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Abstract

The response of metals and their microstructures under extreme dynamic conditions can be markedly different from that under
quasistatic conditions. Traditionally, high strain rates and shock stresses are achieved using cumbersome and expensive methods
such as the Kolsky bar or large spall experiments. These methods are low throughput and do not facilitate high-fidelity
microstructure-property linkages. In this work, we combine two powerful small-scale testing methods, custom nanoindentation, and
laser-driven microflyer (LDMF) shock, to measure the dynamic and spall strength of metals. The nanoindentation system is
configured to test samples from quasistatic to dynamic strain-rate regimes. The LDMF shock system can test samples through impact
loading, triggering spall failure. The model material used for testing is magnesium alloys, which are lightweight, possess high-specific
strengths, and have historically been challenging to design and strengthen due to their mechanical anisotropy. We adopt two distinct
microstructures, solutionized (no precipitates) and peak-aged (with precipitates) to demonstrate interesting upticks in strain-rate
sensitivity and evolution of dynamic strength. At high shock-loading rates, we unravel an interesting paradigm where the spall
strength vs. strain rate of these materials converges, but the failure mechanisms are markedly different. Peak aging, considered to be
a standard method to strengthen metallic alloys, causes catastrophic failure, faring much worse than solutionized alloys. Our high-
throughput testing framework not only quantifies strength but also teases out unexplored failure mechanisms at extreme strain
rates, providing valuable insights for the rapid design and improvement of materials for extreme environments.

Keywords: high-throughput, strain rate, dynamic behavior, spall, microstructure design

Significance Statement

Metals are integral to modern life, but their performance in extreme dynamic environments remains a critical concern.
Unfortunately, traditional techniques for testing these materials, such as Kolsky bars and large spall experiments, are expensive,
low throughput, and highly destructive to both the material and testing setup. Here, we present a high-throughput testing framework
to quantify the mechanical strength of metals across 10 orders of strain rate. By leveraging custom nanoindentation and laser-driven
microflyer impact system, we show the dynamic strength of peak-aged magnesium alloys converges to that of solutionized counter-
parts as the strain rate increases, ultimately failing catastrophically due to precipitates under spall.

Competing Interest: The authors declare no competing interest.

Received: October 13, 2023. Accepted: March 21, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of National Academy of Sciences. This is an Open Access article
(@D d=eN¥p distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
LA ELERLEE RN unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

$20Z J18qWIBAON ZZ Uo Jasn ABojouyoa] 1o symnsu| enasnyoessel Aq 8811 #9//81 | oebd/g/g/eonle/snxauseud/woo dno-olwspese//:sdny woJj papeojumoq


https://orcid.org/0000-0003-3453-0184
https://orcid.org/0000-0001-8431-6018
https://orcid.org/0000-0002-2267-938X
https://orcid.org/0000-0002-2389-2676
https://orcid.org/0000-0003-1527-789X
https://orcid.org/0000-0002-5952-7638
https://orcid.org/0000-0001-9754-1409
https://orcid.org/0000-0003-2659-4698
https://orcid.org/0000-0002-6634-8320
mailto:suhasep@mit.edu
https://creativecommons.org/licenses/by/4.0/

2 | PNAS Nexus, 2024, Vol. 3, No. 5

Introduction

Traditionally, the mechanical properties of bulk structural mate-
rials across strain-rate regimes have been probed using bulk tech-
niques. For the quasistatic strain-rate regime, this evaluation has
been done through tension, compression, bending, and torsion ex-
periments. For the dynamic strain rate regime, researchers have
employed plate impact, shock, isentropic compression, and
Kolsky bar experiments (1). These test protocols are useful for
bulk samples but pose challenges when rapid screening of proper-
ties is needed for materials design and discovery for extreme en-
vironments (2). Furthermore, some large-scale shock/high strain
rate experiments can be highly destructive, expensive, and logis-
tically burdensome to implement. There have been several efforts
to implement small-scale mechanical testing methods, both at
the microscale and nanoscale. Microtensile, microcantilever,
and micropillar tests and their counterparts at the nanoscale
have allowed researchers to carry out site-specific or volume-
specific experiments and obtain the attendant mechanical
response (3-5). These experiments have also been coupled with
various diagnostic tools such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and other X-ray
or beamline instruments that offer insights into deformation
mechanisms and in situ tracking of key parameters such as
texture/precipitate evolution, extent of slip behavior, and twin
volume fractions (6-8) in metals.

Over the last two decades, several efforts have pushed small-
scale mechanical testing protocols to adopt testing conditions to
recapitulate those encountered in extreme environments. For ex-
ample, there are several active efforts to push the popular nano-
indentation technique to high strain-rate regimes often
encountered during car crashes and ballistic impact. These efforts
have focused on improving the calibration methods, measure-
ment strategies, noise reduction techniques, and expanding the
range of material systems that can be tested (9-13). Some studies
have looked at the impact of continuous stiffness measurement
(CSM) methods on hardness overestimation and subsequent chal-
lenges in measuring strain-rate sensitivity (14). Managing noise
levels and data analysis become especially challenging at high
strain rates. Advanced sensors and high-frequency modulation
techniques are being developed to circumvent these challenges.

There have also been several efforts to mimic shock-loading
conditions through launched particles and plates. These impact
experiments cause materials to experience deformation at high
strain rates. For example, laser-induced particle impact test
(LIPIT) experiments have been successfully implemented to test
various metallic alloys, ceramics, and other structural materials
(15, 16). In these experiments, a laser is used to accelerate micro-
particles (~10 to 50 um) at varying speeds (~100 to 900 ms™?) to-
ward a target material. These experiments have helped to
elucidate adhesion mechanisms, cold spray mechanisms, recrys-
tallization, plasticity, and damage at extreme strain rates.
Similarly, laser energy can be used to accelerate thin circular met-
al disks to mimic plate impact and interrogate spall behavior.
Several recent studies have looked at laser-driven microflyer
shock experiments for testing various metallic alloys, single crys-
tals, ceramic carbides, and other structural materials (17-19).

In this study, we chose a magnesium (Mg) alloy as the model
material to demonstrate rapid quantification of strength across
various strain rates and link them to attendant microstructures
and plasticity mechanisms. Our testing framework (Fig. 1) em-
ploys custom nanoindentation and laser-driven microflyer
(LDMF) shock experiments to help quantify the quasistatic,

dynamic, and spall strength of these metallic alloys. To explore
the effect of heterogeneous inclusions, such as precipitates, we
apply similar testing protocols on two different variants of the
same metallic alloy, peak-aged samples (with precipitates), and
solutionized samples (without precipitates). High-throughput ex-
periments can accelerate the testing of these variants while shed-
ding insights into how microstructural features such as
precipitates that are conventionally found to be favorable for met-
al strengthening at quasistatic strain rates behave in dynamic and
spall regimes.

When Mg alloys are deformed at high strain rates (~ 10*-8 s71)
through impact experiments, shockwaves are generated that first
load the material in uniaxial compression. When these shock
waves meet free surfaces, they reflect as rarefaction fans that
can intersect within the material, resulting in dynamic tensile
loading that is nearly hydrostatic. This dynamic hydrostatic ten-
sion causes the material to fail through a process called spalla-
tion, with such spall failures typically driven in metals by void
nucleation, growth, and coalescence. The high specific strength
of Mg alloys offers a compelling reason to pursue directions re-
lated to enhancing spall strength (20). The spall strength, defined
as resistance to spallation, strongly depends on microstructural
features such as grain size, texture, precipitate type and volume
fraction. The spall strength is also a strong function of the tensile
strain rate and potentially of the degree of shock compression be-
fore the tensile loading occurs. While there have been studies on
the dynamic and spall failure of Mg single crystals and alloys
(19, 21-25), there is still a lack of clarity on the microstructure
property linkages. Recent spall studies in Mg alloys have shown
the importance of precipitate size and distribution. In the case
of AZ31 (~Mg-3Al-1Zn) alloy, some large-size precipitates result
in catalytic void nucleation and accelerated spall failure in the
materials (24, 26). Taken together, these prior studies make a
strong case to employ high-throughput techniques to quickly
quantify spall strength and to use that data along with the quasi-
static and dynamic strengths of Mg alloys to understand the
microstructure-property linkages in these materials.

Results and discussion

Initial microstructure characterization results

An Mg-57n (at%) alloy, referred to as Z5 hereafter, was processed
in two conditions: solutionized and peak-aged. Electron backscat-
tered diffraction (EBSD) of these two samples (Fig. 2a and c)
showed the average grain size was around ~205 pm for the Z5 sol-
utionized (without precipitates) and ~227 um for the Z5 peak-aged
sample (with precipitates). Furthermore, scanning transmission
electron microscope (STEM) micrographs (Fig. 2b and d) showed
that Z5 solutionized was devoid of any precipitates within and
along grain boundaries while the Z5 peak-aged sample had uni-
formly distributed precipitates from the aging treatment. The pre-
cipitate length is around ~52nm, and the areal density is ~390
precipitates perum?. Additional STEM TEM studies were con-
ducted to characterize the size and distribution of precipitate mi-
crostructures, and additional TEM micrographs are shown in
Fig. S7a and b.

Nanoindentation results—mechanical properties
and microscopy

A custom nanoindentation protocol (Fig. 1a-d) was used to probe
the mechanical properties at quasistatic and dynamic strain-rate
regimes. The indents across the strain-rate regimes varied in size
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Fig. 1. Schematic of nanoindentation setup a) and c) with typical depth vs. time plots for b) quasistatic and d) dynamic loading protocols. e) Schematic of
LDMF shock setup with expected results collected to calculate spall strength. The overall layout of the testing system is broken into three major sections:
the pulse laser, the impact setup, and the photonic Doppler velocimetry system. f) A side view schematic of the layered impact setup depicting a typical
single impactor-target configuration. This shows the three stages of the launch process: ablation of the epoxy, acceleration of the flyer, and finally, impact
with the target. g) A view of a position vs. time Lagrangian diagram depicting the propagation of waves throughout the impactor and target that leads to
the spall event, as well as the critical points measured via Photonic Doppler Velocimetry (PDV). h) An idealized velocity vs. time plot calculated from the
PDV measurements on the target’s free surface. The critical points correspond to the ones shown in g.
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Fig. 2. a) EBSD map of Z5 solutionized alloy at 150 °C. b) STEM images of Z5 solutionized alloy at 150°C. c¢) EBSD map of Z5 peak-aged at 150°C. d) STEM
images of Z5 peak-aged at 150°C. e) Quasistatic strength measured via nanoindentation with error bars. f) Theoretical and experimental values of
strength at quasistatic strain rates. g) Dynamic strength measured via nanoindentation. h) Theoretical dynamic strength predictions using the
Zerilli-Armstrong model. i) Spall strength measured via laser spall with uncertainty of spall strength parallel to the y-axis and uncertainty of strain rate
parallel to the x-axis. j) Spall strength predictions using the Wilkerson-Ramesh model

and are shown in Fig. 3a as a function of discrete strain rates. The
nanoindentation hardness was measured between strain rates of
(1073 to 10**s71) as shown in Fig. S3e and f. The hardness values
were then converted to strength by a conversion factor of 1/3
(27, 28), and a graph of nanoindentation strength as a function
of strain rate was plotted in (Fig. 2e and g). This conversion factor
was proposed by Tabor based on analyzing the slip line field of in-
dentation to link yield stress to hardness values (29). It has been
used in several studies related to ideal plastic materials and sev-
eral common metals and their alloys, which possess significant
work hardening capacity (30). Studies report challenges in fitting
experimental nanoindentation data with the Nix-Gao model’s
predicted hardness values at depths below 150 nm, as the model
tends to overestimate the density of geometrically necessary dis-
locations, potentially leading to higher modeled hardness com-
pared to the actual measured nanoindentation hardness at very
shallow depths. (31). In our experiments, the nanoindentation
depths are much larger than 150nm, and thus, some of these
concerns are mitigated. The depth vs. time and velocity vs. time
profiles of nanoindentation experiments at both quasistatic and
dynamic strain rate regimes are depicted in Figs. Sla-f and S2a-f,
respectively. The corresponding strain rate and load profiles
have also been indicated in these figure panels. Furthermore, we
show the hardness vs. depth profiles for both Z5 solutionized

and peak-aged at different strain rates in Fig. S3a-d. The average
and SD for hardness values were calculated between a depth of
2,200 and 3,000 nm. All data from these experiments are listed
in Tables S4-S6.

In the quasistatic strain-rate regime (10~3s~! to 10°s71), the
average strength of the Z5 solutionized sample is much lower
than the Z5 peak-aged sample (254 vs. 301 MPa, respectively).
This difference in strength where the Z5 peak-aged sample con-
tinues to be stronger compared to the Z5 solutionized sample per-
sists in the medium strain-rate regime (10**s™! to 10*2s7%).
However, the strength vs. strain-rate behavior begins to converge
in the dynamic strain-rate regime (10*3s~! to 10+*s~1) with both
samples reporting nearly similar strength values, 355 vs. 363
MPa for Z5 solutionized and Z5 peak-aged sample, respectively.

Mechanisms related to quasistatic
nanoindentation

At quasistatic and low values of strain rates (10->s1 to 10°s71),
peak-aged Z5 is stronger than solutionized Z5. In the case of the
peak-aged sample, finely distributed precipitates produced during
the heat treatment process cover all the grains. When the indent-
er plunges into the peak-aged samples, the array of dislocations
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Fig. 3. a) Nanoindentations of peak-aged and solutionized Z5 samples at quasistatic and dynamic strain rates. h =21, 21, 21, 59, 59, 29, 39 um for each
indentation at each strain rate, from low to high strain rates, respectively. High-speed video shots and postmortem SEM samples of b) Z5 solutionized,
c) Z5 peak-aged after undergoing spall. The scale bar of 1 mm applies to all images shown in b and c.

produced during deformation has to overcome these spatially dis-
tributed obstacles.

The critical resolved shear stress (CRSS) for doing so can be pre-
dicted as Atorowan = Gmb/L, where Gy, is the shear modulus of the
matrix, b is the Burgers vector, and L is the spacing between pre-
cipitates (32). A further modification (33) to capture the depend-
ence of the geometric configuration of precipitates can be
written as

Gmb 2rp
A = In—, 1
TOrowan Qﬂ(ds _ ZYP)M To ( )

where 1 is the core radius of the dislocation (34), r, is the average
radius of the precipitates on the slip plane, vis Poisson’s ratio, ds is
the spacing between the precipitates on the glide plane, and
ds =nz'? where ns denotes the number of precipitates per unit
area. For the Mg system, one can calculate the effective planar, in-
terprecipitate spacing e = ds — 2rp, of different precipitate morph-
ologies in the Hexagonal Close-Packed (HCP) system and estimate
the change in rorowan using Eq. 1. Let f denote the volume fraction
of the precipitates, and assume that ro = b. The Orowan CRSS from
the c-axis precipitate rods present in the Mg-Zn alloy system is
given by

Gmb
- 1i|dt\/ 1-—v

1n% : 2)

A'L'Orowan,c =
[0.953
2r

i

where d; is the precipitate rod diameter (35). It follows from above
that Arorowan,c depends strongly on f and precipitate diameter (dy),
which in turn depend on the effective interparticle spacing Ze.
From this equation, one can estimate the dependence of

Orowon CRSS for any precipitate size and a given volume fraction
(35). The Orowon increment in CRSS from Eq. 2 for the peak-aged
Z5 alloy gives a value of Arorowanc ~ 43 MPa.

In the solutionized Z5, the alloying elements provide strength-
ening (Azs) via distortion of the lattice, which may be estimated as

Atss = B,c?/? + Bsc?(1 - 0, 3)

where ¢ =5% denotes the nominal concentration of Zn, B, =43.2
MPa is the coefficient of random solid solution strengthening,
and Bs = 6 GPa is the coefficient of strengthening associated with
short-range order (36). According to EQ. 3, Atss|e_se, ~ 19 MPa,
implying that the Zn alloying content is roughly twice as effective
in precipitate form as compared to solution form. It is worth
noting that peak-aged Z5 has ¢ ~ 1% concentration of Zn that re-
mains in solution, which results in a small solid solution strengthen-
ing of Atsslc—10, ~ 2 MPa, according to Eq. 3. The difference in the
quasistatic yield strength Agy can be estimated via the Taylor factor,
ie. Aoy = MP—A(ATOmwan,C + Aty ‘c:l%) = M5A155|C:5%, where Mg ~ 4.5
and Mp_a ~ 3 denote the Taylor factors for random solutionized Z5
and weakly textured peak-aged Z5, respectively. Substituting all
the values, Aoy ~ 50 MPa. This value is in good agreement with the
experimentally measured difference in the average yield strength
between the solutionized and peak-aged samples from nanoinden-
tation experiments of ~47 MPa and as shown in Fig. 2f.

Mechanisms related to high strain-rate
nanoindentation

Zerilli and Armstrong (37, 38) developed a constitutive model to
characterize the strain-, strain rate-, and temperature-dependent
response of HCP metals, by combining the terms from their earlier
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Body-Centered Cubic (BCC) and Face-Centered Cubic (FCC) consti-
tutive models (39). Specifically, Zerilli and Armstrong concluded
that overcoming Peierls-Nabarro barriers, associated with dis-
location motion, was the principal thermal activation mechanism
for BCC metals, whereas dislocation interactions, and thus dens-
ity, were the governing mechanism for FCC metals. Further,
they considered HCP constitutive behavior to combine mecha-
nisms of both BCC and FCC strain-rate sensitivity. The current sol-
utionized and peak-aged Z5 samples do, in fact, exhibit such a
“BCC response”, that is, a rate-dependent initial yield strength
commonly observed in BCC alloys. To this end, we employ the
BCC term of the Zerilli-Armstrong (37) constitutive model for
the yield strength, which is given by

oy =06 + % +Bexp [—,BOT +4,Tn é] (4)
where oy is the yield strength, I is average grain diameter, T is the
absolute temperature, ¢ is the strain rate, and ¢ is the reference
strain rate. The model parameters are o, the quasistatic strength
due to alloying content and preexisting dislocations; k, the Hall-
Petch slope; B, the strain-rate hardening modulus; 4,, the thermal-
softening coefficient; and f,, the rate-sensitivity parameter.

The total quasistatic strength oyo =o¢ + k/+/1 was fixed at the
value obtained from the nanoindentation experiments. The other
constitutive parameters required by the Zerilli-Armstrong model
(EqQ. 4) were fit to the experimental results of dynamic strength us-
ing a nonlinear regression algorithm, and are reported in Table S1.
The excellent agreement between the Zerilli-Armstrong model
and the experimental data is shown in Fig. 2h, in support of the
“BCC response” assumption made in the constitutive analysis.
As expected, o of peak-aged Z5 is greater than solutionized Z5,
because the Zn alloying content is more effective at strengthening
in precipitate form as compared to solute form. Both peak-aged
and solutionized Z5 are found to have the same B, and g;. That
said, the strain-rate hardening modulus B is found to be larger
in solutionized Z5 as compared to peak-aged Z5. Given that B is
correlated with viscosity, this finding would seem to indicate
that the viscosity of peak-aged Z5 is lower than the solutionized
Z5. One possible explanation for this is that significant dislocation
bowing around precipitates in peak-aged Z5 results in rapid dis-
location multiplication at early deformation. The higher mobile
dislocation density then results in a lower viscosity, (40).
Another contributing factor is that solute atoms often decrease
the mobility of dislocations (and hence increase the overall viscos-
ity), (41). This argument would also support our finding that solu-
tionized Z5 seems to be more rate-sensitive than peak-aged Z5. As
a result of this higher rate sensitivity, the dynamic strength for
these two alloys diminishes with increasing strain rate.
Extrapolating our calibrated Zerilli-Armstrong model, we expect
the solutionized Z5 to exhibit higher strength than peak-aged Z5
at sufficiently high strain rates, e.g. > 10°s™L.

In addition to the Zerilli-Armstrong model, we also employed
three other commonly used constitutive models to describe the
dynamic strengths of the solutionized and peak-aged 75, i.e. the
standard Johnson-Cook model (42), the modified Johnson-Cook
model with quadratic form proposed by Huh and Kang (43), and
the Cowper-Symonds model (44) (see Fig. S4a-d). The standard
Johnson-Cook model, assuming a linear relationship between
the dynamic strength and the logarithm of the strain rate, fails
to capture the inherent nonlinearity present in our dataset.
Further, comparing the coefficients of determination R? of
these fitting results, both the Zerilli-Armstrong and the

Cowper-Symonds models are capable of fitting the dynamic
strengths over a broad range of strain rates. Note that both these
models express the strength as a power of the strain rate.

Very few studies have reported high strain-rate nanoindenta-
tion of Mg alloys, especially in the 10*3s~! to 10*/ s~ regime.
Researchers have tested pure Mg and dilute Mg alloys with nearly
~ 2-3um grain sizes up to a 10*? s~! strain rate (11). The small
grain sizes ensured that the primary deformation mode was dis-
location glide rather than twinning (11). The strength at high
strain rates was influenced by the solute type, consistent with
the theories of solid solution strengthening. Another study tested
much coarser grained Mg alloys with ~100 4m grain sizes at strain
rates up to 102 s (45). In this case, twins were found to form dur-
ing the early stages of nanoindentation, resulting in strain com-
patibility constraints leading to cross-slip promotion within the
characteristic activation volume. Another study found that the
yield point in nanoscale indents was often identified by pop-in
events, which had a strong rate dependence and much lower ac-
tivation volume (46). In our study, given the large grain sizes, it
isreasonable to assume that twinningis activated during the early
stages of deformation indentation. Since the kinetics of twins and
dislocations are closely related, using a pseudoslip approach to
model twins is reasonable. Therefore, the Zerilli-Armstrong mod-
el is appropriate for solutionized and peak-aged Z5 whose plasti-
city is mediated by either dislocations, twins, or a combination
of both, although it was developed initially based on dislocation
motion. Unlike loading the material in pure tension or compres-
sion, the plastic strain field in the sample upon indentation is het-
erogeneous and should activate some twinning in every case,
thereby reducing the effect of twinning on the polarity of stresses.
Furthermore, in the case of Mg alloys, extension twinning itself is
relatively strain-rate insensitive (47), even over the range of strain
rates observed; therefore, the factor governing the strain-rate sen-
sitivity is the dislocation-mediated plasticity. At low strain rates,
strength is influenced by dislocation mobility, which in turn de-
pends on the waiting time for dislocations to thermally overcome
obstacles. At high strain rates, strength strongly depends on the
number of mobile dislocations that heterogeneously nucleate
from dislocation sources such as precipitates. In the solutionized
sample at very high strain rates, every heterogeneous dislocation
source will be tapped out, raising the strength to that of the peak-
aged material. This is consistent with our experimental observa-
tions where the dynamic strength of the solutionized Z5 sample
rises to that of the peak-aged Z5 sample toward the higher end
of the dynamic strain-rate regime.

Spall results—mechanical properties and
microscopy

Plate impact experiments to induce and study spall behavior are a
firmly established technique. Here, the internal material response
is linked to rear surface displacements through well-established
theory (1, 48). In these experiments, samples undergo a state of
uniaxial strain to induce high tension within the material, facili-
tating void nucleation and failure. Upon void nucleation, a recom-
pression wave is emitted and recorded on the rear surface. The
wave propagation and interactions are illustrated through a
Lagrangian time vs. position diagram in Fig. 1g. The plane waves
generated in plate impact experiments can be viewed as the result
of the Huyghens construction from an infinite array of identical
point sources. In real materials, heterogeneities may generate sig-
nals that are slightly different from surrounding regions, and the
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contributions of such signals are shown in the diagram. The fully
spalled samples experience approximately planar separation
within the material, parallel to the wavefront imposed by the flyer
plate loading as a result of the dynamic tensile stresses in this
plane. The initially compressive shock stress (Zs) generated in
the target material from the loading is calculated from

1
25 = EF)OUSUB’ (5)

where p, is the reference density, Us is the shock speed estimated
by assuming the linear equation of state with a parameter, S;, of
1.21 for the AZ31B Mg alloy from Marsh (49) and Ug is the rear sur-
face velocity at maximum compression. The spall strengths of Z5
solutionized and Z5 peak-aged materials are obtained from the
measured rear surface particle velocities using the following rela-
tionship:

1
= EpOCO (AUfS + 6), (6)

where =* represents the spall strength, AUy is the velocity drop
seen in Fig. 1h, C is the bulk wave speed and 6 is the elastic-plastic
correction factor. The bulk wave speed was assumed to be 4,540
m/s, the reference density as 1,780 kg/m?, and the elastic-plastic
correction factor is set to zero (17). The tensile strain rate, ¢, is ap-
proximated via the velocity gradient by

1 AUg
E=—— , 7
2Co Ite — tal )

where t. and ty are the times at points c and d in (Fig. 1h).
Representative photonic Doppler velocimetry spectrograms de-
scribing the time-frequency response of the spall signal are
shown in Fig. 1g. More detailed spectrograms can be seen in
Fig. S6a and b along with a compilation of the free-surface velocity
traces for all spall experiments. The calculated spall strength and
strain-rate values are plotted in Fig. 2i. The tensile strain rates for
both sample sets range from 10+ to 10*/ s71. The Z5 solutionized
samples have an average spall strength of 1.44 + 0.14 GPa, while
the Z5 peak-aged samples have an average spall strength of
1.41 +0.35GPa. Tables S2 and S3 provide a summary of sample
thickness and spall results for the Z5 solutionized and Z5 peak-
aged datasets, respectively. A t test analysis suggests that there
is no statistically significant difference in the spall strength
between the two datasets, yielding a P-value of 0.77 (Fig. S5d).
To limit the effect of strain rate dependency, which is amplified
by the mismatched strain rate range between the datasets, we
also perform the t test on a subset of data, from 9.42 x 10*° to
1.44 x 10*¢ s~1, where both material preparations have a signifi-
cant overlap in the volume of experiments. The same analyses
show little change in mean and median in the subset of the experi-
mental data. Representative images from high-speed photog-
raphy for the spall experiments are shown in the left columns of
Fig. 3b and c. The postmortem SEM images of the 3 mm disks of
both Z5 solutionized and Z5 peak-aged are shown in the right col-
umns of Fig. 3b and c. For these spall experiments, the variation in
AUg as a function of peak shock stress is shown in Fig. S5a.

To see the trends in strength clearly, we also plot normalized
effective stress (the ratio of shock stress to quasistatic yield
strength) as a function of strain rate as shown in Fig. S5b (50).
The quasistatic yield strength used for this ratio was taken from
the nanoindentation experiments. From analyzing the spall re-
sults, we see that the spall strengths are nominally the same be-
tween the solutionized and peak-aged samples, with the
solutionized microstructure perhaps exhibiting a slightly higher

spall strength. However, the fracture and subsequent failure of
the samples from the spall are dramatically different. We see
that the damage is much more significant in the case of the Z5
peak-aged samples, per SEM micrographs shown in Fig. 3b and
c, likely from precipitate-mediated void nucleation and
coalescence.

The sharp contrast between the measured spall strength and
the fracture morphology highlights the importance of not relying
on the spall strength value alone to gain a complete understand-
ing of the failure process of a material undergoing spall. The large
number of experiments in this work is necessary to confidently
identify these trends that might otherwise be lost through trad-
itional low-throughput methods. While the measured spall
strengths are similar, the fracture surfaces are dramatically dif-
ferent. In high strain-rate applications, such as for protection ma-
terials, knowledge of both the developed stress state and the
postmortem failure morphology are crucial to understand mater-
ial failure.

Mechanisms related to spall

Our diagnostics provide both qualitative and quantitative under-
standing of the spall failure phenomena through imaging and in
situ velocimetry, respectively, yet the imaging techniques show
the greatest difference in the failure process in our experiments.
The high-speed video and postmortem microscopy, shown in
Fig. 3b and c, indicate that the spalled layer has completely frag-
mented away from the sample in the peak-aged Z5S case. In con-
trast, solutionized Z5 shows incomplete fragmentation in the
spalled layer, more akin to a bulging separation.

The observed dichotomy in the failure mechanism (Fig. 3) is
likely driven by defects or heterogeneities in the microstructure
of the metallic alloy. Assuming that the damage during spall pri-
marily nucleates (i) along grain boundaries or (ii) at precipitate—
matrix interfaces, we can estimate differences in the density of
sites for damage via void nucleation. We assume that the critical
pressure for void nucleation sites N follows a bounded probability
distribution function with a power-law exponent of g=3.
Following the Wilkerson-Ramesh spall model (51), we assume
that the density of potential nucleation sites along grain boundar-
ies scales inversely with grain size [, and (following similar scaling
arguments) that nucleation sites at second phase particles scale
with the inverse cube of their mean spacing ds, akin to volume

fraction, i.e.
lo oy’
NQ, ds) =N (<) +No( =2 ), ®
1 ds

where Ny =1um~ and N, =10u4m™> are the densities of grain
boundary and particle nucleation sites for a reference grain size
of lp = 1um, and reference mean particle spacing of d = 10 nm, re-
spectively. For peak-aged Z5, =227 um and the mean particle
spacing is equal to the precipitate spacing, nominally ds =50
nm. For solutionized Z5, I = 205 ym and the mean particle spacing
is taken to be a relatively large value governed by impurity con-
tent, ds = 1um. The lower bound of the probability distribution
function for the critical nucleation pressure is assumed to be a
third of the limit critical tensile pressure of an idealized elastic-
perfectly plastic material containing an infinitely small preexist-
ing void, i.e.

sl fniE) o

with E =47.4 GPa. This lower bound Ry uses the oc and k values
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taken from the nanoindentation data via the calibrated parame-
ters from the aforementioned Zerilli-Armstrong model shown in
EqQ. 4, and governs the rate-independent spall strength (the rate-
dependent contribution is discussed in more detail by Wilkerson
and Ramesh (51)). The upper bound of the probability distribution
function is taken as Reos =7 GPa, corresponding to the ideal spall
strength of a perfect Mg crystal. The solid lines in Fig. 2j are model
predictions of spall strength according to the Wilkerson-Ramesh
spall model (51) invoking the aforementioned model parameters
for solutionized and peak-aged Z5. Considering the experimental
variability, the agreement between the model and experiments is
remarkable.

Fig. S5c shows the theoretical predictions of the mean spacing
between nucleated voids (dimples observed postmortem) on the
spall surface of solutionized and peak-aged Z5 as a function of
the experimentally measured spall strength. The dimples on the
fracture surface of peak-aged Z5 are expected to be smaller by ap-
proximately a factor of 3 than for solutionized Z5. As such, the
areal density of dimples on fracture surfaces is anticipated to be
roughly a factor of 10 higher on peak-aged Z5 than solutionized
Z5, so fractures linking the nucleated voids are expected to be sig-
nificantly more prevalent in the peak-aged Z5.

While this model slightly overpredicts the difference in spall
strength between the solutionized and peak-aged alloys, when
compared to the averages from our laser-shock experiments,
the model does offer a compelling explanation for the more
brittle-like failure and complete separation of the spalled region,
as observed in peak-aged Z5 (Fig. 3). The model curves shown in
(Fig. 2j) employ a single set of nominal (average) values for precipi-
tate spacing and grain boundary densities. As such, the model pre-
dictions are deterministic and make no attempt to capture the
stochasticity observed in our dynamic strength or spall strength
measurements (Fig. 2g-j). The stochasticity is expected due to
the fact that both nanoindentation and LDMF plate experiments
probe local, relatively small volumes of material, which may not
contain a statistically representative feature of microstructure
(e.g. texture). Moreover, variations in geometric morphology of
the precipitates may contribute to the observed stochasticity,
and are not captured by the model. As such, the locally measured
properties are themselves spatially dependent for any type of ex-
periment that does not probe a statistically representative volume
of material. Interestingly, peak-aged Z5 microstructure (Fig. 2c
and d) appears to exhibit significantly more spatial variability
than the solutionized Z5 microstructure (Fig. 2a and b), which
would seem to suggest that it would exhibit greater spatial vari-
ability in properties. Indeed, our spall strength measurements
(conducted at various locations in the target plate) show signifi-
cantly higher (spatial) variability in the peak-aged Z5 as compared
to the solutionized Z5 (Fig. S5d).

Conclusions

In this work, we combined two powerful small-scale mechanical
testing techniques, namely custom dynamic nanoindentation
and LDMF shock, to study the mechanical behavior of Mg alloys
across a large strain-rate regime (1073 to 10*7 s71). To the best of
our knowledge, this is the first study to combine these two techni-
ques in a single characterization campaign to probe mechanical
behaviour across ten orders of strain rates. Two key advantages
of our proposed approach are its high-throughput nature
and its reliance on relatively small quantities of material, both
of which make our approach particularly amenable to the
“Materials by Design” paradigm. Our proposed high-throughput

characterization methodology is harnessed to provide a deeper
scientific understanding of the dynamic behavior of two Mg alloys.
We tested Z5 solutionized (no precipitates) and Z5 peak-aged
(with precipitates) across quasistatic, dynamic, and spall
regimes. We measured Orowon yield stress increments at quasi-
static strain rates and applied the Zerilli and Armstrong constitu-
tive model to better understand the dynamic strength values. As
expected, we found that at low to medium strain rates (i.e. quasi-
static and dynamic), the Z5 peak-aged sample had higher strength
when compared to the Z5 solutionized sample. However, at higher
strain rates approaching 10**s~!, the dynamic nanoindentation
experiments showed converging strength for both peak-aged
and solutionized Z5. This seems to suggest that solution strength-
ening is just as effective as precipitate strengthening at very high
rates.

Similar to very high strain rate dynamic yield strength, we ob-
served that spall strength at very high strain rates was not strong-
ly influenced by the presence of precipitates in the peak-aged
alloy. In contrast, our postmortem observations of the spalled
samples showed very different fracture behavior between the sol-
utionized and peak-aged samples. The Z5 peak-aged samples
failed more catastrophically due to precipitate-mediated void
nucleation and the resulting accelerated spall fracture. We
adopted a void nucleation and dynamic growth model to better
understand the differences between solutionized and peak-aged
25 samples. The model suggests that spall strength is most
affected by the material’s inherent resistance to void nucleation,
whereas fracture morphology is most affected by the number
and spacing of nucleated voids. Based on our findings, we con-
clude that the inherent resistance to void nucleation is fairly in-
sensitive to precipitate spacing, while the spacing of nucleated
voids is strongly correlated with precipitate spacing. This demon-
strated the importance of not only relying on the measured
physical quantity of spall strength, which is often the default
in engineering design work at ultrahigh strain rates, but also
examining the damage morphology for a more complete un-
derstanding of material failure in extreme environments.
Experiments on the same material systems through traditional
low-throughput methods would not have readily shown these in-
teresting trends.

Furthermore, the quasistatic yield strength values from nano-
indentation experiments (that match well with Orowan predic-
tions) are used in both the Zerilli-Armstrong constitutive model
to predict dynamic strength at low to high strain rates, and also
with the Wilkerson-Ramesh model to predict spall strength at ul-
trahigh strain rates, resulting in an excellent match with experi-
mental observations of the dynamic strength and spall strength
in their respective strain-rate regimes. The underlying quasistatic
yield strength, therefore, unifies both of the models used to under-
stand the underlying physics in each regime. This study demon-
strates the potential for using high-throughput techniques to
quickly map the mechanical properties of various metallic alloys
and aid in their rapid development for extreme environments. We
note the challenges in testing microstructures across disparate
length scales (Section 4.4) but posit that our testing approach of
combining custom dynamic nanoindentation and LDMF shock is
currently the best available solution to this complex problem.
Our testing framework provides rich opportunities to study how
heterogeneities on different length scales influence the quasi-
static, dynamic, and spall strength of materials. Finally, our study
highlights an important lesson in paying attention to how micro-
structures can fail differently despite having similar strength at
very high strain rates.
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Materials and methods

Thermomechanical processing and sample
preparation

The Mg-5Zn (at%) alloy, referred to as Z5, was prepared by melting
and mixing high purity Mg (99.97%, Grade 1I, US magnesium) and
Zn (99.999%, Alfa Aesar) in an argon atmosphere and casting into
bars. The bars were solutionized at 500 °C for 25 h to remove any
preexisting precipitates from the casting process. The bars were
then cut into rectangular pieces of 20mm x 10mm X 5mm.
Some of these pieces were then peak-aged at 150 °C for 99 h to dis-
perse precipitates throughout the bulk.

The solutionized and peak-aged Z5 pieces were then mechanic-
ally polished for further characterization and testing. A field emis-
sion scanning electron microscope (Carl Zeiss Crossbeam 1,540
EsB FIB/SEM) was used for electron microscopy studies and
EBSD scans. The SEM has an HKL EBSD system with the Channel
5 software for EBSD analysis. For STEM studies, thin foil speci-
mens, including grain boundaries, were placed by a standard lift-
out technique using a dual beam FIB/SEM, FEI Helios G4. An FEI
Titan G2 80-200 STEM was used for annular dark-field imaging
and diffraction studies.

Low to high strain-rate nanoindentation
experiments

Nanoindentation is a well-established method for measuring the
basic mechanical properties of materials and provides many ad-
vantages to traditional hardness testing (52, 53). In this work,
nanoindentation was performed using a custom nanoindentation
system made by KLA (USA) that is capable of testing in both the
quasistatic and dynamic strain-rate regimes (details of the cus-
tom instrumentation are outlined by Hackett et al. (54)). A dia-
mond indenter tip with the three-sided Berkovich geometry was
used for all indents. The schematic of the nanoindentation system
equipped with both the quasistatic straining protocol and dynam-
ic straining protocol is shown in (Fig. 1a and b). For the quasistatic
indents, a constant strain rate was achieved by loading such that
the ratio of loading rate to load (P/P) was constant. With a con-
stant P/P, the indentation strain rate (§ ) can be calculated as

()

with velocity (h), indentation depth (), loading rate (P), load (P),

change in hardness over time (H), and hardness (H) (55). When H

&

is constant, H =0 and Eq. (10) simplifies to

i = % - Z—PP . (11)
Hardness is constant as a function of depth for the tested Mg al-
loys, so Eq. (11) can be used. Quasistatic indents were performed
to a maximum load of 200mN and at P/Ps of 0.025s, 0.2s, and
2.0s7. During loading, CSMs were taken by applying a 110 Hz os-
cillation to the load such that the root mean square amplitude of
the oscillation was 10% of the load as prescribed by Phani et al.
(56). Results for H and ¢ were averaged over an indentation depth
of 500-2,500 nm. A linear least squares fit of contact depth vs. in-
dentation depth was used to determine a value for the ratio of
contact depth to depth (hc/h) in each material. This fit results in
an he/h of 0.94 and 0.98 for the solutionized and peak-aged mater-
ial, respectively. Optical images of each indent were taken to con-
firm the residual contact impression matched the results of the
CSMs.

An impact testing approach was used for the high strain-rate
indentation, as described by Phani et al. (57) and Hackett et al.
(54). To account for the dynamic overload during impact, loads
of 30 and 50 mN were used so the final load on the sample would
be between 200 and 300 mN, reaching comparable indent sizes
with the quasistatic testing. Due to the nature of the impact
test, a constant P/P cannot be maintained. Thus & during these
impact tests is not constant, allowing a range of strain rates to
be reported from each test. Additionally, CSM cannot be used to
measure H as CSM has been shown to have problems at high
strain rates (12), and the instrument cannot apply the oscillation
required for CSM at a frequency suitable for the <1 ms impact
test. Without CSM, hardness is calculated with

h
he = ﬁ xh, (12)
> 1-n'
Ac =chh§“), (13)
n=0
H=P/A., (14)

where hc/h was first determined during the quasistatic testing,
and C, are a series of constants that describe the tip shape (52,
54). However, optical imaging of the residual contact impressions
showed that the calculated contact area (A.) when using h./h
from quasistatic testing did not align with the physical size of
the indent. A new h./h was calculated, 0.90 and 1.0, for solution-
ized and peak-aged, respectively, so that A. aligned with the
measured contact area for the dynamic indents. A miniature ICP
force sensor from PCB Piezoelectronics (USA) was added to the
system to measure the applied load during dynamic testing. The
addition of the piezoelectric force sensor lowers the instrument
frame stiffness from 25 to 8 MN/m, but a standard frame stiffness
correction can account for this correctly (52). Hardness and inden-
tation strain were binned into 120 half-open bins between strain
rates of 10! and 10*s72.

LDMF shock experiments

Laser-shock methods are well poised for high-throughput dynam-
ic experiments; in contrast to conventional methods, these meth-
ods attain similar energy densities while operating more safely, at
smaller scales requiring significantly less material, and at much
lower overall expense (17, 58-61). The LDMF shock experimental
setup, as shown in (Fig. 1) is a subset of these laser-shock methods
that utilizes the energy from a laser pulse to accelerate a micro-
scale flyer plate to achieve a high-velocity impact with a target,
achieving tensile strain rates of > O(10°) s~! during spall. We de-
termine the dynamic response of the material through PDV meas-
urements on the target’s free surface during the impact (17, 62). In
contrast to traditional plate impact experiments, which average ~
1-3 experiments per day, LDMFs can obtain similar impact energy
densities and can easily exceed 100 experiments per day. While
the small scale of the LDMF experiment significantly reduces ma-
terial waste, it requires careful consideration of the microstruc-
ture and deformation length scales at play. Even with recent
attention to several shock compression applications (61), very
few investigations are optimized to study spall failure. Recently,
we have developed an LDMF system and methodology for investi-
gating spall failure with high-throughput while maintaining rea-
sonably high fidelity. In this effort, there are two critical
challenges for establishing confidence and reproducibility: (i)
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maintaining a high degree of flyer planarity from launch toimpact
and (ii) establishing conditions such that a consistently high-
quality PDV signal is obtained. This work is among the first experi-
mental demonstrations (63) of our new methods to address these
challenges.

The LDMF experiment consists of three sections: (i) the pulse
laser and free-space optics; (ii) the impact setup; and (iii) the
PDV diagnostics (Fig. 1e). The goal of the first section is to emit
and manipulate the energetic, spatial, and temporal characteris-
tics of the drivinglaser pulse to achieve optimal launch conditions
(i.e. planar flyer at a desired velocity). Our system uses a 1,064 nm
Nd: YAG 2.5]J 10 Hz 10 ns Spectra-Physics Quanta-Ray 350 with a
beam quality (M2 value) of 15. The pulse energy drives the flyer
velocity through the laser fluence. The pulse duration must be
sufficiently long relative to the round-trip shock wave time inside
the flyer to prevent reverberations during the launch that can
break up the flyer (60). We employ an optical cavity to lengthen
the pulse duration from ~10 to ~21ns, which is sufficient for the
flyer material and thickness used in these studies. Lastly, and per-
haps most critical, the acceleration of a planar and intact flyer re-
quires a homogenized beam profile, and so the beam is shaped
just before the flyer launch. We utilize a custom-built diffractive
optical element (DOE) by Silios Technologies to shape the beam
profile to a low variation top-hat profile. This DOE is used in series
with a focusinglens to shape the beam to a desired diameter at the
effective focal length (EFL). Abeam profiler is used to measure and
monitor the beam shape during each experiment.

The second section of the experiment is the impact setup,
which refers to the arrangement of the flyers and targets
(Fig. 1f). Each impact setup has lateral dimensions of 50 mm by
50mm and contains an array of strategically spaced flyers: here,
a 7x7 square array yielding 49 experiments per package.
Multiple launch packages are fabricated in advance, and the spall
experiments are performed systematically through the prefabri-
cated launch packages to improve experimental throughput.
The design of the impact setup is critical for consistently and reli-
ably achieving planar impact and strong PDV return signals at
high-throughput rates. It is a layered structure foil as shown in
Fig. 1f and consists of a substrate, a flyer, a spacer, and a target.
The glass substrates are 50 mm x 50 mm x 0.625 mm borosilicate
glass from McMaster Carr, and the epoxy used for bonding is
Henkel Loctite Ablestik 24. The flyers are 100xm thick, 1.5 mm
diameter aluminum from Alufoil, and the spaceris a 240-um thick
Kapton sheet with built-in double-sided silicone-based adhesive.
The targets (samples) are prepared through double-sided polish-
ing of larger area foils to a thickness of 200+ 10 um, and then 3
mm disks are created using a TEM-punch (19). The flyer and target
thickness are determined based on wave propagation analysis so
that the spall plane occurs within the target. Their diameters are
sufficiently large to avoid any unloading wave effects on the cen-
tral area of interest during the time of interest. The flyers are pre-
cut using a femtosecond laser to obtain a flyer with a sufficiently
large diameter in order to prevent edge unloading from affecting
the PDV signal and to guarantee impact planarity. The pulse laser
is operated at ~ 800 mJ and is focused to a spot size of 1.85 mm
with a 250 mm EFL. This yields fluences of ~ 30 to 32]J cm~? that
drive impact velocities ~550 to 600 ms~?.

The diagnostics consist of a high-speed camera and a PDV sys-
tem. The high-speed camera (Shimadzu HPV-X) operates at 10
million frames per second. It provides a side profile view of the im-
pact setup for qualitative information regarding the flyer and im-
pact planarity and a macroscopic assessment of the developed
spall damage. The PDV system measures the normal particle

velocity of the rear free surface of the target (17, 62), as shown
in Fig. S6. The PDV is a heterodyne system that consists of two
1,550 nm centered fiber lasers, a seed signal laser directed toward
the target, and a 2.3 GHz upshifted reference signal for mixing.
The seed laser is focused on the backside of the sample with a
spot size of 80um; the material response is averaged over this
area, so this length scale must be sufficiently large relative to
the relevant material length scales. During the experiment, there-
flected light (return signal) is imparted with a frequency shift
based on the particle velocity. The return signal is mixed with
the reference signal to obtain the beat frequency, which is meas-
ured and recorded using a 16-GHz LeCroy Oscilloscope. The
strength of the return signal, and therefore the quality of the spall
signal, is a strong function of the target’s surface roughness and
orientation. We use a custom-built alignment apparatus that al-
lows fine orientation control of the impact setup for optimizing
the return signal. Samples are double-sided polished to high re-
flectivity with diamond lapping paper to a 1-um mirror finish to
further maximize the return signal.

Limitations of the testing techniques

The two testing approaches proposed in this paper, namely cus-
tom dynamic nanoindentation and LDMF shock can resultin test-
ing across disparate length scales and care has to be taken while
probing mechanisms or effective volumes under study. For ex-
ample, if the materials being designed or tested have features,
such as texture or grain size, that vary across 10s of microns,
there could be size effects that might ultimately influence the
strength measurements. In the case of nanoindentation of Mg al-
loys, the plastic zone is often found to be an order of magnitude
higher than the indentation depth (64, 65). Small grain size and
twinning are found to strongly influence the deformation mecha-
nisms during indentation (46). In our case, we note that the inden-
tation depths range from 0.5 to 2.5u4m and the grain sizes are
coarse (~205 to 227 um). In the case of spall, laser-shock experi-
ments use small volumes of material in comparison to those rele-
vant to many bulk applications, and so the results must be viewed
with caution when applying them to some larger scale structures.
Effectively, we are sampling small volumes out of a larger volume,
and so spatial heterogeneities on scales larger than the laser-
shock sample sizes have to be viewed from a statistical sampling
perspective. If the relevant defect/feature distributions in the ma-
terial are sufficiently small, the sampling statistics are less of an
issue (17, 19, 63, 66, 67). We also note some limitations with the
PDV approach used in spall experiments. The free-surface vel-
ocity signal at a point on the rear surface is composed of data
from a domain in the material determined by the wave speeds (in-
formation at any time at that point relates to the state at other
points in the volume at earlier times). The PDV measures the par-
ticle velocity history v(x,t) of a small part of the rear surface of the
target—the PDV spot size is 80 um, where x is the center of the
spot, and it measures only surface motion. That surface velocity
arises because of the arrival of a plane shock wave that has propa-
gated through the target plate and that then interacts with the
free surface to reflect as a rarefaction fan. The nature of the
wave propagation is such that the particle velocity at any position
x and any time t is the result of waves arriving at that point from
alllocationsin the plate within a distance Ust. Each of those waves
carries information about the state of stress and deformation at
that location. Given that the shock speed in such experiments is
of the order of 6 km/s, at a time t = 40 ns information has arrived
at the PDV sensing location from points ~ 240um away, and
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thus the PDV is providing information from the bulk of the speci-
men after that time. However, we note at the earliest times in the
experiment, smaller volumes are being interrogated.

In the present study, the testing volumes captured significant
volume fractions of microstructure features of interest. In the
case of solutionized Z5 samples, Zn atoms (r ~ 139 pm) are uni-
formly distributed in the metallic solid solution and there should
be multiple millions of atoms inside 1 um? of the alloy sample. In
the case of peak-aged samples, the volumetric number density of
nanoscale precipitates is ~1,56,000 precipitates for 1 um? of the al-
loy sample. Thus, there should be sufficient populations of micro-
structural features of interest (Zn atoms in the solutionized
sample and MgZn precipitates in the peak-aged samples) in the
testing volumes being probed by the two proposed experimental
methods used in our paper. Consequently, our testing framework
can help in the design of several advanced alloys that often have
design features at the lower length scales, such as atomic-scale
chemical heterogeneity, nanoscale precipitates, or oxides found
in dispersion strengthened alloys. Furthermore, our proposed ap-
proach can be used to accelerate the design of several classes of
metallic alloys by down-selecting alloys and guiding the design
of microstructural features of interest, while large-scale experi-
ments can be employed to probe material performance with lar-
ger samples, closer to those used in the application space.
Combining small and large-scale testing appropriately can accel-
erate the design of metallic alloys for extreme dynamic environ-
ments in a high-throughput manner.

Acknowledgments

The authors would like to gratefully acknowledge the financial
and technical support from the Center for Materials under
Extreme Dynamic Environment. The research was sponsored by
the Army Research Laboratory and was accomplished under co-
operative  agreement numbers WO911NF-12-2-0022 and
WO911NF-22-2-0014. The views and conclusions contained in this
document are those of the authors and should not be interpreted
as representing the official policies, either expressed or implied, of
the Army Research Office or the US Government. The US
Government is authorized to reproduce and distribute reprints
for Government purposes, notwithstanding any copyright nota-
tion herein. The nanoindentation measurements were supported
by the Department of Energy, National Nuclear Security
Administration, under award number DE-NA0003857.

Supplementary Material

Supplementary material is available at PNAS Nexus online.

Author Contributions

S.E.P. designed the research, performed the research, analyzed
the data, and wrote the paper. C.C.W., C.S.D,, and D.D.M. per-
formed the research, analyzed the data, and wrote the paper.
S.H. and T.S. performed the research. X.S. and ] W.W. analyzed
the data and wrote the paper. K.T.R.,, GM.P,, and T.P.W. super-
vised the research, acquired funding, and edited the paper.

Preprints

This manuscript was posted on a preprint: https:/arxiv.org/abs/
2309.14296.

Data Availability

The datasets generated and codes used in the current study are
publicly available at https:/craedl.org/pubs?p=6352t=3c=187s=
hemid=https:%2F%2Ffs.craedl.org#publications.

References

1 Meyers MA. 1994. Dynamic behavior of materials. New York: John
Wiley & Sons.

2 Eswarappa Prameela S, et al. 2023. Materials for extreme environ-
ments. Nat Rev Mater. 8:81-88.

3 Weihs T, Hong S, Bravman J, Nix W. 1988. Mechanical deflection
of cantilever microbeams: a new technique for testing the mech-
anical properties of thin films. ] Mater Res. 3:931-942.

4 Rajagopalan J, Han JH, Saif MTA. 2007. Plastic deformation re-
covery in freestanding nanocrystalline aluminum and gold thin
films. Science. 315:1831-1834.

5 Nix WD, Lee S-W. 2011. Micro-pillar plasticity controlled by dis-
location nucleation at surfaces. Phil Mag. 91:1084-1096.

6 Barnard HS, et al. 2017. Synchrotron X-ray micro-tomography at
the advanced light source: developments in high-temperature in
situ mechanical testing. ] Phys Conf Ser. 849:012043.

7 VanPetegem S, etal. 2017. A miniaturized biaxial deformation rig
for in situ mechanical testing. Exp Mech. 57:569-580.

8 Prameela SE, Weihs TP. 2020. A defect determines strength. Nat
Phys. 16:816-816.

9 Guillonneau G, et al. 2018. Nanomechanical testing at high strain
rates: new instrumentation for nanoindentation and microcom-
pression. Mater Des. 148:39-48.

10 Zehnder C, Peltzer J-N, Gibson JS-L, Korte-Kerzel S. 2018. High
strain rate testing at the nano-scale: a proposed methodology
for impact nanoindentation. Mater Des. 151:17-28.

11 Somekawa H, Schuh CA. 2012. High-strain-rate nanoindentation
behavior of fine-grained magnesium alloys. J Mater Res. 27:
1295-1302.

12 Merle B, Higgins WH, Pharr GM. 2019. Critical issues in conduct-
ing constant strain rate nanoindentation tests at higher strain
rates. ] Mater Res. 34:3495-3503.

13 Merle B, Higgins WH, Pharr GM. 2020. Extending the range of con-
stant strain rate nanoindentation testing. ] Mater Res. 35:343-352.

14 Sudharshan Phani P, Oliver WC. 2017. Ultra high strain rate
nanoindentation testing. Materials. 10:663.

15 Imbriglio S, et al. 2019. Adhesion strength of titanium particles to
alumina substrates: a combined cold spray and LIPIT study. Surf
Coat Int. 361:403-412.

16 Tiamiyu AA, et al. 2022. Nanotwinning-assisted dynamic recrys-
tallization at high strains and strain rates. Nat Mater. 21:786-794.

17 Mallick D, et al. 2019. Laser-driven flyers and nanosecond-
resolved velocimetry for spall studies in thin metal foils. Exp
Mech. 59:611-628.

18 Mallick D. 2019. Shock-induced failure of protection materials
using laser-driven micro-flyers [Ph.D. thesis]. The Johns
Hopkins University.

19 Mallick DD, et al. 2021. Spall strength in alloyed magnesium: a
compendium of research efforts from the CMEDE 10-year effort.
Mech Mater. 162:104065.

20 Mallick D, Williams C, Wilkerson J. 2020. A brief review of spall
failure in pure and alloyed magnesium. J Dyn Behav Mater. 6:
423-431.

21 YuX,LiT,LiL, LiuS, LiY. 2017. Influence of initial texture on the
shock property and spall behavior of magnesium alloy AZ31B.
Mater Sci Eng A. 700:259-268.

$20Z J18qWIBAON ZZ Uo Jasn ABojouyoa] 1o symnsu| enasnyoessel Aq 8811 #9//81 | oebd/g/g/eonle/snxauseud/woo dno-olwspese//:sdny woJj papeojumoq


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae148#supplementary-data
https://arxiv.org/abs/2309.14296
https://arxiv.org/abs/2309.14296
https://craedl.org/pubs?p=6352t=3c=187s=hemid=https:%2F%2Ffs.craedl.org#publications
https://craedl.org/pubs?p=6352t=3c=187s=hemid=https:%2F%2Ffs.craedl.org#publications

12

| PNAS Nexus, 2024, Vol. 3, No. 5

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

De Rességuier T, et al. 2017. Spall fracture and twinning in laser
shock-loaded single-crystal magnesium. ] Appl Phys. 121:165104.
Hazell P, Appleby-Thomas G, Wielewski E, Stennett C, Siviour C.
2012. The influence of microstructure on the shock and spall be-
haviour of the magnesium alloy, Elektron 675. Acta Mater. 60:
6042-6050.

Farbaniec L, Williams C, Kecskes L, Becker R, Ramesh K. 2017.
Spall response and failure mechanisms associated with a
hot-extruded AMX602 Mg alloy. Mater Sci Eng A. 707:725-731.
Sun X. 2022. Uncertainty quantification of material properties in
ballistic impact of magnesium alloys. Materials. 15:6961.
Williams C, Mallick D, Wilkerson J. 2020. A concise note on de-
formation twinning and spall failure in magnesium at the ex-
tremes. ] Dyn Behav Mater. 6:432-444.

Bhattacharya A, Nix W. 1988. Finite element simulation of inden-
tation experiments. IntJ Solids Struct. 24:881-891.

Nix WD, Gao H. 1998. Indentation size effects in crystalline materi-
als: alaw for strain gradient plasticity. ] Mech Phys Solids. 46:411-425.
Tabor D. 2000. The hardness of metals. Great Britan: Oxford
University Press.

Zhang P, Li S, Zhang Z. 2011. General relationship between
strength and hardness. Mater Sci Eng A. 529:62-73.

ZhuP, ZhaoY, Agarwal S, HenryJ, Zinkle SJ. 2022. Toward accur-
ate evaluation of bulk hardness from nanoindentation testing at
low indent depths. Mater Des. 213:110317.

Orowan E. 1948. Symposium on internal stresses in metals and alloys.
London: Institute of Metals. p. 451.

Hirsch P, Humphreys F. 1969. Physics of strength and plasticity.
Cambridge: MIT Press.

Kocks UF, Argon AS, Ashby MF. 1975. Thermodynamics and kinetics
of slip. New York: Pergamon Press.

Prameela SE, et al. 2022. Strengthening magnesium by design: in-
tegrating alloying and dynamic processing. Mech Mater. 167:
104203.

Blake A, Caceres C. 2008. Solid-solution hardening and softening
in Mg-Zn alloys. Mater Sci Eng A. 483-484:161-163.

Zerilli FJ, Armstrong RW. 1996. Constitutive relations for titan-
ium and Ti-6Al-4V. AIP Conf Proc. 370:315-318.

Zerilli FJ, Armstrong RW. 1987. Dislocation-mechanics-based
constitutive relations for material dynamics calculations. ] Appl
Phys. 61:1816-1825.

Zerilli FJ, Armstrong RW. 1987. Dislocation-mechanics-based
constitutive relations for material dynamics calculations. J Appl
Phys. 61:1816-1825.

Nguyen T, Luscher DJ, Wilkerson J. 2020. A physics-based model
and simple scaling law to predict the pressure dependence of sin-
gle crystal spall strength. ] Mech Phys Solids. 137:103875.

YiP, Cammarata RC, Falk ML. 2016. Atomistic simulation of solid
solution hardening in Mg/Al alloys: examination of composition
scaling and thermo-mechanical relationships. Acta Mater. 105:
378-389.

Johnson GR. 1983. A constitutive model and data for materials
subjected to large strains, high strain rates, and high tempera-
tures. In: Proceedings of the 7th International Symposium of
Ballistics. p. 541-547. https://ia800102.us.archive.org/9/items/
AConstitutiveModelAndDataForMetals/A%20constitutive%20
model%20and%20data%20for%20metals_text.pdf.

Huh H, Kang W. 2002. Crash-worthiness assessment of thin-
walled structures with the high-strength steel sheet. Int ] Veh
Des. 30:1-21.

Cowper GR, Symonds PS. 1957. Strain-hardening and strain-rate
effects in the impact loading of cantilever beams. Technical
Report, Brown University.

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Somekawa H, Schuh CA. 2013. Nanoindentation behavior and
deformed microstructures in coarse-grained magnesium alloys.
Scr Mater. 68:416-419.

Somekawa H, Schuh CA. 2011. Effect of solid solution elements
on nanoindentation hardness, rate dependence, and incipient
plasticity in fine grained magnesium alloys. Acta Mater. 59:
7554-7563.

Meredith CS. 2021. Dynamic thermomechanical behavior of fine-
grained Mg alloy AMX602. Materialia. 16:101096.

Antoun T. 2003. Spall fracture. New York: Springer Science &
Business Media.

Marsh SP. 1980. LASL shock Hugoniot data. Berkeley: University of
California Press.

Wu X, Ramesh K, Wright T. 2003. The coupled effects of plastic
strain gradient and thermal softening on the dynamic growth
of voids. Int J Solids Struct. 40:6633-6651.

Wilkerson J, Ramesh K. 2016. Unraveling the anomalous grain
size dependence of cavitation. Phys Rev Lett. 117:215503.

Oliver WC, Pharr GM. 1992. An improved technique for determin-
ing hardness and elastic modulus using load and displacement
sensing indentation experiments. ] Mater Res. 7:1564-1583.
Oliver WC, Pharr GM. 2004. Measurement of hardness and elastic
modulus by instrumented indentation: advances in understand-
ing and refinements to methodology. ] Mater Res. 19:3-20.
Hackett B, Sudharshan Phani P, Walker C, Oliver W, Pharr G.
2023. Advances in the measurement of hardness at high strain
rates by nanoindentation. ] Mater Res. 38:1163-1177.

Lucas BN, Oliver WC, Pharr GM, Loubet JL. 1997. Time dependent
deformation during indentation testing. MRS Proceedings. 436:207.
Phani PS, Oliver WC, Pharr GM. 2020. An experimental assess-
ment of methods for mitigating plasticity error during nanoin-
dentation with continuous stiffness measurement. Mater Des.
194:108924.

Phani PS, Hackett B, Walker C, Oliver W, Pharr G. 2023. On the
measurement of hardness at high strain rates by nanoindenta-
tion impact testing. ] Mech Phys Solids. 170:105105.

Paisley D, Warnes R, Kopp R. 1991. Laser-driven flat plate im-
pacts to 100 GPA with sub-nanosecond pulse duration and reso-
lution for material property studies. Technical Report, Los
Alamos National Laboratory.

Paisley D, et al. 2007. Experimental method for laser-driven flyer
plates for 1-d shocks. AIP Conf Proc. 955:1337-1340.

Brown KE, Shaw WL, Zheng X, Dlott DD. 2012. Simplified laser-
driven flyer plates for shock compression science. Rev Sci
Instrum. 83:103901.

LiF, Dlott DD. 2022. High throughput tabletop shock techniques
and measurements. ] Appl Phys. 131:075901.

Dolan D. 2020. Extreme measurements with photonic Doppler
velocimetry (PDV). Rev Sci Instrum. 91:051501.

DiMarco CS, et al. 2023. Spall failure of ECAE Mg-Al alloys at ex-
treme strain rates: influence of a refined precipitate and grain
microstructure. Metals. 13:454.

Somekawa H, Singh A, Schuh CA. 2016. Effect of twin boundaries
on indentation behavior of magnesium alloys. J Alloys Compd.
685:1016-1023.

Murakami Y, Itokazu M. 1997. Elastic-plastic analysis of a tri-
angular pyramidal indentation. Int ] Solids Struct. 34:4005-4018.
MacNider B, et al. 2023. In situ measurement of damage evolution
in shocked magnesium as a function of microstructure. Sci Adv.
9:eadi2606.

Zhao S, et al. 2023. Deformation and failure of the CrCoNi
medium-entropy alloy subjected to extreme shock loading. Sci
Adv. 9:eadf8602.

$20Z J18qWIBAON ZZ Uo Jasn ABojouyoa] 1o symnsu| enasnyoessel Aq 8811 #9//81 | oebd/g/g/eonle/snxauseud/woo dno-olwspese//:sdny woJj papeojumoq


https://ia800102.us.archive.org/9/items/AConstitutiveModelAndDataForMetals/A%20constitutive%20model%20and%20data%20for%20metals_text.pdf
https://ia800102.us.archive.org/9/items/AConstitutiveModelAndDataForMetals/A%20constitutive%20model%20and%20data%20for%20metals_text.pdf
https://ia800102.us.archive.org/9/items/AConstitutiveModelAndDataForMetals/A%20constitutive%20model%20and%20data%20for%20metals_text.pdf

	High-throughput quantification of quasistatic, dynamic and spall strength of materials across 10 orders of strain rates
	Introduction
	Results and discussion
	Initial microstructure characterization results
	Nanoindentation results—mechanical properties and microscopy
	Mechanisms related to quasistatic nanoindentation
	Mechanisms related to high strain-rate nanoindentation
	Spall results—mechanical properties and microscopy
	Mechanisms related to spall

	Conclusions
	Materials and methods
	Thermomechanical processing and sample preparation
	Low to high strain-rate nanoindentation experiments
	LDMF shock experiments
	Limitations of the testing techniques

	Acknowledgments
	Supplementary Material
	Author Contributions
	Preprints
	Data Availability
	References


