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Abstract: The development of advanced materials for extreme dynamic environments requires an
understanding of the links between the microstructure and the response of the material (i.e., Materials-
by-Design). Spall failure significantly limits material performance at high strain rates, but our
understanding of the influence of microstructure on spall strength is limited. While models suggest
that increasing the static yield strength by adding precipitates or refining grain size can improve the
spall strength, it is possible that the associated increase in nucleation sites may have deleterious effects
on spall performance. Herein, we examine spall failure of a Magnesium-Aluminum system with
precipitation and grain size strengthening through novel high-throughput laser-driven micro-flyer
(LDMF) impact experiments. Six microstructures are investigated, four with grain sizes around
2–3 µm and precipitates around 0.5–1 µm, and two that are precipitate-free with grain sizes around
500 µm at six and nine percent Aluminum contents. The LDMF method allows us to detect differences
in spall strength with relatively small changes in microstructure. The spall strength is observed to
be strongly affected by varying levels of precipitates and consistently shows a notable reduction in
average spall strength around 8–19% with the addition of precipitates, with values ranging from
1.22–1.50 GPa. The spall strength is also seen to decrease with the refinement of grain size independent
of composition. However, this decrease is small compared to the hundred-fold grain size reduction.
While ductile void growth is observed across all samples, greater variability and a further decrease in
strength are seen with an increasing numbers of non-uniformly dispersed precipitates.

Keywords: magnesium alloys; Materials-by-Design; severe plastic deformation; equal channel
angular extrusion; microstructure; grain size strengthening; precipitation strengthening; high strain
rate; laser shock; spall failure; dynamic failure

1. Introduction

Improvements to advanced materials are required to withstand extreme conditions.
Since such environments consist of multiple modes of failure, an understanding of the
influence of microstructure on the underlying dynamic failure mechanisms is necessary
for Materials-by-Design. In turn, an efficient navigation of the vast landscape of potential
materials requires reliable predictive models that are validated by laboratory data.

A major extreme environment of interest is that of high-rate dynamic tension, leading
to spall failure [1,2]. Spall failure in metals occurs through the rapid nucleation, unstable
growth, and coalescence of voids within the material [3,4]. The nucleation and growth
processes are strongly coupled to the microstructure of the metal, and so spall failure
should be highly sensitive to microstructure. However, there is little experimental data
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on the dependence of spall on microstructure [5–9]. Given the wide range of potential
microstructures in metals, the major challenge associated with understanding spall is that
of having sufficient experimental data on the influence of microstructure on spall [10,11].
Current spall experiments are expensive and difficult, and so there are very limited datasets
that explore the connections between spall and microstructure.

The canonical experiment for exploring the spall failure process is the plate impact
experimental configuration using gas gun launchers [12–15]. In such an experiment, the
spall failure occurs when two rarefaction waves interact within a material to create a
region of rapidly increasing tensile stress [1,2]. Such experiments are expensive and require
large samples. In contrast, laser-shock methods feature similar energy densities, but are
relatively safe, operate at much smaller scales, require only a table-top set-up, and need
far less material per experiment. Laser-shock methods are uniquely poised to facilitate a
large number of high-strain-rate experiments [16–21], and enable testing rates of hundreds
of tests per day (traditional experiments may permit 1–4 experiments/day). The last few
decades have seen the development of Laser-Driven Micro-Flyer (LDMF) experiments, but
much of the work has been on shock compression rather than spall failure.

Magnesium and its alloys are of particular interest because of their high strength-to-
weight ratio, but they suffer from low dynamic failure strains [22,23]. One idea that is
prevalent in the literature is that to improve ductile spall resistance, we must tailor the
microstructure to maximize the benefits of increasing yield strength and thus the resistance
to void growth, while minimizing the detrimental effects of introducing higher densities
of failure nucleation sites [24–27]. Mallick et al. [11], in a compendium developed under
the Johns Hopkins University Center for Materials in Extreme Dynamic Environments
(CMEDE) program, provide an excellent review of the current state of understanding
of spall failure in Mg and Mg alloys. While refined grain structures have been widely
investigated, work on understanding the effects of precipitation strengthening on spall is
limited [14,25,28–30]. Furthermore, FEM simulations suggest that large precipitates can
act as nucleation sites with no improvement in the void growth resistance [30]; thus large
precipitates are thought detrimental with respect to the spall failure mechanism.

Informed by these prior results, we hypothesize that increased yield strength without
an increased nucleation site density is likely needed to see a meaningful improvement in
spall strength. The yield strength can be increased, for example, through solute strengthen-
ing, grain boundary strengthening, and precipitate strengthening; however, the precipitates
must remain small to avoid additional void nucleation. Therefore, the microstructure goals
in this work are to create, within a Mg-Al system: (1) a more refined grain structure, and
(2) a more uniformly distributed precipitate structure. We rely on Equal Channel Angular
Extrusion (ECAE) to achieve these microstructure goals.

We utilize our recently developed high-throughput LDMF experimental characteri-
zation methods [19] to interrogate the role of microstructure in the spall failure of ECAE-
processed Mg-Al alloys (these specific materials are considered for reasons described
et seq.). We demonstrate high-throughput spall failure characterization at both an un-
precedented number (over 500 experiments performed) and at an unprecedented rate of
experimentation (up to 30 experiments per hour). We then couple this to optical and scan-
ning electron microscope (SEM) characterization of the spall failure surfaces to understand
the fundamental mechanisms at play. Finally, we discuss our key observations and identify
some specific insights from the work.

2. Materials and Methods

We examine supersaturated Mg-Al alloys with 6–9% of Al. The supersaturated Mg-Al
system produces precipitate structures both within the grains and at grain boundaries.
Depending on processing conditions, the precipitates can be highly textured and have
widely varying aspect ratios. Control of alloy composition and process conditions through
extrusion rate, specimen orientation, and temperature produces a uniform microstructure
of finer grains with uniformly distributed isotropic precipitates. The two compositions,
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Mg-6Al and Mg-9Al (wt.%), are subjected to two different ECAE processing routes to
develop the targeted microstructures. We compare these materials against their as-cast
fully-solutionized counterparts.

2.1. ECAE Processing of Mg-Al Alloys

We fabricated a series of two binary Mg-Al alloy plates for the spall experiments in this
study. The as-received ingots were received from Dr. Zhigang Xu at North Carolina A&T
University, Greensboro, NC. The alloys were synthesized by melting high purity metal
precursors together in an argon environment. The melt was first superheated and then
the temperature was lowered to cause denser impurities, e.g., Fe, to settle to the bottom
of the tundish. Subsequently, the melt was poured through a porous Al2O3 filter into a
stainless steel mold with dimensions of 13 cm × 15 cm × 1.6 cm. The as-cast plates were
then fully solutionized using a two-step annealing schedule, at 385 °C for 12 h and at
430 °C for 30 h in an argon environment, to remove any precipitates. The casting and heat
treatment procedures were developed by Dr. Xu through trial and error, specifically for
these materials, in order to remove as much of the impurities as possible and to minimize
any precipitates in the annealed plates. The absence of precipitates greater than 100 nm in
the As-Cast materials was indicated with Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS). Note, the same materials were used in previous
works [29,31].

The As-Cast plates were cut using Electric Discharge Machining (EDM) into bars
and tiles having dimensions of 10 cm × 1.3 cm × 1.3 cm and 7.5 cm × 7.5 cm × 1.3 cm,
respectively. The bars and tiles/plates were processed via ECAE using specialized tooling
built by Shear Form, Inc. (Bryan, TX, USA) and equipped with a backpressure capability.
For this study, all materials were processed through 4 passes via route BC. The motivation
for selecting this route is based on Segal’s initial description of possible ECAE routes for
both bar and plate geometries that maximize the amount of fully worked material in the
extrudate billet [32,33]. Details of the processing steps have been described by Krywopusk
et al. and Kecskes et al. [28,34].

Six sets of Mg alloy samples were fabricated for comparative testing. Because of the
competition between grain refinement and precipitation within these alloys, two different
ECAE processing conditions were explored, and the as-cast, fully solutionized Mg-9Al
(9A) and Mg-6Al (6A) samples were compared to the samples produced through these two
process conditions. In the first, hereafter referred to as “ISO”, the material was extruded at
300 °C, and the same temperature was maintained through all four passes. In the second,
hereafter referred to as "STEP", the material was extruded at 300 °C for the first pass, then
at 250 °C for the next three passes. For both cases, the applied backpressure was adjusted
to suppress shear localization in the extrudates. Between passes, gross surface defects were
removed by grinding and machining. Maintaining a constant temperature was expected
to allow the microstructure of the ISO samples to equilibrate as the bulk of the material
became fully worked. It was expected that grain refinement would saturate at a minimum
value, while the size of the precipitates would reach a maximum value. Both the grain
sizes and the precipitates were expected to be finer for the STEP samples. Thus, the six
microstructures that we studied were 6A & 9A As-cast, 6A & 9A ISO, and 6A & 9A STEP.

Several 3-mm rods were cut using EDM from each sample along three orthogonal
directions relative to the extrusion direction. Each of these rods was then further sectioned
into 3 mm × 200 µm specimen disks that were mechanically polished for the LDMF spall
experiments. Prior to the spall experiments, the samples were characterized using SEM,
EDS, and Electron Backscatter Diffraction (EBSD) analyses. The As-Cast samples had
very large ∼500 µm grain sizes and were free of γ − Mg17 Al12 precipitates with only
trace levels of Fe-based impurity precipitates, detected above the resolution limit of the
SEM. In contrast, an equivalent analysis revealed highly heterogeneous microstructures
for all ECAE samples, consisting of regions containing fully recrystallized Mg grains
interspersed with γ−Mg17 Al12 precipitates. Typically, the recrystallized grain size was
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about 2–3 µm, while the size of the precipitates were 0.5–1 µm. Details of the microstructure
characterization processes are included in [35]. Occasionally, there were a few coarse,
partially refined parent grains. The differences between the compositions were primarily
reflected in the number of precipitates, with the Mg-9Al samples containing significantly
more than the Mg-6Al samples. Within each composition, the ISO samples exhibited a
more uniform microstructure with coarser precipitates than those observed in the STEP
samples. Characteristic EBSD inverse pole figures and backscattered electron micrographs
for 9A Step, 9A ISO, and 6A STEP are displayed in Figure 1 and show grain and precipitate
sizes and distributions. The averaged grain size reported in this figure is based only on
the fully recrystallized region. Furthermore, Table 1 provides a summary of all relevant
microstructure length scales for all six sample sets.

Table 1. Average values for key microstructure length scales for all sample sets. There is no data to
show for 6A ISO, but the length scales are expected to resemble 9A ISO.

Microstructures Grain Size (µm) Precipitate Size (nm) Precipitate Spacing (nm)

6A As-Cast ∼500 N/A N/A
9A As-Cast ∼500 N/A N/A

6A ISO – – –
9A ISO 2.58 ± 0.26 480 ± 29 1003 ± 17

6A STEP 2.71 ± 0.48 350 ± 16 807 ± 13
9A STEP 2.07 ± 0.22 410 ± 18 671 ± 15

9A ISO9A STEP 6A STEP
C

20 μm

dg = 2.71 +/- 0.48 μmdg = 2.58 +/- 0.26 μm

dp = 410 +/- 18 nm
lp = 671 +/- 15 nm
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Figure 1. Microstructure characterization of the ECAE-processed samples. EBSD Inverse Pole Figures
(IPFs) showing characteristic grain size, distribution, and orientation for (A) 9A STEP, (B) 9A ISO,
and (C) 6A STEP. Backscattered electron micrographs showing the precipitate size and spacing for
(D) 9A STEP, (E) 9A ISO, and (F) 6A STEP. The sample orientation is shown by the solid arrows in the
lower right-hand corner to indicate the extrusion direction (ED) and normal direction (ND). (Figure
reproduced with permission from [35]).

2.2. Laser-Driven Micro-Flyer Spall Experiments

The LDMF spall experiment achieves a plate impact event by using a high energy
laser pulse to accelerate a small metal disk flyer towards a target; this concept is shown
schematically in the center frame of Figure 2. The terms “flyer” and “impactor” are
used interchangeably to refer to the accelerated disk. Upon impact, the spall response is
determined through Photonic Doppler Velocimetry (PDV) measurements of the particle
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velocity on the target’s free surface. The primary challenges associated with this method are
(1) maintaining a high degree of flyer and impact planarity, and (2) obtaining a consistent
high-quality PDV return signal for spall calculations. This work is among the first to
demonstrate the application of high-throughput LDMF experimental methods in the context
of spall failure.

DIGITIZER
1
2

3
4

Free-space 
Optics

Fiber-Optics
FIBER LASERS

v

Photonic Doppler VelocimetryPulse Laser + Free-Space Optics Launch Package

High Energy 
Pulse Laser

Figure 2. Schematic of Laser-Driven Micro-Flyer experiment. (Left) The pulse laser and free-space
optics that prepare the laser pulse for optimal micro-flyer launch. (Center) The launch package
depicting a simplified schematic view of the flyer-specimen impact. The flyer/specimen are not to
scale, but typical thicknesses are ∼50–200 µm and diameters are ∼1–3 mm. (Right) A schematic of
the PDV measurement system.

The LDMF experimental apparatus can be divided into three subsystems: (1) the pulse
laser and free-space optics, (2) the launch package, and (3) the diagnostics (primarily, the
PDV system). Figure 2 shows a schematic representation of our system based on these
sections. The primary purpose of the pulse laser and free-space optics components, shown
on the left in Figure 2, is to emit and shape a single high-energy pulse to accelerate a
flyer disc with optimal planarity to a desired impact velocity. Our system uses a 1064-nm
Nd:YAG 2.5 J 10-Hz 10-ns laser with a beam quality (M2 value) of ∼15 (Spectra Physics
Quanta-Ray Pro-350).

The second subsystem, the launch package, is designed to (1) facilitate optimal ablation
conditions for planar flyer launch and (2) ensure reproducible planar impact at a well-
defined impact velocity. The launch package is a layered composite consisting of three
parts: a flyer stack, a spacer, and the specimen. The flyer stack is a glass-epoxy-foil laminar
composite, where the foil is the flyer material. The laser is focused through the glass to
ablate the epoxy layer; the hot expanding gases eject and accelerate the flyer. Besides
serving as structural support for fixturing components in the experiment, the glass also
confines the ablation products to optimize the energy conversion from the laser to the flyer’s
kinetic energy; conversion efficiencies are typically ∼30%. The flyers are precut from the
foil using a femtosecond laser to further minimize launch-induced bending and maximize
the impact area. The flyer planarity and velocity are calibrated independently prior to each
set of experiments. A side profile view of the flyer is imaged using a high-speed camera to
provide a measure of the planarity (Shimadzu HPV-X2).

In the third subsystem, our primary diagnostic is a heterodyne frequency-upshifted
PDV system [19] focused on the free-surface of the specimen (or flyer when measuring
impact velocities). The reference leg is frequency shifted by 2.3 GHz to better resolve low
velocity signal and avoid signal overlap with unwanted power leakage. Note that the
material response is averaged over the focused PDV spot size (∼80 µm diameter) and
is sufficiently large relative to the microstructure length scales to adequately sample the
material response.

The material and geometry of the launch package depend on the sample’s material
properties, microstructure, and anticipated spall characteristics. Here, Al flyers approximate
the shock impedance of the Mg alloys, and both 50 µm and 100 µm Al flyers are fabricated
from Hard AluFoil sheets. The flyer diameter is chosen to be 1.5 mm to maximize the impact
area for probing the largest microstructure length scales. The specimens are ∼200 µm thick
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disks with diameters of 3 mm, double-side polished with diamond lapping paper to a 1-µm
mirror finish.

2.3. Spall Failure Analysis

The basic approach to analyzing plate impact experiments designed for spall failure
has been summarized by [1]. The propagation and interaction of waves in the plate impact
experiment (and therefore in our LDMF spall experiment) are shown in the Lagrangian
time-distance plot of Figure 3A. Free-surface particle velocities are measured at the rear
surface of the target using PDV as described earlier. An idealized free-surface velocity vs.
time plot is shown in Figure 3B, based on the wave propagation diagram in Figure 3A.
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Figure 3. The spall failure process via plate impact. (A) A Lagrangian time vs. position diagram over
the plate impact event depicting the propagation of waves leading to spall failure. (B) An idealized
velocity vs. time trace gleaned from velocimetry measurements of the target’s free-surface. The points
on the curve follow those specified in (A).

Upon impact (t = 0, v = v), compression shock waves initiate and propagate into the
impactor and the target. When the compression wave interacts with a free-surface, it reflects
as a rarefaction fan; this occurs first at the impactor’s free surface. Moreover, when the
compression wave in the target reaches the target’s free-surface, we observe a corresponding
increase in velocity. We depict a two-wave structure (an elastic precursor followed by a
plastic shock) propagating through the target in Figure 3B. The elastic precursor propagates
at the longitudinal wave speed, CL, followed shortly after by the plastic shock traveling at
the shock speed US. The stress level corresponding to the velocity at point A represents the
Hugoniot Elastic Limit (HEL), which defines the dynamic elastic limit of the material in the
uniaxial strain condition. Depending on the target thickness, impact velocity, wave speeds,
and PDV signal quality, the elastic precursor may not be observed.

The velocity at point B, UB, corresponds to the maximum compression shock stress,
ΣS, in the material. This shock stress sustained by the target material is approximated by

ΣS =
1
2

ρ0USUB, (1)

where ρ0 is the initial material density and US is the shock speed. Here the properties of
AZ31B Mg alloy were assumed for all samples; ρ is 1780 kg m−3 and US is estimated by
assuming the linear equation of state from Marsh et al. [36] with a bulk wave speed, C0, of
4540 m s−1 and a parameter, S1, of 1.21.

After both compression waves reflect as rarefaction fans, they eventually meet and
overlap within the target to create a region of high tensile stress; this position is referred
to as the spall plane. If the stresses are sufficiently high, voids/cracks will nucleate and
may grow and coalesce. The occurrence of spallation (the rapid creation of new surfaces
on the interior of the target) results in the emission of a recompression wave (at point F in
Figure 3A) that is seen as a reduction in velocity at point D. Following the arrival of the
recompression wave at the target’s free-surface, the wave continues to propagate and reflect
between the target’s free-surface and the newly created free-surfaces within the spall plane.
This manifests as an oscillatory response in the velocity trace. The free-surface velocity at
point D is a measure of the maximum tension and the drop in velocity (∆U f s = UC −UD)
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is referred to as the pullback velocity. ∆U f s is used to determine the spall strength, Σ∗. The
“uncorrected" spall strength is given by [1]

Σ∗ =
1
2

ρ0C0∆U f s. (2)

We use the simplified “uncorrected" measure, denoted by the asterisk, as opposed to a
corrected measure [1], because the spall strengths are low and our analysis is focused on
relative trends in the data, as opposed to absolute spall strength values.

Lastly, the strain rate, ε̇, can be determined by estimating the velocity gradient between
points C and D. This is given by

ε̇ =
1

2C0

∆U f s

|tC − tD|
, (3)

where tC and tD are the times at points C and D in Figure 3B. These are all conventional
definitions of these quantities in the spall literature.

3. Results and Discussion

A total of 678 spall experiments were performed across the six Mg alloy microstruc-
tures (recall that the six sample sets are 6A & 9A As-Cast, 6A & 9A ISO, and 6A & 9A
STEP). This is the single largest collection of spall data to date on any material. For each
microstructure, spall experiments were performed along 3 orthogonal directions with
respect to the material orientations: “ED” and “ND” refer to impacts along the extrusion
and normal directions for the As-Cast and ECAE processed samples, respectively; "LD"
and "TD" refer to impacts along the longitudinal and transverse directions for all sample
sets. The breakdown of the number of tests, N, per sample set and orientation, as well as
the thickness mean, hmean, and standard deviation, hstd, are reported in Table A1.

The LDMF experiments were carried out under the same conditions to ensure reliable
sample-to-sample comparisons. All the ECAE processed samples, 6A ISO, 6A STEP, 9A
ISO, and 9A STEP, were impacted with an impactor thickness, hI , of 50 µm and the 6A
& 9A As-Cast samples were impacted with hI = 100 µm. Thicker plates were utilized in
our effort to understand and reduce the experimental uncertainties associated with this
method. Impact velocities were tailored so experiments attained similar mean ΣS. The
nominal impact velocities for the 50 µm and 100 µm thick flyers were 700–800 ms−1 and
550–600 ms−1, respectively. For all experiments, the tensile strain rate ε̇ is ∼ O(106) s−1.

During our investigations, we found that 100 µm thick flyers provided significantly
better consistency and control in the impact velocity, v. This is one factor that drives the
reproducibility of ΣS and its effect is shown in Figure 4. To ensure that the longer pulse
duration does not affect the results for comparison purposes, we impacted a subset of
9A STEP samples in the same orientation with both 50 µm and 100 µm flyers and found
no statistically significant differences in the results. The only difference observed was
in the overall spread (or control) of ΣS, as shown in Figure 4. The precise origin of the
high spall strength variation for a given peak shock stress requires further investigations.
The experimental observations in Figure 4 suggests that while some of this variation
comes from experimental error, most likely it derives from variations in the 9A STEP
sample microstructure.
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Figure 4. The influence of impactor thickness on the peak shock stress. Σ∗ vs. ΣS for (left) 6A As-Cast
impacted with hI = 100 µm and (right) 6A STEP impacted with hI = 50 µm.

3.1. Spall Strength

ANOVA tests were performed to quantify the statistical differences in Σ∗ as a function
of impact orientation. The resulting box-plots are show in Figure 5. Considering first the
effects of orientation within a given microstructure, no statistically significant differences
were found in Σ∗ based on orientation within a 95% confidence interval, with the exception
of 9A STEP in Figure 5F. It is well-known from literature that the 4BC ECAE processing route
provides a mostly equiaxed sample microstructure with a weak crystallographic texture.
That is, the sample behavior is expected to be quasi-isotropic. As such, only minimal
variations in spall strength with orientation were expected. For the As-Cast samples, the
orientation variation is minimal. For the ISO samples, the orientation variation is also
minimal. In contrast, a greater orientation dependency is observable in the STEP samples,
although it is not consistent with orientation between 6A and 9A. This dependency is
likely accounted for by the change in extrusion temperature and its consequence on the
evolution of the microstructure. That is, the lower processing temperature may lead to finer
precipitates and greater overall non-uniformity of the microstructure which is reflected in
a greater scatter in the spall strength data. The complete set of spall results is presented
in Appendix A, where Table A2 summarizes the Σ∗ means and standard deviations, and
Figures A1 and A2 plot Σ∗ vs. ΣS for all six sample sets.
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Figure 5. Orientation and sample-based spall strength statistical distributions. Orientation-based
box-plots showing the relative distributions for the ND/ED, LD, and TD directions (left to right) for
(A) 6A As-Cast, (B) 9A As-Cast, (C) 6A ISO, (D) 9A ISO, (E) 6A STEP, and (F) 9A STEP.
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Informed by the orientation-dependent results, we now choose to consider each set
as a single collective, independent of orientation (for 9A STEP, where anisotropy is most
clearly exhibited, this simplifying assumption does not materially affect our subsequent
observations). As seen in Figure 5, the 6A and 9A As-Cast are statistically indistinguishable
and demonstrate the highest spall strength Σ∗. 6A STEP shows the next highest spall
strength, followed by 6A and 9A ISO which show no statistically significant differences
between them. Lastly, 9A STEP exhibits the lowest spall strength. The corresponding
quantitative information is presented in Table A2.

The results for the As-Cast samples are as expected. In the absence of precipitates,
the different solute levels do not affect the microstructure of the material, and the spall
response of these coarse-grained materials (6A and 9A As-Cast) should not be significantly
different according to current models. Considering the 6A and 9A ISO samples, these
have similar and homogeneous microstructures, and correspondingly they have similar
spall behavior. The similar and homogeneous microstructures may be attributable to
the nature of the BC rotations between passes. The 4BC ECAE process generates a series
of intersecting shear planes in the sample plate, which, in turn, generates a uniform
distribution of precipitates in the bulk. After the first pass, existing precipitates would
grow with successive passes, while new precipitates would nucleate alongside the dynamic
recrystallization and grain refinement process. In contrast, for the 6A and 9A materials
made by the ECAE STEP process, a more heterogeneous microstructure is expected and
observed. While the sequence of the rotations is the same, the extrusion temperature is
lower. This leads to a slower growth of new precipitates which would have a finer size
distribution. Concurrently, the lower temperature also hinders grain refinement and the
breakdown of parent grains. Such an unrefined parent grain is visible in Figure 1A. As such,
a greater level of heterogeneity would be reflected in the STEP samples and their observed
spall behavior. Finally, due to its lower Al content, there would be fewer precipitates in 6A
ISO than in 9A ISO. This would hold true in the 6A and 9A STEP samples as well. Despite
the general trends obtained from the averaged data sets, there is greater uncertainty and
variability in the data which warrants a closer look at the reasons for the scatter in the
ECAE processed samples.

Independent of composition, ECAE materials have much finer grain sizes than their As-
Cast equivalents. The Mg-Al ECAE samples are no different, while also having precipitates.
In combination with the finer grain sizes, this results in higher yield strengths [35]. However,
as observed, they have lower spall strengths than the As-Cast materials. In the ISO samples,
in contrast with the STEP samples, the constant and higher extrusion temperature is
expected to lead to coarser grains and more uniformly distributed coarser precipitates.
Conversely, the STEP samples are processed at a lower temperature for 3 passes, which
may yield a finer distribution of precipitates, but without the same level of uniformity.
Thus the observations of Figure 5 suggest that the spall behavior is more strongly affected
by the presence of precipitates than by grain size.

The spall strength is also affected by the composition which, in turn, determines the
number density and spacing of the precipitates. A key aspect of the data is that a lower
density of fine precipitates may be more advantageous than a higher density (i.e., fewer
void nucleation sites); this is clearly illustrated by the difference in spall strengths of the 6A
and 9A STEP samples. However, a larger spacing of these sites may actually lead to greater
variability in the next stages of the spallation process (void coalescence and subsequent
fracture failure). That is, wider spacing of precipitates may lead to larger grains and more
complicated fracture paths. The greater scatter in the data for 6A ISO and STEP samples
compared to those of the 9A samples seems to indicate this.

3.2. Macroscopic Damage Morphology

Macroscopic optical images of the damage surface provide a more complete picture of the
dynamic failure process within the LDMF experiments. The macroscopic damage morphology
was examined for all six sample sets and for all three impact orientations in each case (note all
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of these observations represent the post-mortem observations for loading over similar times).
Only a subset of results are shown in the following figures, with a more comprehensive set
in Appendix A in Figures A3 and A4. For each material, the damage morphology was not
found to change substantially with shock stress over the small range of imposed shock stresses
in these experiments. This is illustrated in Figure 6 with sample 9A ISO ED where similar
macroscopic damage morphologies are visible across this shock stress range.

A B C1 mm

Increasing Peak Shock Stress

ΣS = 2.54 GPa ΣS = 3.23 GPa ΣS = 3.79 GPa

Figure 6. Macroscopic damage morphology with increasing ΣS. Sample 9A ISO ED macroscopic
free-surface spall damage at (A) low, (B) moderate, and (C) high ΣS.

An interesting observation is that the macroscopic damage morphology changes with
orientation even though the spall strength itself is insensitive to orientation (as shown
in Section 3.1). These images are representative of the many tests performed in each
orientation. For example, in the case of 9A ISO shown in Figure 7, while the spall strength
distributions from Figure 5D show no statistically significant orientation dependency, the
damage morphology does. The extrusion and transverse directions exhibit full spallation
with the significant ejecta, whereas the longitudinal direction consists of only large area
cracking with very limited fragmentation. Overall, 6A and 9A ISO samples show the
clearest orientation-dependent damage morphologies. For 6A and 9A STEP, the trend is not
sufficiently consistent to make any definitive statements. The As-Cast damage morphology
is orientation-independent for both samples sets.

A B C1 mm

ΣS = 3.79 GPa ΣS = 3.96 GPa ΣS = 3.94 GPa
Constant Peak Shock Stress

ED LD TD

Σ*
mean = 1.25 GPa Σ*

mean = 1.31 GPa Σ*
mean = 1.26 GPa

Figure 7. Orientation-dependent macroscopic damage morphology. Sample 9A ISO macroscopic
free-surface spall damage in (A) ED, (B) LD, and (C) TD at nominally constant ΣS.

The degree of macroscopic damage that is observed is consistent with the measured
spall responses for each material sample set. The 6A and 9A As-Cast microstructures have
the highest Σ∗ and demonstrate the least damage with no visible fractures on the rear
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surface. Samples 6A and 9A ISO, which show no statistically significant difference in Σ∗,
have similar distributions of damage morphologies although having clear orientation de-
pendencies. Sample 6A STEP, which shows the highest Σ∗ of the ECAE-processed samples,
also demonstrates a higher resistance to damage when compared to the ISO samples. Lastly,
9A STEP, which exhibits the lowest Σ∗ demonstrates the most significant damage.

3.3. Microscopic Observations of Failure Surfaces

Guided by the macroscopic optical damage observations, we examined a subset of
specimens from the ECAE-processed sample sets with high-resolution SEM, performing
an assessment of the microscopic failure mechanisms. Since 6A and 9A ISO demonstrate
statistically identical spall strengths and very similar macroscopic damage morphologies,
we will omit 6A ISO from the discussion (for SEM images of 6A ISO fracture surfaces,
please refer to Figure A5). Figure 8 depicts SEM micrographs from 9A STEP, 9A ISO, and
6A STEP (left to right) with both secondary electron (SE) and backscattered electron (BSE)
detectors of the same region for each specimen. The BSE micrographs (bottom row) allow
for the clearest view of the precipitates. In general, all imaged specimens depict ductile
void growth failure. In the BSE micrographs, smaller equiaxed precipitates are observable
and generally centered in the dimple cups. Interestingly, the specimens investigated show
a homogeneous microstructure. This is in contrast to the pre-experimental microstructure
characterizations from Figure 1 that showed far more heterogeneity, and suggest that the
failure surfaces follow precipitate rich regions within the samples.

9A ISO9A STEP 6A STEP

BS
E

SE

5 μm

2 μm

Increasing Spall Strength AND Increasing Grain Size

A B C

a b c

a’ b’ c’

Reduction in Precipitate Size 
and Increase in Density

Figure 8. High-resolution SEM failure surface images of representative specimens from ECAE-
processed sample sets. Each column depicts a specimen from a single sample set: (left) 9A STEP,
(center) 9A ISO, and (right) 6A STEP. Micrographs are shown from (A–C) secondary electrons (SE),
(a–c) backscattered electrons (BSE), and (a’–c’) magnified BSE. Frame (A) shows the scale bar for
(A–C) and (a–c), and Frame (a’) shows the scale bar for (a’–c’).
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While a more detailed microstructure analysis is required to make concrete conclusions,
these preliminary observations provide some insight into the role of microstructure on
the spall failure of these samples. For example, while the failure mode remains the same,
the susceptibility to failure via void growth is exacerbated by the presence of an excessive
number of non-uniformly dispersed precipitates in the 9A STEP sample. There is too much
variability in the data with respect to orientation to draw further conclusions.

4. Summary

The LDMF experiments have allowed us to interrogate the role of certain aspects of
the microstructure during the spall of Mg-Al alloys. One clear result is that even with a
highly refined microstructure of 2–3 µm grains and small 0.5–1 µm equiaxed precipitates,
the anticipated benefits of increased void growth resistance due to higher overall yield
strength do not outweigh the detrimental effects of the increase in void nucleation sites.
This is evident from the 8–19% reduction in spall strength from the As-Cast precipitate-
free samples to the ECAE-processed samples. This strongly suggests that improved spall
strength through precipitation strengthening may not be a viable path forward in this
alloy system.

Across all samples examined via SEM, ductile void growth failure is observed with
precipitates generally centered in ductile cups. Interestingly, relatively small changes
in precipitate size (350–480 nm) and spacing (671–1003 nm) demonstrate a statistically
significant influence on the spall strength (1.22–1.38 GPa) and variability (±0.17–0.29 GPa).
Increased variability is specifically observed with an increase of non-uniformly distributed
precipitates. This motivates a more comprehensive post-mortem microstructure analysis to
better understand the subtle differences in void nucleation and growth.

These are among the first demonstrations of truly high-throughput spall characteriza-
tion via the LDMF experimental technique. This large dataset over such a wide range of
microstructures provides an important stepping-stone for improvement of these methods
toward spall failure characterization and realizing the Materials-by-Design framework.
Such efforts can provide important insights into the fundamentals of the spall failure
process, and this may be valuable for the development of predictive models.
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Appendix A

Table A1. Sample population and thickness information. The orientation-specific and sample-specific
total sample sizes and thickness means, hmean, and standard deviations, hstd, for all of the experiments
presented. All thickness measurements are expressed in units of µm.

Orientation 6A As-Cast 6A ISO 6A STEP
N hmean hstd N hmean hstd N hmean hstd

ND/ED 22 216.8 ±19.2 145 200.2 ±15.7 29 196.5 ± 5.6
LD 28 218.4 ±2.7 65 194.5 ±8.2 29 199.5 ±4.7
TD 27 212.6 ±5.6 66 180.1 ±14.2 27 196.7 ±7.2

ALL 77 215.9 ±11.0 276 194.0 ±16.3 85 197.6 ±6.0
Orientation 9A As-Cast 9A ISO 9A STEP

N hmean hstd N hmean hstd N hmean hstd

ND/ED 20 204.2 ±13.1 32 208.5 ±5.8 23 230.7 ±4.1
LD 26 200.7 ±5.2 29 205.6 ±8.1 20 188.5 ±4.7
TD 26 205.2 ±5.1 29 207.7 ±4.8 35 233.7 ±5.2

ALL 72 203.3 ±8.3 90 207.3 ±6.4 78 221.2 ±20.0

Table A2. Spall strength mean values and standard deviations. A summary of the orientation-specific
and sample-specific Σ∗ mean values and standard deviations. All values are expressed in units
of GPa.

Orientation 6A As-Cast 6A ISO 6A STEP
Σ∗mean Σ∗std Σ∗mean Σ∗std Σ∗mean Σ∗std

ND/ED 1.45 ±0.10 1.22 ±0.23 1.28 ±0.19
LD 1.51 ±0.12 1.26 ±0.20 1.47 ±0.27
TD 1.51 ±0.10 1.30 ±0.19 1.37 ±0.22

ALL 1.49 ±0.11 1.30 ±0.22 1.38 ±0.29
Orientation 9A As-Cast 9A ISO 9A STEP

Σ∗mean Σ∗std Σ∗mean Σ∗std Σ∗mean Σ∗std

ND/ED 1.53 ±0.12 1.25 ±0.25 1.13 ±0.09
LD 1.52 ±0.09 1.31 ±0.21 1.19 ±0.09
TD 1.47 ±0.11 1.26 ±0.30 1.30 ±0.12

ALL 1.50 ±0.11 1.28 ±0.24 1.22 ±0.17
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Figure A1. Orientation-based spall strength vs. peak shock stress results for all sample sets. Each
frame compares orientation-based results for a specific sample set: (A) 6A As-Cast, (B) 6A ISO, (C)
6A STEP, (D) 9A As-Cast, (E) 9A ISO, and (F) 9A STEP. The full dataset is shown in the background
in grey for direct comparison.
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Figure A2. Spall strength vs. peak shock stress results for all sample sets. Each frame compares
composition-based results for the same processing conditions: (left) As-Cast, (center) ISO, and (right)
STEP. The full dataset is shown in the background in grey for direct comparison.
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Figure A3. Macroscopic optical post-mortem images for ISO sample sets. Each 3 × 3 grid of images
shows characteristic macroscopic damage morphologies for (A–I) 6A ISO and (a–i) 9A ISO. Each
row shows the results for a specific impact orientation: (top) ED, (middle) LD, and (bottom) TD. The
peak shock stress within each column is nominally identical and increases from left to right from low
to mid to high based on the range shown in Figure A2.

Increasing Peak Shock Stress Increasing Peak Shock Stress
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Figure A4. Macroscopic optical post-mortem images for STEP sample sets. Each 3 × 3 grid of images
shows characteristic macroscopic damage morphologies for (A–I) 6A STEP and (a–i) 9A STEP. Each
row shows the results for a specific impact orientation: (top) ED, (middle) LD, and (bottom) TD. The
peak shock stress within each column is nominally identical and increases from left to right from low
to mid to high based on the range shown in Figure A2.
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9A ISO9A STEP 6A ISO 6A STEP
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5 μm

2 μm

Increasing Spall Strength AND Increasing Grain Size

Reduction in Precipitate Size and Density
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a b c d
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Figure A5. High-resolution SEM failure surface images of representative specimens from all ECAE-
processed sample sets. Each column depicts a single sample set: (left) 9A STEP, (center-left) 6A ISO,
(center-right) 9A ISO, and (right) 6A STEP. Micrographs are shown from (A–D) secondary electrons
(SE), (a–d) backscattered electrons (BSE), and (a’–d’) magnified BSE. Frame (A) shows the scale bar
for (A–D) and (a–d), and Frame (a’) shows the scale bar for (a’–d’).
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