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Abstract

We examine the statistical distribution of critical nucleation pressures necessary to dynamically grow voids during the
spall failure of an AZ31B magnesium alloy. The approach uses laser-driven micro-flyers to generate spall over times of the
order of tens of nanoseconds, allowing us to focus on void nucleation processes rather than void coalescence processes. Our
methodology combines quantitative postmortem characterization of void mediated failure with time-resolved interferometry
of the failure event, and reveals the dynamics of the failure process. We infer the distribution of the underlying nucleation
pressures and explore the associated strain rate dependence of spall strength in these alloys.

Keywords Spall failure - Void nucleation and growth - Micro computed tomography - Photon doppler velocimetry - AZ31B

Mg alloy - Laser-driven micro-flyer plates

Introduction

Spall failure occurs in a material under high-rate loading
conditions where stress waves interact to create localized
high tensile stresses, activating failure mechanisms such
as dynamic void growth [1]. Improving the resistance of a
material to the failure mechanisms associated with spall is
then relevant to the goal of developing next-generation pro-
tection materials that must withstand ballistic or explosive
loading. The role of dynamic void growth as a failure mecha-
nism during spall has been a subject of study since Rinehart
[2] characterized the ultimate tensile strength of steel, brass,
Al, and Cu alloys under explosive loading. In dynamic void
growth, the local dynamic hydrostatic tension causes the
unstable nucleation and growth of a cavity [3, 4]. These
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cavities, or voids, coalesce to degrade the load-bearing
capacity of the material.

This phenomenon is conventionally studied with gas guns
and explosive loading, typically resulting in a single valued
“spall strength”. Such loading techniques can achieve strain
rates as high as 107 s~! or more, but can make specimen
recovery difficult due to the large kinetic energies from load-
ing. Instead, laser-driven approaches have been sparingly
employed in recent spall studies to improve experimental
throughput and impart less kinetic energy upon the speci-
men than through conventional experimental techniques
[5-16]. Peralta et al. and Wayne et al. [11, 12] used the
Trident laser facility at Los Alamos National Laboratory
with the goal of causing “incipient” spallation in copper
polycrystals. In incipient spall, the growing voids in the
region of high tension (called the spall plane) have not coa-
lesced to form a contiguous plane of failure in the specimen.
Their approach used the laser facility to accelerate flyers
for impact against the specimens, and they then performed
optical and scanning-electron microscopy, along with elec-
tron backscattering diffraction, to identify the microstructure
features that act as the void nucleation sites with greatest
frequency (However, the sectioning and polishing methods
used to uncover the voids for microscopy were destructive
to the specimen).

Brown et al. [13-15] used the same laser-driven flyer
system at the Trident laser facility, but used micro-com-
puted-tomography (p-CT) techniques to non-destructively
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obtain statistics of incipient spall voids within the speci-
men. They first examined void statistics in spall of poly-
crystalline copper, correlating the shape of captured voids
to potential microstructure features where failure nucleates
such as high-angle grain boundaries [13, 14]. Their findings
were compared against numerical simulations incorporating
crystal plasticity and void growth models with good agree-
ment [17, 18]. Subsequently, they applied their approach
to nickel and titanium polycrystals, finding that there may
be potential thresholds in the statistics that can differentiate
between when a void has just nucleated, grown, or coalesced
[15]. We further investigate the utility of these postmortem
statistics here.

Conventional spall strength evaluations rarely address
these statistics of the dynamic failure threshold. Grady
and Vogler et al. [19, 20] have identified significantly var-
ied shock failure behavior within even individual shocked
specimens, especially in the presence of diverse dissipative
structures like materials with fine-grained microstructures.
To better understand this stochasticity, we use a laser-driven
micro-flyer apparatus [21] that imparts four orders of magni-
tude less kinetic energy into the specimen than conventional
methods, while attaining similar or higher strain rates all on
the lab-bench. The lower kinetic energy aids in specimen
recovery for subsequent characterization. Analysis of the
recovered specimen with micro-computed-tomography tech-
niques reveals the pressure threshold statistics for unstable
dynamic void growth that ultimately leads to spall failure in
the specimen.

Material Investigated and Experimental
Methods

Magnesium alloys are an attractive material system for pro-
tection applications owing to their high specific strength
(the ratio of the yield strength to the density) and stiffness,
but can have low failure strains relative to other lightweight
structural metals (e.g. Al, Ti). Under dynamic conditions
experienced by protection materials undergoing ballistic
impact, magnesium has shown a relatively low resistance
to cavitation-driven spall failure [22], however the advanta-
geous specific strength continues to draw interest in impact
applications where Mg has a tremendous weight savings
potential for vehicle and personnel armor [23]. We examine
dynamic void growth during the spall failure of AZ31B Mg
alloy thin foils. The AZ31B Mg alloy thin foil targets are
prepared using a shear-based deformation process called
extrusion-machining that exploits large strains intrinsic to
machining with the dimensional control of extrusion [24].
The 175 pm thick samples are processed to develop a nomi-
nal von Mises strain of 0.6 at a strain rate of 6 x 103 s7!,
resulting in a highly twinned and sheared microstructure
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with an average grain size of ~ 2.4 pm (by area fraction)
and with a uniformly distributed grain size distribution with
significant area fractions between 2 and 15 pm (Shown in
Fig. 1). 3 mm diameter specimen disks are punched from
the sample and are adhesively bonded to a 125 pm thick
spacer that separates the specimen coupon from the flyer.
The foils are characterized by tilted-basal type textures with
the (0002) basal planes aligned at an angle with respect
to the foil surface [24] (EBSD scans for these targets and
experimental configuration are presented in detail in [21]).

The AZ31B Mg thin foils are subjected to shock load-
ing using a laser-driven micro-flyer apparatus [21] which
launches 50 pm thick and 1.5 mm diameter Al flyers at
impact velocities up to 1.5 km/s to generate spall failure in
the 175 pm thick AZ31B Mg targets. The spall response is
characterized through analysis of the free-surface velocity
history obtained with photon Doppler velocimetry (PDV)
employing a probing spot size of ~ 50 pm, ensuring that the
material response of multiple grains is captured during the
experiment. Both the laser-driven micro-flyer apparatus and
the velocimetry are described in detail by Mallick et al. [21,
25, 26] and were developed with assistance from the Dlott
research group [27].

Results: Velocimetry and Microstructure
Characterization

The PDV during the impact experiments provides a direct
measurement of the free surface velocity of the AZ31B Mg
alloy samples. The velocimetry result for the experiment that is
the focus of this study is presented in Fig. 2. Note that the total
time is only 80 nanoseconds. This velocimetry signature is the
signature of a spall failure, where a piece of the target material

0.15 T T T

0.1

Area Fraction

0 5 10 15 20
Grain Size, d, (pm)

Fig. 1 Distribution of grain size d, by area fraction in the as-received
AZ31B thin foil
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Fig.2 Velocimetry record from presented spall experiment with
peak compression/shock stress, peak tensile stress, and residual stress
events labeled with arrows

begins to separate from the overall foil as a result of the pro-
cess of spallation (failure under high dynamic tensile stress).

The free surface velocity history shown in Fig. 2 is analysed
to understand the stress history in the target throughout the
spall failure process (Experiment 1 in Table 1). At ~ 25 ns,
the peak compressive stress is achieved, corresponding also to
the maximum compressive hydrostatic stress, 2, ; ~ % (this
is denoted by “Peak Shock Stress” in Fig. 2). The maximum
velocity is defined as U,,,,,, allowing an estimation of the peak
shock stress as,

1
Zvpeak = _EIDCOUmax’ (1)

with reference density p and bulk wave velocity C, = /K /p,
where K is the bulk modulus, noting that the stress state is
not purely hydrostatic but the yield and shear strengths of
the material are small in comparison to the shock stress.
In the experiment analyzed here, this peak shock stress is
~ —2.99 GPa, where the negative sign denotes compression.
The velocity “pullback” signal occurs at ~ 45 ns (the point
denoted by ‘“Peak Tensile Stress” in Fig. 2), with the cor-
responding “pullback” velocity defined as U,,,,, — U,,,;,- The

min*

so-called “uncorrected” spall strength X* of the material can
then be estimated by
|

2= EPCO(Umax = Uin)- 2
We perform a postmortem recovery analysis of a single
spall experiment for this study by capturing the deformed
specimen in a tray lined with polydimethylsiloxane that pro-
vides a soft catch, yet is optically transparent to allow for
the PDV velocimetry. We also conducted four other spall
experiments without recovery on the same AZ31B Mg alloy
sample, measuring an average spall strength calculated using
Eq. (2) of 1.69 + 0.06 GPa (Table 1 also includes these 4
experiments performed without recovery). Figure 2 also
shows the spall pulse corresponding to the residual stress
in the separated spalled plate. The velocity corresponding
to the “Residual Stress” is denoted by U, ;4. This velocity
approaches U, in over-driven spall experiments, where the
magnitude and duration of the tensile stresses nucleates and
grows failure mechanisms to full coalescence in the spall
plane [28]. In the case of the limited nucleation and growth
of failure mechanisms due to the short shock duration and
lower shock stress imposed by the laser-driven experiment
in this work, there is a residual stress in the spall plane cor-
responding to Eq. (2), where U4, 1S substituted for U, ;,
(i-e. U, pgiguar < Uonax resulting in a residual tensile stress of
~ 1.15 GPa in this particular case) [29, 30].

The duration of tensile stress is estimated from Fig. 2
by determining the crossover point between compression to
tension from 2, to Z* using the difference in time between
the two events in the velocity history (~ 19 ns in this case).
The resulting tensile stress history is assumed to be mono-
tonically increasing from O to 1.69 GPa over ~ 7 ns, effec-
tively assuming a very rapid rise past the Hugoniot elastic
limit [31] as the material moves from peak compression into
peak tension. The velocity record indicates residual tensile
stress of about ~ 1.15 GPa after peak tension, but the dura-
tion and variations in the residual history following the peak
tension cannot be easily determined without a full simulation
because the interaction between the residual stress wave and
the partially separated spall plane is very complex.

Table 1 Summary of spall
experiments performed with

Test number

Shock Stress z,

Pullback Velocity Spall Strength X*  Tensile Strain

eak

GP U = Ui (/s GP Rate = (x10°

175 pm thick AZ31B Mg alloy (GPa) max = Unin (WV/5) (GPa) s_e})e w ¢
specimens, with an asterisk
denoting the experiment 1% 2.99 426 1.69 212
performed with recovery for the 2 508 449 L77 3.49
subsequent postmortem XCT
analysis 3 3.04 430 1.70 243

4 3.60 412 1.63 3.24

5 3.81 423 1.67 2.83
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Now that we have an approximation for the stress state
that caused the spall failure observed in Fig. 2, we exam-
ine the recovered sample to understand the consequences
of that dynamic loading history. Figure 3a-c shows a couple
of slices and a 3D reconstruction of the micro-computed
tomography (p-CT) scan of the deformed specimen cor-
responding to the velocity history shown in Fig. 2, taken
with a Bruker Skyscan 1172 p-CT (Kontich, Belgium) using
a 0.81 um? voxel size. The reconstructed p-CT scan indi-
cates the existence of a principal spall plane where voids
are clustered. The spall plane consists of a ~ 1 mm diam-
eter and ~ 20 pm thick region containing a collection of
voids. Most of the void growth is along the principal spall
plane, but the voids are not fully linked up, confirming that
the spall failure was an incipient spallation as indicated by
the residual stress in the velocity history after peak tensile
stress. The reconstructed scan is segmented in MATLAB
using Otsu thresholding. A morphological closing operation
using a disk structuring element is performed to eliminate
mis-classified pixels due to noise. The size of the structur-
ing element is chosen by examining mean void radius from
the segmented scan while changing the structuring element
size. The structuring element is varied between 2 pixels and
5 pixels, and the smallest changes in mean void size with
respect to changes in filter threshold occur with a structuring
element size of 3 pixels.

Impact Direction (©)

@)

(b) b (i 1 Impact Direction

Fig.3 XCT scans of the deformed specimen disk from Test Number
1. a XCT slice segmented to show voids (grey) in the AZ31B Mg
alloy (white) after masking off regions outside the specimen (black).
This slice is taken at a depth of approximately 145 pm into the speci-
men disk away from the impacted face, and shows the plane perpen-
dicular to the direction of impact (cut plane shown in top schematic
using dashed red lines). The damage region is emphasized by a pur-

@ Springer

© Impact Direction

The resulting dataset captures ~ 2500 voids, the sizes
of which can be characterized from the p-CT data. The
average of the measured principal radii of each void is
defined as the final radius ¢, and varies from 1 to 148
pm. The void aspect ratio (ratio of largest principal radius
to smallest principal radius) varies from unity to 17.75
as shown in Fig. 4. Notice that the scan voxel size makes
sub-micron voids impossible to resolve in this dataset.
Some of the captured void data undoubtedly consists of
individual voids that have impinged upon each other to
create a coalesced void.

To identify individually grown voids, we first calculate
the mean inter-void spacing in the dataset, /,,,. Voids with
radii larger than half of this /,, spacing are likely to be a
coalescence of two or more voids, so we exclude voids with
radii larger than /,,/2 = 6.85 pm. This threshold is illus-
trated as the solid purple line in Fig. 4, and eliminates ~ 175
voids from the p-CT dataset. The aspect ratio, or shape, of
void regions may also indicate multiple coalesced voids, so
we leverage the simulations of [32], who consider plastic
anisotropy and orientation-dependent activation of defor-
mation mechanisms in pure Mg to estimate individual void
aspect ratios under far field loading of various triaxialities.
Their results indicate a maximum aspect ratio of 3.5 for a
single deforming void, so we remove ~ 1100 voids from the
p-CT dataset with larger aspect ratios, identifying these as

500 pm

ple dotted box. b Side slice of the specimen disk taken through the
center of the disk (cut plane shown in top schematic using a blue
solid line). ¢ 3D reconstruction of voids in the spall plane, now with
the AZ31B Mg alloy masked off as well (region of interest shown as
dotted lines in a). Note the incipient to intermediate spall exhibited by
regions of isolated voids and intermittent regions of coalesced voids
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Fig.4 Mean void radius and aspect ratio data from filtered p-CT
scan of deformed target. The void radius is the average of the prin-
ciple radii of each void. A solid purple line is shown where data is
excluded when void radii are above half the mean inter-void distance
(a threshold of 6.85 pm). A dashed red line is shown where data
is excluded above aspect ratios of 3.5. A dotted blue line is shown
where data is excluded below the noise threshold void radii of 2 pm

likely to be coalesced voids (i.e., we ignore the data above
the dashed red line in Fig. 4).

The empirical cumulative distribution of the void radii data
for aspect ratios less than 3.5 is shown in Fig. 5 as the solid
blue line. In the case of incipient spall, only some of the voids
will have grown to a large radius, so we assume the resulting
void radii follow a bounded power law distribution,

—af".’""[(AR<3.5)
0.9 H- -Fitted Bounded Power Law

08F

0.7

0.6

05F

Cumulative Distribution

1.8 2.1 .

1.9 2
Void Radius

0 1 1 1 1 1
6 7

2 3 4 5
Void Radius, a/™® (um) (af™! < 6.85um, AR<3.5)

Fig.5 Experimental cumulative distribution function of voids with
void radii below 6.85 pm and aspect ratios less than 3.5 shown as the
solid blue line. The dashed red line is the cumulative distribution of
a fitted bounded power law distribution. The inset shows voids with
radii < 2 pm are mixed with noise, so we exclude those voids as
shown in Fig. 4 (blue dotted line)

@ =p—

T @
The cumulative distribution function is obtained as the inte-
gral of Equation 3, i.e. G(a) = (@ —d’ )/ —d’ ). The
fitted power law distribution of Equation 3 is shown as the
red dashed line in Fig. 5 with a power law shape param-
eter of f = —2. This fit shows excellent agreement with the
experimentally observed void subset. The inset in Fig. 5
shows step-like data clustering for void radii smaller than
2 pm, suggesting that data under that threshold is mixed
with noise from measurements near the p-CT instrument
resolution limit. Those ~ 150 voids are to the left of the
dotted blue line in Fig. 4 and are excluded from the dataset
going forward.

To quantify the error from using p-CT data to obtain void
radius statistics, we utilize the p-CT shape error analysis
by Patterson et al. [33]. Their experimental study shows an
absolute error below 10 percent in measuring discernible
axis lengths (Feret’s diameter) in an object once the number
of voxels in the object approaches ~ 1000 conservatively. To
estimate the error based on void size in our study, we apply
a least squares logarithmic fit of,

e = 0.3906 — 0.05386 log(N,,,), @)

with absolute error percentage € and number of voxels N,
(R? = 0.5281). Now that we know both the tensile stress his-
tory and the resulting population of individual voids within
the spall domain for this specimen, we can examine the
nucleation and growth of voids during the spall process. We
proceed with the subset of voids illustrated by the histogram
in Fig. 6 selected by the aforementioned size and aspect
ratio criteria. The error bars in Fig. 6 denote the changes

250 T T T T

200 F 1

150 1

100 F 1

# of Voids

S50 F 1

0 . :
3 4 5 6 7
Void Radius, a/™ (ym) (AR<3.5, 2um< a/™* <6.85um)

Fig.6 Histogram of a subset of the void distribution from Fig. 4
containing only voids with radii between 2 and 6.85 pm, and aspect
ratios below 3.5
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in histogram counts if the absolute error from Eqn. (4) is
applied to the entire dataset given fixed bin limits with lower
errors associated with larger void sizes, as expected.

Discussion
Nucleation and Growth of the Weakest/Largest Void

The stability of single voids in elastic-plastic materi-
als subjected to far-field hydrostatic tension has been
discussed by a number of researchers such as Huang
et al. [34] and Wu et al. [3]. Modeling the relationship
between this instability and spall failure, separate from
models of just the deformation mechanisms in this com-
plex material system [35], involves the interactions of
a number of voids with some size distribution and has
been explored by Molinari and Wright [4] and Wright and
Ramesh [36]. More recently, Wilkerson and co-workers
have addressed the problem for ultra-high rate loading
like in laser-driven experiments [37, 38]. Here we use an
analytical result from Huang et al. [34], who developed an
expression for the critical pressure R for void nucleation
and unstable growth:

2 39y
Ry=§y{1_ln§f} 5)

Here, the Young’s modulus is E and o, is the yield strength.
To account for Hall-Petch strengthening, the yield strength
may be modeled as o, =0, +k /\/d_g where o, is the
Hall-Petch reference strength, &, is the Hall-Petch strength-

s Ky
ening constant, and the grain size is d,. Using o, = 12.2
MPa [39], k, = 7.2 MPa - mm'/2 [39] and d, =24pm [21],
R, = 0.64 GPa for the AZ31B Mg alloy in this study. This
stfength is on the order of those inferred from shock experi-
ments in similarly fine-grained Mg alloys loaded at compa-
rable strain rates [40].

The evolution of void size under monotonically increas-
ing far-field hydrostatic tension is described by a nonlinear
ordinary differential equation, which can be solved analyti-
cally for the special case of a constant tensile strain rate [4,
38], giving the final void radius of an initially infinitesimal
void as,

g (Z-R.)” R, )"
33 \/'2* '

The reference density is p = 1773.75 kg/m? [41] for the alloy
in this study. After substituting the remaining parameters
from the material properties and from the velocity record,
(2* = 2.46 x 108 GPa/s, X* = 1.69 GPa) the resulting maxi-
mum void radius is @ = 1.702 pm when R, takes on its

(6)
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minimum value, R, = R,. This maximum void radius is
larger than nearly all of the raw void data, and nearly a third
of the maximum of the void subset identified in the prior
section, so we now consider post-spall void growth dynam-
ics to gain further insight into the failure threshold of the
AZ31B Mg alloy.

Estimating Statistical Distributions of Void
Nucleation Pressures

Notice that Eq. (6) gives the void radius at the moment
of peak tension a*, but that our captured void radius sta-
tistics, for ™ are from the recovered samples after
any subsequent growth and potential post-spall loading.
With that caveat, we examine the statistics of the void
radius distribution to see if we can understand the extent
of the difference between ¢ and a*. Wilkerson and
Ramesh [42] consider the maximum possible pressure for
lattice instability as the ideal tensile strength of the mate-
rial, R, = pCé/4S with § as the linear coefficient of the
shock-velocity to particle—velocity relationship. For pure
and alloyed magnesium, S =1.28 [43], resulting in an esti-
mate of the ideal strength as R,,; =7.15 GPa. In order to
incorporate nucleation into a critical pressure threshold,
they assume that the critical nucleation pressure R, at
any random position in the material lies between R, and
R.,s- The stochastic distribution of the critical pressures
between R, and R, is difficult to determine for a given
material, so we attempt to characterize it henceforth, with
the intuition that the largest voids will correspond to the
lowest critical pressures, and vice versa.

In all likelihood, there is further void growth after
spall because the velocity record indicates residual ten-
sion in the spall plane, so @™ > a*. Even in the case of
over-driven spall, there is a short transient of tension after
peak tension as the coalescing failure relaxes stress in the
spall plane, growing the voids so that @™¢ > g*. We must
consider the input void distribution when estimating the
critical nucleation pressures. Wilkerson and Ramesh [37]
have demonstrated that under a transitional void radius
a; .., void growth is limited by dislocation drag mediated
resistance.

They present a closed form expression for

ar = ﬁ\ / % (2* - Ry> with Burgers vector b = 0.321

nm [39], mobile dislocation density

=~1-10x 10"m™2 [44], and shear wave speed
C, = 3065 m/s [41], resulting in a transitional void radius
between 1.7 and 0.17 pm depending on the mobile disloca-
tion density. When above this transitional void radius, void
growth rates are controlled by inertial resistance. Inertia
mediated void growth rates are uniform across initial void
radii, implying that both aﬁ"‘d =Aa+a’, and
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afn';il = Aa + a;, . This calculated radius threshold for uni-
form post-spall growth is below the minimum void radius
in our experimental data, so we assume that the stochastic
distribution of @™ is the same as the distribution of a*.

As the largest void afn';fcl corresponds to the lowest criti-
cal pressure R, = R, we take the ratio of ¢ to am!
using Eqn. (6), and invert this ratio to obtain an expression
for R,

nal __ final y
* * min 2/3
RCV =2 - <Z - R)’> (aﬁnul aﬁnul ) : (N

The probability density and empirical cumulative distribu-
tion of resulting nucleation pressures from this procedure are
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Fig. 7 a Probability distribution function of critical nucleation pres-
sures R,, calculated from observed void radii @™. The dashed line
is a bounded power law distribution fit. Error bars are calculated from
the absolute errors in the void size distribution from Eq. (4). b Cumu-
lative distribution function of critical nucleation pressures R, cal-
culated from observed void radii @™. The dashed line is a bounded
power law distribution fit

shown in Fig. 7a, b (solid blue) with an overlaid bounded
power law fitted to the data (dashed red line). The experi-
mental distribution begins at 0 and ends at X*=1.69 GPa
as expected. Error bars are calculated by substituting the
dataset with the maximum and minimum error from Egs.
(4) into (7) while keeping the histogram bin limits constant.
The fitted bounded power law g(R,) follows the same ana-
lytical form of the probability density for @™ in Eq. (3)
but with § = 2. The fitted power law follows the empirical
distributions with reasonable agreement, except at the high-
est nucleation pressures near ~ 1.6 GPa corresponding to
smaller void radii where errors in the p-CT technique are
the largest.

Estimating Spall Strength from the Statistical
Nucleation Pressures

Assuming that the shape of the nucleation pressure threshold
distribution remains the same from >*to R, an analytical
model is applied to estimate spall strengths across various
strain rates (see Wilkerson and Ramesh [42] for complete
details),

K (Reos - )ﬂ . v 2
R 4 = e —O( ),/x+7/2 8)
¢ 1n(2):CIKPEN, Vo
with ¢ = 3*;’; and & = (f +9/2)2°T(H) [12_,(9 +2i)™". An

alternative version of Eqn. (8) is also provided in [47]. The
void number density N, is estimated by looking at the mean
void spacing [, in the raw void distribution by
N, =1/B ~3.9x10"m’. A single standard deviation in
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Fig.8 Modeled trend in spall strength with respect to strain rate using
three measured cavity number densities N,, and the critical nucleation
pressure probability density (black lines). Experimental spall strength
measurements on similar Mg alloys are overlaid from [41, 45, 46]
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the mean void spacing from the tomography data prescribes
a wide range of N, from 6.9 x 10"*m=—3t03.5 x 10'm=3, so
each bound and the mean is plotted as lines in Fig. 8. The
model using the mean void spacing is shown as a solid black
line, while the model using the void spacing decreased by a
standard deviation is shown as a dashed black line, and the
model using the void spacing increased by a standard devia-
tion is shown as the dotted black line.

Farbaniec et al. [41] performed gas-gun spall studies
on equal channel angular extruded AZ31B-H24 Mg alloy
with a nominal grain size of ~ 3 pm. While their grain
size is similar to our material, the processing strain rate is
3 orders of magnitude lower and the grains are equiaxed
with a strong basal texture along the loading direction. Yu
et al. [45] performed gas-gun spall studies at higher rates
on equal channel angular processed AZ31B Mg alloy with
a tilted basal texture similar to the Mg alloy in this study.
The grain sizes in their work also ranged between 1.5 and
5 pm. Garkushin et al. [46] performed gas-gun studies
on equal channel angular pressed Ma2-1 Mg alloy with
a larger average grain size at ~ 7 pum with an unreported
texture. Though the alloy microstructures are different
from case to case, the overall trend of rising spall strength
with strain rate is nicely captured by the model (over-
laid on Fig. 8). Our specimens feature a more deformed
microstructure, so the potential number of cavitation sites
perhaps trends higher and our spall strength data more
closely follows the larger number density trend (dashed
black line). We expect a better fit with the model as the
p-CT technique resolution sharpens and smaller voids are
better resolved, improving both detection of the shape of
the void distribution as well as the mean void spacing used
in the model. Conversely, the modeling suggests that mate-
rial design to improve spall failure resistance should move
towards processing that introduces fewer failure nucleation
sites (lower N,) yet increases the yield strength (increase
R,) in the microstructure. The dotted black line in Fig. 8
therefore represents the upper threshold of the microstruc-
ture design envelope for this fine-grained alloy.

We acknowledge that the simulated distribution can-
not directly describe pressures above the spall strength of
the material, even though the critical nucleation pressure
in regions where void growth did not occur is obviously
higher than the measured spall strength. Regardless, this
novel approach provides an experimentally observed dis-
tribution of cavitation nucleation pressures, giving in the
very least a sense of the shape of the distribution that is
conventionally only reported as a single peak tensile pres-
sure in spall experiments. Additionally, over half of the
measured void radii in the raw dataset are proposed to be
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a combination of two or more impinged voids and 99%
tend to be larger than the transitional void radius between
dislocation-drag mediated and micro-inertia mediated void
growth, suggesting that the growth of large voids that are
responsible for spall failure is micro-inertia dominated.
We intend to perform further studies on other structural
metals to further evaluate our procedure.

Given the distribution of void sizes g(¢/), we can esti-
mate the irrecoverable porosity from the distribution of
voids at spall in terms of the “plastic” change in specific
volume, 4v,/v,, when porosity is low (~ 10 percent or
less [4]):

Dy _dmy [
vo 3 U /e

min

g(a)a’da, ©)

with void number density N,. One of the simplest possible

. . A
equations of state is X = K %, where v =v, + v, and the
0

recoverable change in specific volume is 4v, /v, [48]. In that
case the peak tension is achieved when X = 0 or,

S=KZ - &) =0, (10)
Yo Vo

The time derivative of Eq. (9) now results in an expres-
sion relating volumetric strain rate to the time derivative
of porosity at spall. Now, the subset of our void data is best
approximated by the aforementioned bounded power law
distribution in Eq. (3) with f=-2. After substituting this den-
sity function into Eq. (9) and taking the time derivative as
per Eq. (10), the resulting expression equating the volumet-
ric strain rate to the porosity is,

i = 4_” 2 (@ —a*.)
VO 3 V(aﬁnAal)_z —(a}jn’;axl)_z max min’’ (11)

min

where we have assumed that the number density N, does not
change during the loading. When X* is less than R, the
smallest void is guaranteed to not grow, so &, . =0. The time
derivative of Eq. (6) for the largest void under monotonically

increasing tensionis @y = 4/6/114/ (Z* - R},>/p [4], so
Eq. (11) can be inverted to find the spall strength as a func-
tion of the measured void distribution:

(N @ = @)’ 2

V() min

« 99p
2 =Rt s
Thus only the number density is required to estimate the
spall strength from the final void distribution. We can again
utilize the void number density from the tomography data
(N, =1/B, ~3.9%x 10" m). These parameters then allow
us to obtain an estimate for the spall strength as 1.45 GPa.
This is satisfyingly close to the spall strength measured from
the velocity record (1.45 versus 1.69 GPa), but we note that
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this spall strength estimate has a wide margin of devia-
tion- the maximum and minimum void sizes and mean void
spacing have large standard deviations. The analytically esti-
mated strength is lower than the strength from the velocity
record, again suggesting that the subset of voids used in Eq.
(12) can be improved through better resolved tomography.

Concluding Remarks

In summary, we have introduced a methodology to learn
the distribution of critical nucleation pressures for unsta-
ble cavitation in an AZ31B Mg alloy undergoing spall
failure. We use micro-computed tomography scans of
specimens deformed using a laser-driven shock loading
apparatus that imparts incipient spall to obtain final void
radius statistics. Velocimetry on the specimen free sur-
face provides a time-resolved stress history during spall.
Analytical expressions describing inertia-mediated void
growth allow reverse calculation from the observed void
radius statistics to the pressure distribution threshold for
failure of the Mg alloy. The measured void statistics and
critical pressure distributions inform a model that captures
rate-dependent spall strength with satisfactory agreement
to our spall experiments and those found in the literature.
This technique provides the first ever experimentally
reported distribution of cavitation nucleation pressures
that are typically only reported as a single peak value from
spall experiments. The experimentally informed analytical
model in this study suggests an upper threshold in the spall
strength of fine grained AZ31B Mg alloy through materi-
als design controlling for increased yield strength and for
minimized potential void nucleation sites. We expect the
quality of our technique to advance as micro-computed
tomography resolution improves.
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