model the direction-dependent
measurement process of spall in Mg-9Al of a single grain:
[
(
)
[
]2
(
)2 ]
̂ 𝜀̇ = 𝛴 ∗ (𝜀)
̂ 𝒍,
𝛴 ∗ 𝒄,
̇ 𝒄̂ ⋅ 𝒍̂ + 𝛴⟂∗ (𝜀)
̇ 1 − 𝒄̂ ⋅ 𝒍̂
+ 𝜖𝑚
(13)
𝐜̂
where 𝒄̂ is the 𝑐-axis of the spalling crystal, 𝒍̂ is the axis of impact, 𝜀̇
is the strain rate, and 𝛴 is the experimentally measured value of spall
strength. 𝜖𝑚 is a random noise term associated with the uncertainties
of the measurement process, with zero-mean and a standard deviation
given by Eq. (11), i.e.:
(
)
𝜖𝑚 ∼  𝜇 = 0, 𝜎 = 𝛿𝛴 ∗

𝛴𝐜∗̂ (𝜀)
̇ = 𝛴̃ 𝐜∗̂ + 𝑚𝐜̂ 𝜀,̇
∗
𝛴 (𝜀)
̇ = 𝛴̃ ∗ + 𝑚⟂ 𝜀,̇
⟂

⟂

where 𝛴̃ 𝐜∗̂ and 𝛴̃ ⟂∗ are the baseline strengths, and 𝑚𝐜̂ and 𝑚⟂̂ are the
rate-sensitivity parameters for spalling along and perpendicular to the
⟨ ⟩
𝑐 -axis, respectively.
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Fig. 12. (a) (0001) pole figure of the Mg-9Al alloy based on the EBSD characterization in Fig. 6. Normal (ND) and transverse directions (TD) are shown by red and blue markers
respectively. (b) Forward model of anisotropic single-crystal spall strength used in the Bayesian inference to model the process of spall strength measurements. (c) Probability
distribution functions of measured spall strength along TD and ND directions. Note that the measured spall strengths along TD and ND are expected to frequently deviate
from the actual single-crystal spall strengths 𝛴𝐜∗̂ and 𝛴⟂∗ . For the purpose of demonstration in (b,c), the values of the single-crystal parameters 𝛴𝐜∗̂ (𝜀),
̇ 𝛴⟂∗ (𝜀)
̇ are taken as the
maximum-a-posteriori (MAP) values resulting from the Bayesian analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 13. Bayesian posterior marginal distributions of single-crystal spall parameters of Mg-9Al: Single-crystal spall strengths along and perpendicular to the crystallographic (0001)
for the (a) solutionized and (b) peak-aged Mg-9Al, and (c, d) the corresponding rate sensitivity parameters of spall strengths for the (c) solutionized and (d) peak-aged alloy. The
red and green markers correspond to the maximum-a-posteriori and posterior mean estimates of the parameters, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

In summary, based on the experimental data in Fig. 11, the following four single-crystal parameters are to be inferred for both solutionized and peak-aged Mg-9Al preparations:
{
}
𝜽 = 𝛴̃ 𝐜∗̂ , 𝛴̃ ⟂∗ , 𝑚𝐜̂ , 𝑚⟂ .

Given the experimental data, the Bayesian posterior distribution of the
parameters 𝑝 (𝜽|) are computed using Bayes’ rule:
𝑝 (𝜽|) =
14

𝑝 (|𝜽) 𝑝 (𝜽)
,
𝑝 ()
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Fig. 14. Spall strength measurements analyzed using Bayesian inference from this study shown as larger markers in color with error bars from 1 − 𝜎 of the probability distributions
in Fig. 13a–b. The underlying spall strength measurements are also superimposed as small markers. Spall strength measurements from analyzed time-resolved velocimetry on pure
and alloyed Mg from the literature and from the CMEDE 10-year effort are also shown for comparison.

where 𝑝 (|𝜽) =  (𝜽) is the likelihood function evaluated based on the
forward model in Eq. (13), 𝑝 (𝜽) is the prior distribution of parameters
taken here as a flat objective prior to avoid subjective bias, and 𝑝 ()
is the evidence, which is a normalizing constant. Bayesian inference is
performed separately for the datasets from the solutionized and peakaged samples sol and PA . The resulting posterior distributions of
single crystal properties 𝜽sol and 𝜽PA for each case are plotted in Fig. 13.
The solutionized preparations both exhibit the highest yield strength in
this experimental campaign (mean of 1.82 GPa for solutionized versus
1.39 GPa for peak-aged). The probability plots in Fig. 13 enable a
1-𝜎 confidence analysis for each preparation. The peak-aged samples
show the highest anisotropy in spall strength in Fig. 13a (1.54 ± 0.04
⟨ ⟩
⟨ ⟩
GPa for 𝑐 -axis-aligned impacts and 1.26 ± 0.04 GPa for 𝑐 -axisperpendicular impacts). The solutionized samples show little anisotropy
in spall strength by the probability plot in Fig. 13a. The solutionized
⟨ ⟩
impacts perpendicular to the 𝑐 -axis have the highest spall strength
⟨ ⟩
(1.93 ± 0.06 GPa for 𝑐 -axis-aligned impacts versus 1.72 ± 0.04
⟨ ⟩
GPa for 𝑐 -axis-perpendicular impacts). Figs. 13c–d show that all
of the preparations exhibit similar rate-dependency over the limited
strain rate domain probed in this study. These Bayesian posterior
distributions naturally account for all uncertainties in the experimental
process, i.e. the variability in crystallographic orientation, experimental
measurement error, as well as the statistical uncertainty associated with
the sample-size of the experimental dataset (𝑛sol = 24 and 𝑛PA = 23
measurements from solutionized and peak-aged samples, respectively).
Fig. 14 shows the spall strengths from this study obtained through
the Bayesian analysis of data from our experimental campaign. The
large colored markers have error bars to denote the region of likely
strengths from our analysis, with the underlying data underlaid with
⟨ ⟩
smaller markers. The spall strengths along the 𝑐 -axis and perpendicu⟨ ⟩
lar to the 𝑐 -axis for solutionized Mg-9Al are shown as large open and
closed right-pointing triangles, respectively. The spall strengths along
⟨ ⟩
⟨ ⟩
the 𝑐 -axis and perpendicular to the 𝑐 -axis for peak-aged Mg-9Al
are shown as large open and closed hexagrams, respectively. The results
show a strong spall strength anisotropy based on impact direction
for the peak-aged samples and a weaker spall strength anisotropy for

the solutionized preparation. Notice the generally monotonic linear
increase in spall strengths with respect to strain rate between this study
and the literature. In comparison to other metals, Mg appears to have a
low threshold to dynamic tensile failure in a variety of processing methods (though the specific spall strength of Mg is comparable Chhabildas
et al., 1990). The inferred strengths from our experimental campaign
are all significantly lower than predicted by the energy-limited ductile
spall model by Grady (1988) in (9) where 𝛴𝑑∗ = 2.65 GPa, motivating
a closer look at role of the flaw structure (texture and precipitate
morphology) of the Mg-9Al alloy as we do in subsequent sections of
the discussion.
Notice also that the forward model attempts to determine only the
⟨ ⟩
⟨ ⟩
strength along the 𝑐 -axis and perpendicular to the 𝑐 -axis, and may
not accurately model intermediate impact angle behavior. Kanel et al.
(2014) have observed some of the lowest spall strength measurements
⟨ ⟩
in single crystal Mg at 45◦ to the 𝑐 -axis because this impact angle
activates basal slip, the most deleterious deformation mechanism for
failure (Jannotti et al., 2021). We plan to explore more nuanced models
in future work.
5.2. Nearly isotropic spall strength in solutionized Mg-9Al
The Bayesian analysis in the prior section indicates a weak
anisotropy in spall strength of solutionized Mg-9Al alloy between
⟨ ⟩
⟨ ⟩
impacts along the crystal 𝑐 -axis and perpendicular to the 𝑐 -axis
(∼6.7–14.9% lower in the perpendicular case). This response is contrary
to the single crystal spall experiments by Kanel et al. (2014), which
showed a strong anisotropy in the opposite trend, though our observations may align with results from de Rességuier et al. (2017) showing
single crystal spall strengths with overlapping error bars. Spall failure in
metals depends on the plastic growth of voids as well as the nucleation
and growth of coalescence processes. Our Mg-9Al alloy is hot-rolled
and then solutionized, so there may be some anisotropic geometry in
the grain boundary structure from the rolling process. The anisotropic
geometry may present more potential sites for failure nucleation and
growth when impacting along the TD than the ND, resulting in a lower
15
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have observed considerable increases in flow stress with strain rates
surpassing 104 s−1 in AZ31B Mg alloy using a miniaturized compression
Kolsky bar, with the flow stress for the ND-aligned impact increasing
slightly faster with rate than for impacts along the TD or RD. The
⟨ ⟩
pyramidal slip-dominated deformation for grains with 𝑐 -axes aligned
along the loading direction appears more sensitive to strain rate than
⟨ ⟩
the extension twin dominated deformation for grains with 𝑐 -axisperpendicular loading, like for impacts along the TD or RD. They also
observe diminished sigmoidal flow that is otherwise characteristic of
⟨ ⟩
compression perpendicular to the 𝑐 axis, perhaps indicating a higher
flow stress for the same plastic strain as strain rate increases. Flanagan et al. (2020) have also observed a strain rate dependency of
twinning in single crystal Mg as deformation rates increase through
shock-compression-recovery experiments and molecular dynamics sim⟨ ⟩
ulations. They find that deformation twinning for 𝑐 -axis-aligned
compression causes significant softening as strain rate increases, so
perhaps the compression phase of our experiments leaves a softer
matrix to spall once the specimen goes into tension. The combination
of these two effects with rate may decrease the strain threshold where
the flow stresses crossover and may explain our discrepancy with trends
from literature. Lloyd et al. (2020b) have coupled shock experiments
and crystal plasticity finite element simulations to also observe strong
strain rate sensitivity as rates surpass 105 s−1 in polycrystalline Mg. We
note that approximately half of our experiments on solutionized Mg-9Al
exceed the shock stress reported in Kanel et al. (2014) as well.

Fig. 15. True stress–strain response of hot-rolled solutionized Mg-9Al alloy compressed
along the ND (dashed line) and TD (solid line) directions at 5000 s−1 . There are two
experiments shown for each orientation.

spall strength. Our TEM and EBSD scans are too limited in scope to
interrogate this possibility, but we acknowledge this as a potential
explanation for the observed weak anisotropy.
To further understand the impact of plastic anisotropy through
texture on our observations of weak spall strength anisotropy, we characterize the dynamic flow behavior of the alloy along the two impact
directions using several Kolsky bar experiments. We use a conventional
compression Kolsky bar (Gray, 2000) with 9/32′′ diameter maraging
steel bars loading at a strain rate of approximately 5000 s−1 . Specimens
are machined using a wire EDM and are mechanically polished to final
dimensions of 2.5 mm × 2.8 mm × 3.1 mm. The shortest length of
the specimen is aligned along the loading direction for both the ND
and TD cases. The stress–strain responses for two specimens of each
orientation are presented in Fig. 15, where the ND orientations are
shown as dashed lines and the TD orientations are shown as solid lines.
Along the TD, the solutionized Mg-9Al exhibits the predicted sigmoidal
stress–strain response along the TD due to activated extension twinning
⟨ ⟩
in grains where the 𝑎 -axis is aligned with the loading direction,
i.e. increased hardening. Along the ND, the solutionized Mg-9Al has
the predicted higher yield strength and concave-down hardening from
pyramidal slip.
We must consider the compressive stress state of our Kolsky bar
results when trying to understand the trends in spall failure, which
occurs under tension. The observed trends in flow stress from Fig. 15
should be reversed for tensile loading, as seen in AZ31B Mg (Ning et al.,
2020; Wang et al., 2020; Xu et al., 2013) and in pure Mg (Alharbi et al.,
2018). Beyond a plastic strain of approximately 0.12, the flow stress
of solutionized Mg-9Al along the ND should be higher under tension
than along the TD under tension, so the trends observed by Kanel et al.
(2014) may no longer hold as higher tensile stresses are required to
continue growing voids in the ND case. Assuming a spall strength of
1.8 GPa between our solutionized ND and TD results, Eq. (8) suggests a
threshold shock stress of 2.43 GPa for a reversed trend in spall strength,
which all but one of our solutionized experiments exceeds.
Kanel et al. (2014) performed their experiments at shock stresses of
approximately 3.21 GPa, which also exceeds this calculated threshold.
Two explanations may account for why they see the opposite trend in
spall strength: (1) The crossover point in flow stress for single crystal
Mg may occur at a slightly higher plastic strain than in Mg-9Al alloy, or
(2) the order-of-magnitude higher strain rate of our experiments may
advance the hardening behavior in both orientations, making it easier
to breach the crossover point in our experiments. Zhao et al. (2018)

5.3. Anisotropic spall strength in peak-aged Mg-9Al
The introduction of basal precipitates into Mg has been shown
to reduce plastic anisotropy (Robson, 2013), especially in the Mg9Al system (Prameela et al., 2019; Robson et al., 2011), as the basal
precipitates have been observed to inhibit twinning by creating a local
elastic stress field about the precipitate (under quasi-static loading).
Instead of reducing spall strength anisotropy, our results indicate these
basal precipitates harm the spall strength overall (∼25% reduction
in the average spall strength between orientations), and that their
geometric orientation introduces a strong anisotropy in spall strength
⟨ ⟩
(∼16.5–28.7% lower for 𝑐 -axis compression).
To better understand the anisotropy in spall strength, we perform
numerical simulations that harness the precipitate morphology taken
from TEM observations in Fig. 8, following the modeling approach
by Becker (2017), Becker and Callaghan (2018a,b, 2020). The simulations are run in an explicit arbitrary Lagrange-Eulerian finite element
framework (ALE3D Nichols and Dawson, 2017), which allows for the
option of mass transport through element boundaries to minimize
severe mesh distortion issues that are common in purely Lagrangian
frameworks undergoing large plastic deformations. A 3-dimensional
mesh is initialized with a randomized precipitate structure, conforming to morphology statistics from TEM imaging. The matrix material
is considered isotropic, with appropriate material property selection
discussed et seq.
Microscopy confirms a 130 nm spacing between basal habit planes,
⟨ ⟩
with 0.73 μm long and 20 nm wide precipitates in 𝑎 directions on
each habit plane featuring a uniform randomness in the simulation;
i.e. there is an equal chance a precipitate is placed along one of the
⟨ ⟩
three 𝑎 -axes on the habit plane. The aspect ratio between precipitate
length and width approaches 40, demanding a very fine mesh to
capture individual precipitates (10 nm long sides for each cuboidal
element). Such small elements limit the computational domain, so we
choose a representative volume element of 5 × 1 × 1 μm3 consisting of
∼5 million elements. Notice that this domain is considerably smaller
than in the actual experiment. The precipitate number density of ∼
1.5 × 1011 mm−3 from Prameela et al. (2019) and our own observations
is used to determine the number of precipitates to place on each habit
plane (21 precipitates per plane) (Fig. 16).
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⟨ ⟩
Fig. 16. (a) 1 × 1 × 5 μm Simulation domain for shock loading parallel to the c axis. Load is applied at x = 0 and free surface velocity is measured at x = 5 μm. The matrix
(red) contains randomly distributed precipitates (green) that lay on evenly spaced habit planes with their plane normal vectors parallel to the shock direction. (b) Simulation
⟨ ⟩
domain for shock loading perpendicular to the c axis. Load is applied at x = 0 and free surface velocity is tracked at x = 5 μm. The matrix (red) contains randomly distributed
precipitates (green) that lay on evenly spaced habit planes with their plane normal vectors in the z direction.

where,
𝜌
𝜒≜
− 1,
𝜌0

In the preceding section we argued that the flow strength 𝜎̄ after
a sufficiently strong shock pressure is fairly insensitive to orientation.
As such, the strength model for the Mg-9Al matrix is chosen to be an
isotropic von-Mises yield criterion with a rate-independent Steinberg–
Guinan hardening law as a function of accumulated equivalent plastic
strain 𝜀𝑝 (Steinberg, 1996),
)
(
𝐺
, 𝜎̄ ∞ ,
(14)
𝜎̄ = min 𝜎0 (1 + 𝜀𝑝 )𝑛
𝐺0

with current density 𝜌, reference density 𝜌0 = 1780 kg∕m3 , bulk wave
speed 𝐶0 = 4540 m∕s, Gruneisen parameter 𝛾0 = 1.54, density scaling parameter  = 0.33, linear equation of state parameter 𝑆1 = 1.242 (Marsh,
1980), and internal energy per unit reference volume .
The matrix has no fracture/damage model, but the precipitates have
a simple minimum (tensile) pressure failure criterion of 𝑃 ≥ 𝑃𝑚𝑖𝑛 =
−2.7 GPa to model precipitate decohesion (under tensile loading), after
which the failed material has no strength, transferring load to surrounding regions. The failed material is replaced with void material when
𝜒 < −0.1 to model void growth in the failed material. The 𝑃𝑚𝑖𝑛 value
is chosen such that simulated pullback velocities match the average
pullback velocities from our experiments, while the density criterion is
chosen based on nominal porosity from post-mortem micro-computed
tomography of AZ31B samples using our apparatus from Mallick et al.
(2020a). We note that the trends in strength discussed hereafter did not
change with different failure criterion 𝑃𝑚𝑖𝑛 values. We note also that
the critical value is expected to deviate from measured spall strengths
from the free surface history because this model accounts for changes
in wave speed due to accumulated plastic strain and for waves from
failure contaminating the free surface history (Becker and Callaghan,
2018a; Reed et al., 2021).
To model the impact loading, the face of the domain where 𝑥 = 0
sees a square velocity pulse of 425 m/s for 1 ns, after which that surface
has a velocity of 0, corresponding to a 850 m/s impact with a flyer
plate that has an acoustic round-trip time of 1 ns. Notice the order of

with parameters representative of Mg-3Al, i.e. initial flow strength of
𝜎0 = 152 MPa, saturation flow strength of 𝜎̄ ∞ = 480 MPa, and strain
hardening parameters of  = 1100 and 𝑛 = 0.12. Prior to saturation,
the flow strength is assumed to scale linearly with the pressure (𝑃 ) and
temperature (𝑇 ) dependence of the shear modulus 𝐺, i.e.
(
)
𝐺 = 𝐺0 1 + 𝑃 − (𝑇 − 𝑇0 ) ,
(15)
with 𝐺0 = 16.5 GPa being the initial shear modulus at ambient pressure
and reference temperature 𝑇0 = 300 K. The assumed linear pressureand temperature-dependencies are taken to be  = 10.3 × 10−5 MPa−1
 = 5.09 × 10−4 K−1 , which are the same values as those adopted to
simulate to dynamic failure of AZ31B Mg alloy in Lloyd et al. (2019).
In general, magnesium is nearly isotropic, so a pressure–volume relationship completes the isotropic, nonlinear elasticity model assumed
here. The equation of state adopted is that of Mie–Gruneisen, i.e.
⎧ 𝜌𝐶 2 𝜒(1+(1−𝛾0 ∕2)𝜒−𝜒 2 ∕2)
⎪ 0
+ (𝛾0 + 𝜒), if 𝜒 ≥ 0
(1−(𝑆1 −1)𝜒)2
𝑃 =⎨
2
⎪𝜌𝐶0 𝜒 + (𝛾0 + 𝜒),
otherwise,
⎩

(17)

(16)
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Fig. 17. At 𝑡 = 1.95 ns, the pressure has surpassed the critical threshold and has caused failure in the precipitates, leading to void insertion in the model (blue). At this stage, the
⟨ ⟩
voids have coalesced to create a complete spall plane in the model. The mesh is shown with the matrix (red) and precipitates (green) oriented with (a) loading parallel to the c
⟨ ⟩
axis and (b) loading perpendicular to the c axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

magnitude decrease in flyer plate round trip time that must be used
to account for the computationally expensive 5 μm long domain, and
the resulting increase in loading strain rate by the same magnitude
up to ∼107 s−1 . The average velocity of the free surface at 𝑥 = 5
μm is where pullback velocities are measured during the simulation.
(Free surface velocities shown in Fig. 18.) The other surfaces in the
simulation domain have symmetry boundary conditions to prevent
unloading waves from interfering with the loading condition, creating
a uniaxial strain state in the 𝑥 direction.
Fig. 17 shows the insertion of void material (blue) into the precipitate (green) laden matrix (red) as a result of achieving the failure and
replacement conditions. To understand the effect of the randomness in
populating the habit plane with precipitates, we perform the simulation
10 times for each loading orientation.
These runs are shown as lighter
⟨ ⟩
hues in Fig. 18. In the case of c -axis-aligned loading (blue), the simulation consistently
shows a lower peak tensile stress at failure when
⟨ ⟩
compared to c -axis-perpendicular loading (red). The averages of all
ten histories for each orientation are overlaid in darker hues with a
thick line to emphasize this trend. The average spall strength calculated
⟨ ⟩
from the simulated velocity histories is 1.35 ± 0.02 GPa for ⟨the
⟩ c axis-aligned loading simulations, and 1.47 ± 0.02 GPa for the c -axis⟨ ⟩
perpendicular loading simulations (a ∼8% reduction for the c -axisaligned loading case). These results imply that the precipitate structure
imposes weakness in ultimate dynamic tensile strength when the precipitate habit planes are parallel to the propagating shock front, where
previously there was little anisotropy
⟨ ⟩ in the solutionized samples.
When shocking along the 𝑐 axis in Fig. 17a, the precipitate
habit planes are parallel to the propagating shockwave front, so failure
tends to occur simultaneously across the habit planes in the region of

high tension. Any intact material sees very high stress concentrations
thereafter. In Fig. 17b, the habit planes are perpendicular to the shock
front, so fewer precipitates debond or fracture and less void material is
inserted. The remaining intact material sees lower stress concentrations
as a result, and the bulk response is⟨ stronger.
Notice that the generally
⟩
localized failure distribution in the c -axis-aligned loading case results
in a higher spall strength. The final void fraction is larger at the end
of the simulation in this case when failure from multiple habit planes
links up (visually discernible from Fig. 17).
The simulations confirm the trends in our experiments, suggesting
that the orientation of preferred precipitate habit planes to the shock
front affects the spallation threshold.⟨The
⟩ simulations show an average
reduction in spall strength of 8% for c -axis-aligned loading, whereas
our experiments showed a reduction closer to 20% for the same loading
condition according to our Bayesian analysis. There are several potential sources for this discrepancy. First, all the simulations are conducted
at the same shock stress and strain rate. Due to computational expense,
our simulation domain is much smaller than the experiment, so the
shockwave we propagate is nearly 20 times shorter in the 𝑥 direction
(and has a much higher strain rate as a result, ∼107 s−1 ). Perhaps a
longer shock duration will activate failure in more habit planes along
⟨ ⟩
the c -axis, resulting in a lower strain to failure and spall strength
in line with the experiment. Though we aim to implement physically
realistic representations of the precipitate morphology in this work
and randomize placement on habit planes, the variance in precipitate
length and width is not accounted for in these simulations (as well
as a mathematical constraint that brings spacings between randomly
placed precipitates to the values observed on the habit planes themselves). Second, the crystallographic misorientation between the impact
18
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order of other structural metals (Chhabildas et al., 1990), highlighting
that the potential weight savings of Mg should not be ignored.
Conventional wisdom suggests that introducing precipitates into the
Mg-9Al microstructure through peak-aging should increase the quasistatic yield strength and thus increase the spall strength because of the
increased impediment to void growth. Despite the 40 to 50% increase
in quasi-static hardness in the peak-aged microstructure (Prameela
et al., 2019), our results show a decrease in the spall strength when
compared to the precipitate-free solutionized Mg-9Al, regardless of
impact orientation. At the ultra-high strain rates of our experiments,
the microstructure defect distribution comes into play as the precipitates with even one dimension in the μm scale act as nucleation sites
for failure. From a materials design perspective, a larger quasi-static
strengthening effect is likely necessary to see an improvement in spall
strength where finer precipitates, much smaller grains, large dislocation
densities, and pre-twinning may improve the yield strength to an extent
that overtakes the introduction of failure nucleation sites through precipitation (Prameela et al., 2019; Lloyd et al., 2020a; Jannotti et al.,
2021; Magagnosc et al., 2021).
7. Summary

Fig. 18. Free surface velocity history for 10 simulations with randomized microstruc⟨ ⟩
tures for impacts along the single crystal c axis (blue) and impacts perpendicular to
⟨ ⟩
the single crystal c axis (red). The bold lines are the averaged histories within each
orientation. The inset highlights the difference in peak tension signals in the velocity
history. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

We have presented many spall experiments on a model binary Mg9Al (wt%) alloy performed using a high-throughput laser-driven spall
apparatus. The alloy is made in two preparations: fully solutionized to
be precipitate free, and peak-aged to develop basal precipitates with
high aspect ratio. At quasi-static strain rates, the solutionized alloy
shows classical anisotropy in yield strength and flow stress based on
loading orientation of the hexagonal-close-packed crystal. Once peakaging introduces precipitates into the microstructure, the yield strength
and flow stress increase but the anisotropy diminishes due to inhibited
extension twinning. Our spall experiments, coupled with results from
the 10-year CMEDE effort and from the literature show:

⟨ ⟩
direction and the target 𝑐 -axis is assumed to be zero, like a single
crystal. Nonzero misorientations through multiple grains might further
the scope of the measured anisotropy. There may also be interactions
present for this misorientation that the simulation does not account
for. We may also misestimate the number density of precipitates
based on the extremely local TEM observations. These assumptions
within the model might create differences in connectivity between
precipitates once void growth kicks off. The lower spall strengths in
both peak-aged cases may result in transient shock strains below the
flow stress crossover point by the final term in Eq. (8), so the TDoriented specimens may return to having a matrix that is more resistant
to spall failure as in Kanel et al. (2014) and thus enhancing the spall
strength anisotropy in this case. We cannot evaluate this hypothesis
without implementing an anisotropic plasticity model for the alloy like
in Lloyd et al. (2019). Finally, the 20% spall strength reduction from
the Bayesian analysis is simply the peak of the probability distribution
for anisotropy from our forward model — there is a lower, but certainly
nonzero, likelihood that the ‘‘true’’ anisotropy is closer to the simulated
figure.

• The literature and our experiments on Mg-9Al suggest that pure
and alloyed Mg have an intrinsically low absolute spall strength.
The specific spall strength is similar to other structural metals.
• The high-throughput experimental technique generates a large
amount of spall data, allowing use of Bayesian inference to discern the spall strengths for solutionized and peak-aged Mg-9Al.
• Despite an increase in quasi-static yield strength in the peak-aged
Mg-9Al with precipitates, the spall strength is consistently diminished at high tensile strain rates ((106 ) s−1 ). The precipitates
that increase yield stress act as failure nucleation sites for spall.
• Precipitate-free solutionized Mg-9Al likely has a slightly lower
spall strength when
⟨ ⟩ loaded perpendicular, rather than parallel,
to the crystal 𝑐 -axis (∼ 10%), possibly due to the concave⟨ ⟩
down flow behavior of the alloy when deformed along the 𝑐 axis. Past ⟨a ⟩threshold plastic strain, the flow stress for tension
along the 𝑐 -axis may make spall failure less favorable than for
the perpendicular loading orientation, contrary to trends in the
literature.
• Precipitates aligned on the basal planes of peak-aged Mg-9Al
introduce a strong anisotropy in spall strength, with a higher
(∼
⟨ ⟩20%) spall strength for impact perpendicular to the crystal
𝑐 -axis despite the reduction of anisotropic plasticity typically
observed after peak-aging in Mg. Microscopy-informed numerical
simulations suggest that the geometric orientation of the precipitates induces anisotropy in the number of failure nucleation sites
available to the region of highest stress based on impact direction.

6. Concluding remarks
Our review of the literature, and of experimental campaigns undertaken within the CMEDE 10-year effort, encompasses a wide variety
of impact energies and geometric layouts used for spall experiments on
Mg, which typically makes comparisons between studies inappropriate,
because the experimental design can significantly affect the velocimetry
used to calculate the spall strength. However, the compiled data lay
in a fairly narrow band of spall strengths between approximately 1
and 2 GPa in the strain rate regime of interest ((105 − 106 ) s−1 ),
significantly lower than the theoretical spall strength of Mg, and thus
motivating our experiments to understand the role of the flaw structure
on spall strength. Our results in this work on two different preparations
of the Mg-9Al alloy agree nicely with these trends as well, despite the
differences in texture, grain size and precipitate density between the
preparations. The universal trend of low spall strengths indicates that
pure and alloyed Mg exhibits poor spall strength despite the various
processing routes and experimental parameters taken in the literature,
in CMEDE studies, and in our experimental work. However, once
normalized by density, the resulting specific spall strengths are on the
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Table A.1
Summary of spall experiments on solutionized Mg-9Al alloy along the ND.
Shot No.

Thickness (μm)

Strain rate (s−1 )

Shock stress (GPa)

Spall strength (GPa)

Pullback (m/s)

N1
N2*
N3*
N4
N5*
N6*
N7
N8*
N9
N10
N11
N12

185
177
187
200
190
191
200
195
183
178
193
178

3.3e+06 ± 3.1e+05
3.74e+06 ± 8.9e+05
1.75e+06 ± 1.1e+05
1.94e+06 ± 1.6e+05
1.84e+06 ± 1.5e+05
2.77e+06 ± 2.5e+05
1.89e+06 ± 1.4e+05
1.89e+06 ± 1.2e+05
1.76e+06 ± 1.8e+05
1.42e+06 ± 8.5e+04
1.42e+06 ± 6.5e+04
1.32e+06 ± 5.9e+04

3.93
3.88
3.21
3.17
3.16
3.08
3.05
2.94
2.93
2.88
2.76
2.59

1.93 ± 0.061
1.83 ± 0.39
1.88 ± 0.085
2.02 ± 0.13
1.86 ± 0.12
1.85 ± 0.083
1.94 ± 0.1
1.86 ± 0.074
1.76 ± 0.16
1.79 ± 0.079
1.83 ± 0.039
1.6 ± 0.02

479.4
454.1
468
503.2
463.6
460.5
483.4
462.7
438
446.4
454.6
398.6

±
±
±
±
±
±
±
±
±
±
±
±

0.01
0.39
0.083
0.12
0.12
0.031
0.098
0.053
0.15
0.063
0.03
0.014

Table A.2
Summary of spall experiments on solutionized Mg-9Al alloy along the TD.
Shot No.

Thickness (μm)

Strain rate (s−1 )

Shock stress (GPa)

Spall strength (GPa)

Pullback (m/s)

T1*
T2
T3
T4*
T5
T6
T7
T8
T9
T10
T11
T12*

200
199
200
204
198
210
185
201
200
200
201
206

4.34e+06 ± 6.3e+05
2.96e+06 ± 3e+05
3.11e+06 ± 3.1e+05
3.71e+06 ± 4.4e+05
3.21e+06 ± 3e+05
2.75e+06 ± 2.6e+05
2.2e+06 ± 1.7e+05
2.69e+06 ± 2.3e+05
2.04e+06 ± 1.7e+05
2.1e+06 ± 1.6e+05
1.54e+06 ± 1.6e+05
1.91e+06 ± 1.9e+05

4.48 ± 0.095
4.11 ± 0.065
3.98 ± 0.081
3.89 ± 0.15
3.73 ± 0.051
3.39 ± 0.073
3.3 ± 0.048
3.18 ± 0.065
3.17 ± 0.032
3.13 ± 0.087
2.85 ± 0.17
2.31 ± 0.085

1.73 ± 0.12
1.78 ± 0.094
1.8 ± 0.087
2.09 ± 0.16
1.99 ± 0.087
1.81 ± 0.1
1.62 ± 0.054
1.84 ± 0.07
1.56 ± 0.077
1.86 ± 0.091
1.78 ± 0.17
1.59 ± 0.13

431.4
442.2
448.6
518.9
495.5
451.7
404.1
457.3
388.9
462.2
443.3
396.1

Table A.3
Summary of spall experiments on peak-aged Mg-9Al alloy along the ND.
Shot No.

Thickness (μm)

Strain rate (s−1 )

Shock stress (GPa)

Spall strength (GPa)

Pullback (m/s)

PAN1
PAN2
PAN3*
PAN4
PAN5*
PAN6
PAN7
PAN8
PAN9
PAN10
PAN11

191
200
200
173
200
185
184
185
198
203
191

2.89e+06
2.38e+06
2.53e+06
2.57e+06
2.66e+06
1.52e+06
1.53e+06
1.44e+06
1.47e+06
1.43e+06
1.33e+06

4.02 ± 0.029
3.49 ± 0.022
3.35 ± 0.27
3.35 ± 0.099
3.3 ± 0.039
2.9 ± 0.019
2.79 ± 0.02
2.63 ± 0.039
2.57 ± 0.03
2.53 ± 0.018
2.35 ± 0.011

1.39
1.27
1.71
1.42
1.22
1.26
1.35
1.32
1.34
1.08
1.26

347.1
314.8
425.9
351.9
302.8
312.7
334.7
328.3
332.9
269.1
312.8

±
±
±
±
±
±
±
±
±
±
±

3.3e+05
2.4e+05
4.5e+05
3.3e+05
4.2e+05
1.2e+05
1.4e+05
9.3e+04
1e+05
1.1e+05
8.4e+04

±
±
±
±
±
±
±
±
±
±
±

0.063
0.033
0.27
0.12
0.14
0.062
0.093
0.041
0.058
0.035
0.041

Table A.4
Summary of spall experiments on peak-aged Mg-9Al alloy along the TD.
Shot No.

Thickness (μm)

Strain rate (s−1 )

Shock stress (GPa)

Spall strength (GPa)

Pullback (m/s)

PAT1*
PAT2
PAT3*
PAT4
PAT5
PAT6
PAT7*
PAT8
PAT9
PAT10
PAT11
PAT12

203
193
200
200
197
203
203
205
203
202
193
204

4.17e+06 ± 7e+05
3.2e+06 ± 4.5e+05
1.92e+06 ± 2.6e+05
2.52e+06 ± 2.6e+05
2.67e+06 ± 3.2e+05
2.74e+06 ± 2.8e+05
1.72e+06 ± 4.7e+05
2.33e+06 ± 2.5e+05
2.48e+06 ± 2.4e+05
1.86e+06 ± 1.9e+05
1.79e+06 ± 1.6e+05
1.22e+06 ± 6.3e+04

4.54
4.24
3.74
3.47
3.29
3.28
3.17
3.16
3.14
2.92
2.73
2.44

1.76 ± 0.2
1.66 ± 0.17
1.33 ± 0.15
1.6 ± 0.098
1.35 ± 0.084
1.62 ± 0.082
1.51 ± 0.4
1.41 ± 0.09
1.55 ± 0.076
1.17 ± 0.068
1.3 ± 0.072
1.37 ± 0.033

438.4
413.1
330.9
396.9
336.1
403.7
375.4
352
386.7
291.2
323.1
341.2

Acknowledgments

±
±
±
±
±
±
±
±
±
±
±
±

0.19
0.089
0.14
0.094
0.039
0.063
0.4
0.079
0.044
0.063
0.021
0.018
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Appendix. Free-surface velocity histories and spectrograms
Data from each shot are summarized in Tables A.1–A.4, processed
from the spectrograms shown in Figs. A.19–A.22. These figures show
spectrograms of the data with the extended baseline from frequency
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Fig. A.19. Photon doppler velocimetry spectrograms describing the time–frequency response of the spall signal from solutionized Mg-9Al impacted along the ND.

Fig. A.20. Photon doppler velocimetry spectrograms describing the time–frequency response of the spall signal from solutionized Mg-9Al impacted along the TD.
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Fig. A.21. Photon doppler velocimetry spectrograms describing the time–frequency response of the spall signal from peak-aged Mg-9Al impacted along the ND.

Fig. A.22. Photon doppler velocimetry spectrograms describing the time–frequency response of the spall signal from peak-aged Mg-9Al impacted along the TD.
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upshifting removed with a bandstop filter, and with the pertinent frequency range filtered with a bandpass filter. The tables have asterisks
on shot numbers where dynamic filtering was used to improve the
processed velocity history. For shots with dynamic filtering, the spectrogram visualizes the filtered signal. The processed velocity history
and uncertainty bounds are overlayed on each spectrogram.
The processed velocity histories and filtered spectrograms for impacts along the ND on peak-aged Mg-9Al are shown in Fig. A.19.
The processed velocity histories and filtered spectrograms for impacts
along the TD on solutionized Mg-9Al are shown in Fig. A.20. The
processed velocity histories and filtered spectrograms for impacts along
the ND on peak-aged Mg-9Al are shown in Fig. A.21. The processed
velocity histories and filtered spectrograms for impacts along the TD
on peak-aged Mg-9Al are shown in Fig. A.22.
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