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Spall occurs when materials are subjected to shock impacts; under this loading, the material properties can be modified
through microstructural changes and phase transitions. The effect of these changes on subsequent spall has been under-
explored. The anisotropy of tin’s ambient crystal structure and the accessibility of the § — ¥ solid-solid phase transition
under shock loading means that tin offers a rich domain in which to study spall failure. Through testing single-crystal
and polycrystal samples shocked above and below this transition, the effects of these variables on the deformation
behaviour of tin can be determined. Although no orientation dependent spall behaviour is observed, unusual strain-

rate-dependent behaviour is observed, indicating likely mechanisms for the high-rate behaviour of tin.

I.  INTRODUCTION

When compressive shock waves reflect from surfaces, ten-
sile waves can be created. The interaction of such waves
can result in the creation of new surfaces through inter-
nal tensile failure, commonly known as spall. The phe-
nomenon of spall is not a fixed material property, but
rather a dynamic response shaped by a number of fac-
tors of both the experiment and the sample. In particu-
lar, the role of microstructure!™, crystal orientation!>-8, re-
lease strain-rate>!!, phase transformations!? and peak shock
pressure!%13-15 can all influence the mechanisms of spall.

One particularly interesting feature of tin is the asym-
metry of its ambient phase, B-tin'®!7. This phase
takes the form of a diamond lattice compressed along
the diagonal, resulting in properties such as the electrical
resistivity'®, yield strength!®, thermal expansion!®2%24 and
compressibility'825-30 all showing a clear dependence on the
orientation of the crystal. Tin also undergoes a phase tran-
sition to a tetragonal y phase at approximately 9 GPa under
shock loading®'. This phase transformation is readily acces-
sible under shock, and is associated with a significant refine-
ment of the grain size®>-34. Together these phenomena mean
tin offers a rich domain of states in which to test spall fail-
ure. Through testing spall in a range of single- and polycrys-
tal samples, both above and below this phase transition, a bet-
ter understanding of the underlying behaviours of tin can also
be reached, complementing the authors’ previous study of the
Hugoniot states of single crystal tin3!.

A. Background

The earliest spall measurements of tin by Lalle in Grady'”
map the drop in spall strength corresponding to melt-on-
release, with the dataset later expanded by Kanel ef al.'>. Be-
tween these two sources, measurements are mainly between a
peak pressure of 15 and 30 GPa. These data were later aug-

mented with additional experiments and modelling by Robert
et al.'> and most recently by Wu et al.>>. The damage induced
in these two key loading situations, namely solid and melt on
release, has also been studied using proton radiography>°.

Together, these show a strong drop in spall strength as the
peak shock pressure increases, see Figure 4. However, some
uncertainty remains regarding the strength of the solid phases.
Some authors have suggested that spall strength may increase
slightly with peak pressure®, although there is considerable
variation between sources.

While these studies all use peak shock pressure to heat the
sample, a number of studies preheat or cool the sample to in-
vestigate the spall strength. In one such example by Zaretsky
and Kanel!4, the sample’s initial temperature is varied, show-
ing a very weak decrease in spall strength for temperatures be-
low ambient, and a very rapid drop off approaching the melt
point. With peak free-surface velocities around 400 ms ™!, the
material is unlikely to reach stresses high enough to induce
the transition to the ¥ phase and the time at low temperatures
insufficient for significant ¢ to form. Similarly Kanel e al.?’
and Ashitkov et al.3® preheat the sample prior to spall to test
the strength of the liquid phase.

Spall has also been observed using ramp wave loading, with
Chong et al.* using this loading to measure the spall strength
in samples that have reached the y phase. Laser driven shocks
have also been used to measure the spall strength of solid tin.
Moshe et al.” investigate the spall strength and its relationship
with the spall strain-rate. The quoted particle velocities for
these experiments are in the range 0.29 kms~! to 0.8 kms~!,
indicating a range of peak pressures spanning the § and y
phases. However, neither the particle velocity nor pressure is
published, meaning the pressure history cannot be estimated.

Combined with recovery, laser driven shocks have been
used to investigate the onset of melting upon release*—3.
Fielding velocimetry at low pressures shows a clear pull-back
corresponding to spall, while at higher pressures no such clear
pull-back is visible. Indeed the increased noise levels are per-
haps a better indication of the change in phase than the nu-
merical values attributed to the pull-back for the high-pressure



tests. Considering also the large decay in peak shock-pressure
between the driven and free surfaces, these results perhaps
bridge between the domain of spall and the domain of dy-
namic fragmentation. The use of X-rays to diagnose the phase
and temperature of the fragments released and modelling by
Yang et al.** adds additional data underlining the complexity
of this loading case.

Spall in tin has been modelled, most notably using molec-
ular dynamics in single crystals**®.  With molecular dy-
namics being able to model the underlying phenomenon,
such as the initiation, growth and coalescence of voids, these
computational studies offer insights beyond that which can
be achieved by free-surface measurements, or even X-ray
imaging®®. However, it remains to be seen how closely these
simulations match experimental values, highlighting the need
for experimental measurements.

As such, reliable and accurate measurements are required
to isolate the influence of strain-rate, peak-pressure and phase
on the spall behaviour. The influence of single crystal orien-
tation is also an important consideration. Given anisotropic
spall behaviour has been found in materials with greater crys-
tal symmetry than tin such as molybdenum’, copper®’ and
aluminium!®, studying the spall in single crystal tin is im-
perative to better understand the orientation dependent be-
haviour of the material. Spall is also dependent on the
microstructure! =3, so studying spall above and below the 3 to
Y phase transition may indicate any changes in the microstruc-
ture that occur.

Il. METHODS

Continuing the experiments the authors presented in®!,
a ‘top-hat’ geometry, Figure 1, is used. This design, us-
ing a C101 copper driver plate upon which photon Doppler
velocimetry (PDV) is fielded using the double telecentric
arraySO, allows for the shock wave speeds to be measured,
and also provides a datum from which the crystal orientation
can be quantified. With a scope sampling rate of 40 GSs™!,
a typical window size of 128 samples and a 50 % overlap are
used, giving a time resolution of 1.6 ns. Where the PDV sig-
nal is weaker, the window size is increased to 256 samples,
corresponding to a resolution of 3.2 ns. While this geometry
is optimised for Hugoniot measurements, characteristic pull-
backs are present in the free-surface traces, allowing analysis
of spall in single-crystal tin above and below the phase transi-
tion.

Tests using this setup are conducted at four impact veloc-
ities, on three single-crystal orientations (001), (100), and
(110), and polycrystal samples. The single crystals are all of
diameter 10 mm and were indexed relative to the driver plate
in order to compare the shock tilt to the crystal axis; see Fig-
ure 1. Polycrystal samples were cut from a stock bar with a
diameter of 11 mm. All sample densities were determined us-
ing the Archimedes method. The sample thickness was mea-
sured before and after mounting, although the depth gauge
used was unable to resolve the difference in thickness, mean-
ing the glue layer is assumed to be less than the resolution

of 0.01 mm. Sample measurements, including Hugoniot state
measurements are presented in Appendix A.

Two tests are conducted with peak pressures above the
threshold for the 3 to y phase transition and two below. Thus,
comparison between the spall strength of material that has un-
dergone a transition and that which has not in single-crystal
and polycrystal samples can be made. In addition, further
polycrystal tests are conducted using different thickness sam-
ples and flyers to study the strain-rate dependence of spall.
Experimental data are tabulated in Table II, and selected rear
surface traces are presented in Figure 2.

Experimental traces are linearly segmented to analytically
determine the pull-back height; see Figure 3. Not only does
this approach simplify the inherently noisy PDV signals, but
it also allows bridging of the regions where the signal drops
out. The velocity prior to pull-back upy,x and the lowest veloc-
ity reached up;, are then calculated from the intersections be-
tween the fits. Given the peak state is assumed to be constant,
the uncertainty of up,y is estimated using the 95 % confidence
interval of the fit to the peak state. Similarly, the uncertainty
of umin 1s estimated to be the 95 % confidence interval of the
pull-back fit evaluated at the minimum point.

To determine the optimum fit, a brute force optimisation
is applied. The peak state is determined through minimis-
ing the free-surface uncertainty (see®! for additional details),
while the pull-back is determined through minimising the un-
certainty of both upax and up;y-

A. Spall strength

The simplest method of determining the spall strength uses
the drop in the free-surface velocity (Au, the difference be-
tween Umax and upiy), to estimate the corresponding tensile
stress at failure ¢ using

o= %pocAu. (1)

Here, py denotes the initial density of the tin sample and c the
wave speed. This wave speed is typically taken as the bulk
sound speed, representing a wave speed slower than the initial
release wave from the rear free surface, and the ambient elastic
wave speed; but above the shear wave speed.

This equation is used extensively in the polycrystal tin spall
literature. For instance, Robert ef al.!> use equation 1 with
a sound speed of 2.8kms~!, corresponding with the bulk
sound speed calculated from the polycrystal wave speeds of
Marsh®?. The same equation is used by Kanel er al.!3, al-
though the wave speed used is not specified. De Rességuier et
al. also use the bulk sound speed to evaluate equation 1 with-
out giving a value***3. Wu et al.?® use a value of 2.61 kms~!,
in contrast to the other studies. This corresponds with the
value of C used by that source to fit the Hugoniot of tin using a
linear Us — uy, relationship, equation 7. Due to the § — ¥ phase
transition, the equation does not well model the low pres-
sure phase, acting to average the discontinuity in properties
across the transition. Accounting for the transition using the
multiphase Birch-Murnaghan model proposed by Mabire>3-4
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(a) Schematic representation of the
plate impact experiments. PDV
measures the rear surface of the tin
sample and the copper driver plate.

(b) Image of a target mounted onto a
driver plate and support ring. The
pattern of holes on the copper plate
has no rotational symmetry, providing
a datum for shock tilt and crystal
rotation measurements.

(c) Diffraction pattern for sample 001 with diffraction
spots labelled.

FIG. 1: Target geometry used in plate-impact experiments. A driver disk with no rotational symmetry is used to index the
crystal and measure the shock front tilt. PDV is fielded to measure the surface velocities and transmission speeds. Reproduced
from Threadingham et al.3', “Effects of crystal orientation on the shock properties of single crystal tin,” © Crown Owned
Copyright 2025/AWE, and is reused here under the same copyright

yields an ambient C = 2.75kms~'. Considering the consis-
tent use throughout the literature, and proximity to the zero
pressure wave speed from this multi-phase model, a polycrys-
tal bulk sound speed of 2.8 kms~! is used in this study. The
data from Wu ez al.>> have been adjusted in Figures 4 and 5
to account for this methodological difference. Spall studies in
liquid tin, meanwhile, uses a liquid sound speed typically of
between 2.2kms ™! to 2.5 kms™137:3855,

In single-crystal samples with orientation dependent prop-
erties, the wave speed used to calculate spall strength requires
careful consideration. In different orientations, single crystals
often exhibit different properties, particularly compressibili-
ties and wave speeds. A consensus has not yet emerged re-
garding the sound speed to use for single-crystal spall, with,
for example, Chen et al.' using the polycrystal sound speed
to determine the spall strength of single-crystal aluminium,
while Owen et al.® calculate the bulk sound speed for the spe-
cific orientations of aluminium single-crystals tested, going
as far as to calculate two strengths for orientations where two
shear waves can propagate.

In B tin, with its tetragonal structure, the wave speeds vary
more than in higher symmetry materials, and two shear sound
speeds can be determined for the principal directions. Ambi-
ent single-crystal wave speeds are tabulated in Table I, with
estimations of bulk sound speeds for each mode. While the
bulk sound speeds for (001) align well with the literature poly-
crystal value, (100) shows a significantly slower longitudinal
sound speed and corresponding bulk sound speeds. Orienta-
tion (110) shows the most unusual behaviour, with one shear
sound speed almost a factor of two lower than for other sys-
tems. As a result, applying equation 1 with the most divergent
speeds for each orientation would result in spall strengths that
vary by up to 30 %.

However, under shock loading, a number of processes act
to change the crystal properties, meaning the ambient wave
speeds may not be the most appropriate. It has been noted,
for instance, that grain size is significantly refined when tin
is shocked,’>734, suggesting that single-crystals likely de-
volve into polycrystals. The polycrystal sound speeds’?, ¢, =
2.8kms~! and ¢; = 3.43kms ™! are used in this work for poly-
crystal and single-crystal samples, with further discussion of
the appropriateness of these values presented in III.

B. Correction for spall plate thickness

During spall, the wave-front of the recompression wave
typically over-takes part of the tensile wave, resulting in a re-
duced pull-back magnitude on the free surface. This can be
corrected by adapting equation 1 using

1
0 = 5Poco (Augs+9). (2

All symbols have their usual meanings, and 8, the correction,
can be found through

8—(””).'“‘”2'., 3)
v c) ||+

where 11 and u, are the slope of the pull-back and rebound
respectively, ¢| the longitudinal wave speed, ¢}, the bulk wave
speed and £ is the depth of the spall plane>’=>°.

Given the lack of symmetry in the impact geometry, the
spall depth thickness must be estimated from the velocimetry
traces, for which there are two principle methods®’. First, the
primary release can be used. Assuming the release from the
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FIG. 2: Surface velocities traces indicate spall failure in the tin samples. The polycrystal data of Anderson ef al.>! (black
lines), reproduced from W. W. Anderson et al., “Phase transition and spall behavior in 3-tin,” in Shock Compression of
Condensed Matter - 1999 (AIP Publishing, 2000) pp. 443-446, with the permission of AIP Publishing, is plotted for
comparison, applying a linear dispersion correction to account for the different sample thickness.

TABLE I: Table of sound speeds for each single-crystal orientation. All speeds are in units of kms™.

Primary Orientation Secondary direction 1 Secondary direction 2

Longitudinal sound speed>® Shear sound speed®®  Bulk sound speed Shear sound speed®®  Bulk sound speed
(001) 3.4464+0.015 (110) 1.727+0.008 2.810+0.026 (010) 1.718 £0.007 2.8194+0.025
3.4304+0.010 2.791£0.019 2.7994+0.019
(100) 3.112+0.015 (001) 1.717£0.008 2.3994+0.028 (010) 1.795+£0.008 2.321+£0.029
(110) 3.4814+0.018 (001) 1.7394+0.010 2.8434+0.028 (110) 0.955+0.005 3.3024+0.029
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FIG. 3: Linear fits (dark grey lines) are taken to determine
the peak state, the pull-back and the rebound. Intersections
between these lines are then calculated to determine the
maximum and minimum velocities. Light grey lines show
95 % confidence intervals.

measured free surface travels to the spall plane with a velocity
¢, while the re-compression wave travels with velocity ¢, the
spall depth £ is given by

CbCl
cotor

h= Ispall (€]
The time £y, is taken from the difference between the inci-
dent wave’s arrival on the free-surface and the arrival time of
the minimum (#p;, ). For (100), the precursor is the largest for-
ward wave and is therefore used to define £y, Figure 2, while
for all other orientations, the pre-transition wave is used.

Alternatively, the secondary reflections of the release and
compression from the spall surface can be used. This ap-
proach uses the period of the ringing after the shock re-
COMPIession finging to estimate the spall depth. This assumes
that the trapped reverberation waves travel with the longitudi-
nal wave-speed cj, giving

h= %tringing (c1)- &)

In these experiments, equation 4 offers the most robust
method, with spall reverberations often showing dispersion,
noisy velocimetry signals and dropouts. Fitting a sinusoid to
estimate either the second minimum or period of the reverber-
ations offers a method to overcome some of these shortcom-
ings, however, the fit is often poorly conditioned. In addition,
the period of the reverberations tends to decrease with further
periods, where available, suggesting a degree of damping. As
a result, only equation 4 is used when calculating the spall

strength in equation 3, although both are presented in Table
1L

C. Spall strain-rate

Typically, the strain rate of spall (£) is given as

Au 1
s S 6
%A 2 ©)

Here, % is taken as the gradient of the linear fit to the pull-

back (the line between umax and up, in Figure 3). This is fitted
to the developed release wave immediately prior to the inflec-
tion and therefore corresponds to the local conditions at the
nucleation of damage. Defining Ar from the start of roll-off
would, therefore, underestimate the strain rate for the specific
conditions where spall first occurs. To the author’s knowl-
edge, this equation first occurs in English speaking literature
in Kanel ez al.>8. Prior to this, the pressure-rate was used in a
similar manner, with pressure measured using a transducer on
the rear surface instead of velocity measurements®®%. Ear-
lier sources use only the pulse width®%* to assess the onset
of spall failure. Intermediate derivations may lie in Russian
literature sources.

This equation relies on several key assumptions. First, it is
assumed that spall initiates immediately after the final release
from the sample free surface, meaning only the release wave
from the flyer drives the nucleation and growth of spall. Sec-
ond, the release wave is assumed to disperse minimally, with
the release strain-rate being constant throughout the sample.
Finally, the material is assumed to display a linear pressure-
volume relationship, meaning wave interactions are additive.
As a consequence of these assumptions, the free-surface strain
rate calculated through equation 6 can be taken as a proxy for
the strain rate on the spall plane. This provides a useful es-
timate for the strain rate, and has been used to determine the
threshold between ductile and brittle behaviour®!%->°.

It has been noted that the spall strain rate calculated by this
equation systematically underestimates the strain rate when
compared to computational simulations®. Indeed, it is sug-
gested by Utkin® that the strain rate on the measured surface
calculated through equation 6 is one quarter the strain rate at
the spall plane. An alternative analysis by Antoun et al.’’
yields the same conclusion.

The assumption of negligible dispersion of the release wave
is also possibly unreliable, with plate-impact experiments typ-
ically represented with a release fan, the release from the flyer
dispersing approximately linearly. Many material’s Hugo-
niots are modelled using the relationship

Uy = C+ Sup, 7)

where Uy is the wave velocity, C and S constants and u, the
particle velocity>>%’. While the release follows an isentrope,
for low pressures, the release follows the Hugoniot to within a
few percent, and equation 7 provides a reasonable estimate,.
From this, the pull-back, itself a decrease in u, with time,



would correspond with a linear decrease in the wave velocity
as u, decreases, creating a release fan originating temporally
from a single time on the flyer free-surface. This of course
neglects any disturbance caused by the interaction of the two
releases from opposing surfaces. However, in this case, the
strain rates vary through the sample by a factor o relative to
the strain-rate at the measured-surface, where

o= 20 (8)
Yo—y

Here, y is the distance from the measured free-surface, and yg
is the thickness of the sample and flyer, with a full derivation
in Appendix B. If y is taken as A, the depth of the spall plane
from the measured surface, then the spall strain rate is given
by

. Au 1 yo Au?2
& ~4o0—— = —_— .
corrected At 20b Yo — h At ch

(€))

This equation remains valid where spall first occurs on the
final release wavelet from the measured free surface. Thus the
initiation of spall is driven by release from the flyer. For this
to be true, 7 must be less than half yy.

For classical spall experiments, where the impactor is thin-
ner than, and of the same material as, the sample, this simple
approximation may significantly improve the accuracy of the
spall strain rate measurement. For instance, in the case of
Turley et al.®%, experimental measurements of strain rate de-
termined by equation 6 differed from strain rates calculated
in simulations by a factor of six. In this case the samples are
twice as thick as the flyer (yo = 3,4 = 1) meaning a correct-
ing factor of @ = 3/2 should be applied. Through the ap-
plication of equation 9, the reported factor of six difference
between simulated strain rates and measured values is thereby
accounted for.

Ill.  RESULTS

A qualitative analysis of these traces indicates that the spall
pull-back profiles are very similar for the various orienta-
tions. The samples all show a similar sharp rise, followed by
a plateau leading to a more gradual rise indicative of a transi-
tion from a faster rate of damage to a slower rate, typically as-
sumed to be the transition from brittle to ductile behaviour®’.
This effect is also present in the traces of Anderson et al.>!. It
is noted that Anderson et al. use thicker samples. To compare
the traces with the work conducted here in Figure 2, a linear
scaling factor is applied to the time axis to account for the
different sample thickness. Despite this, the thicker samples
have the effect of softening and dispersing the sharp kick.

The similarity between orientations is borne out in the mea-
sured spall strengths. Using equation 1 with the bulk sound
speed of 2.8kms~! gives the results presented in Figure 4.
The use of a single sound speed for all orientations allows for
a comparison of the magnitude of the pull-back between sam-
ples, and between the literature and these experiments. Pre-
liminary data, based on the release waves arrival on the copper

and tin free-surfaces, indicate that the release wave speeds are
similar between samples. Some clear trends are visible from
this analysis.

First, no clear distinction between single crystals and poly-
crystals can be made. This is somewhat unexpected: typically,
a grain structure is expected to reduce the spall strength. For
example, molybdenum and copper single crystals show spall
strengths roughly twice as high as polycrystals®~, while alu-
minium offers a roughly 20 % difference'®. Given also that
the experimental traces show an almost identical pull-back
profile, with similar rebound characteristics, orientation does
not appear to influence spall. As a result, the use of a single
wave speed is perhaps the more appropriate approach.

A further observation is made that samples that have under-
gone the y phase change appear to show a somewhat higher
pull-back magnitude than those that have not, although the
explanation of this behaviour is unclear.

A. Strain rate

The spall strengths presented here sit somewhat higher than
the gas-gun and explosively driven experiments of Lalle in
Grady'?, Kanel et al.'> and Robert et al.', but below the
laser driven measurements of de Rességuier et al.*> in Fig-
ure 4. Given the associated strain rate of these experimental
methods, it is suggested that the strain rate may strongly in-
fluence the spall strength of tin. In literature spall strain rate
measurements, equation 6 is used”. For other literature stud-
ies, the strain-rate can be estimated from the presented veloc-
ity traces. In most studies, experimental geometries are not
documented, meaning equation 9 cannot be applied. In order
to compare results, equation 6 must be used, with results in
Figure 5.

Estimating the spall strain-rate confirms that the data pre-
sented here sit at higher strain rates than other literature gas-
gun data. The experimental geometry for the literature data is
not published, meaning variations in sample and flyer thick-
ness may explain the difference between these data and the
literature.

Inspecting Figure 5, the data follow a straight line, with
the exception of the two highest polycrystal data points. As
a result, it may be that the jump in spall strength observed in
Figure 4 for material that has cycled § — y — B is an effect
of the strain rate rather than any change in properties result-
ing from the phase changes. A change in spall strength due
to the phase history would be expected to result in different
trends for samples that had undergone the transition and those
that had not. These phenomena are not observed in the data
with all data agreeing with the straight line fits. The higher
rate experiments meanwhile do not show any increase in spall
strength. This behaviour is typically assumed to be indicative
of a brittle to ductile transition, following the theory proposed
by Grady!©.

The ductile spall strength, where fracture is dominated by
energy dissipated through plastic yielding, can be determined



TABLE II: Table of spall data

Sample Peak Pull-back Pull-back gradient Spall strength Spall strain-rate Spall depth Corrected  Corrected Spall
state magnitude Primary® Secondary® spall strength  strain-rate
phase ms~! %108m/s? GPa x10° mm mm GPa %107 /s
1004 Y 117+ 2 6.9+0.2 1.194+0.03 1.24+0.03 0.82 0.76 1.47 5.81£0.15
100, V4 116+ 8 7.4+0.7 1.18+0.09 1.32+0.12 0.89 0.79 1.50 6.26 +£0.57
1003 B 94+ 4 5.7+£0.3 0.96£0.05 1.02£0.05 0.92 1.09 1.25 4.87+0.24
1004 B 103+10 6.8+0.7 1.05+0.10 1.21+0.12 0.91 0.94 1.34 5.79+0.58
001, Y 128+ 3 8.6+0.3 1.31£0.03 1.534+0.05 0.94 0.70 1.75 7.34+£0.24
001, V4 128+ 3 8.4+£0.2 1.30+0.04 1.51+£0.04 0.98 0.59 1.78 7.31+£0.20
0013 B 9+ 5 53+04 0.96+0.05 0.94+0.06 1.01 1.11 1.21 4.60+0.30
0014 B 101+ 5 54+04 1.03+0.05 0.97+0.07 1.03 1.10 1.34 4.74+0.35
1104 V4 116+ 6 82+0.6 1.18+0.07 1.47+0.10 0.92 0.75 1.55 7.01+£0.48
110, Y 130+ 5 9.7£0.5 1.33+£0.06 1.744+0.08 0.92 0.42 1.78 8.31+0.39
1103 B 87£ 5 54£0.5 0.88+0.06 0.96+0.08 0.98 1.13 1.17 4.67+0.39
1104 B 9+ 9 63+1.2 1.01+0.09 1.12+0.20 0.98 1.09 1.31 5.45+£0.98
PCy Y 111428 83+04 1.13+0.29 1.48+0.06 0.90 0.72 1.49 7.09£0.29
PC, Y 119+ 8 7.6+£0.6 1.214+0.08 1.36+0.11 0.93 0.70 1.61 6.58+0.54
PC3 Y 116+ 9 10.8+1.1 1.19£0.09 1.93£0.20 0.96 0.74 1.68 9.47+£0.99
PC4 V4 120+ 4 8.0+£04 1.234+0.05 1.43+0.07 1.42 1.10 1.79 7.59+0.38
PCs B and ymix 107+ 5 6.5+0.4 1.09£0.05 1.16+0.06 1.45 0.87 1.60 6.19+£0.33
PCq Y 113+ 4 9.1£0.5 1.15+0.04 1.62+0.08 1.25 1.01 1.66 8.11£0.41
PCg V4 122+ 3 8.8+£0.2 1.244+0.03 1.57+0.02 0.58 0.46 1.53 7.14+0.10
PCy Y 113+ 6 8.7+£0.7 1.16+0.07 1.56+0.12 1.34 1.02 1.77 8.06£0.62
PCyo b4 109+12 11.3+1.5 1.11+0.12 2.01+0.26 0.54 0.49 1.43 8.90+£1.16
PCyy B 86+ 4 54+04 0.88£0.05 0.96£0.06 1.01 0.88 1.14 4.75£0.30
PCyy B 95+ 9 4.6+0.2 0.96+0.10 0.824+0.04 0.84 0.82 1.10 391+0.20

4 Spall depth calculated from the reflection of the first release wave from the free surface, equation 4.
b Spall depth calculated from the secondary reflection of the release, i.e. the first reverberation after spall, equation 5.

using

6= (2pPYe)? (10)

where Y is the flow stress in simple tension, given by Grady as
arange between 0.05 and 0.12 GPa for tin, while & is the crit-
ical void volume fraction, taken as 0.15. Taking the middle of
the range of ¥ as 0.085 GPa, the density as 7290 kgm™— and
the bulk sound speed ¢ as 2.8 kms~! yields a value of 1.2 GPa.
This is in good agreement with the highest spall strengths
measured in these experiments, as well as the laser shocks
of Moshe et al.” and de Rességuier et al.***3. The post-spall
recovered samples of de Rességuier ef al. confirm that duc-
tile fracture, predominantly trans-granular, is the mechanism
of spall in this domain*!.

After applying the spall strength and strain-rate corrections,
it can be seen by visually inspecting Figure 6b that the highest
strain-rate tests, assumed to fail through ductile spall, show
a spall strength around 1.75 GPa. This is in better agreement
with the data from de Rességuier er al.***3 than Moshe et
al.®, see Figure 5, although neither apply the correction for
spall depth (equation 3). However, with pulse durations of
approximately 10 ns, more than an order of magnitude shorter
than the pulse here, the correction would likely be a similar
magnitude smaller, and therefore not significantly change the
values.

Below this, the rate-dependent region is assumed to be gov-
erned by rate-dependent cracking. For many structural materi-
als, such as aluminium, uranium, molybdenum, beryllium and

steel>101170.71 “this phenomenon can be modelled assuming
energy dissipation through the creation of new surfaces. In
this case

o = (3pck2é)s (11)
gives the spall strength, where K, is the fracture toughness of
the material'®. However, for many other materials, applying a
more general fit of the form

o =a&" (12)

better maps the spall strength. Many common metals exhibit
a power n to be less than %, with stainless steel 35Kh3NM,
titanium, copper and magnesium Mg95, exhibiting # to be in
the range of 0.05 to 0.25."37 This may be due to the variation
of K. with strain rate: fracture toughness typically decreases
with strain rate as the reduced time duration decreases energy
dissipation through plastic work’?.

A least squares fit conducted on the data for tin measured
in this study, excluding the two highest polycrystal data points
(samples PC3 and PCyg), yields an unusually high power of
n=0.509,(three decimal places, variance of 0.004). Including
the literature data from Robert ef al.!d, Chong et al.®, Kanel
et al.'3 Holtkamp et al.’®, and the data for Wu et al.® with
a peak pressure below 13 GPa, into the fit yields n = 0.481
(variance of 0.002). Correcting the strain rate and the spall
strength only increases the power (Figure 6b), further deviat-
ing from the brittle model.
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FIG. 4: Uncorrected spall strengths presented for a range of single and polycrystal samples of tin. Using a bulk sound speed of

2.8 kms~! for all samples allows for comparison of the pull-back magnitude between the literature

10,13,15,35,36,39,42 and the

various samples. All samples use a 1.5 mm thick copper flyer (yfyer) and are nominally 2 mm thick unless otherwise stated,
except for sample PCg, (yiyer = 2 mm, yo = 3 mm). Labels used to indicate approximate regions where the samples remain 3
(untransformed), undergo the forward and reverse transition to 7y (transformed) and melt prior to spall failure.

Limited evidence in tin-based solders suggests that fracture
toughness increases with strain rate’?, although the transfer-
ability to pure tin and the strain rates measured under shock
is unclear. The authors are aware of no measurements of
the fracture toughness of pure tin beyond soldered joints’*.
However, if K. were a function of strain rate, equation 11
would still hold, and could map to a higher power than one
third. Indeed, any strain rate relationship would have to ap-
proximate K. o< £€92% for equation 11 to map to a power of a
half. This would imply that tin had no resistance to crack-
ing when the strain rate is equal to zero. Any offset of the

form K, = aé‘% + b, where a and b are constants would result
in a non-linearity in logé - log o space (Figure 5). However,
no curvature is visible in the data presented, although further
testing in the lower strain-rate domain would improve the con-
fidence in this assessment.

Taken together, this behaviour suggests that tin may not
conform to traditional brittle fracture models, but instead ex-
hibits characteristics more consistent with a material governed
by viscous dissipation mechanisms. Notably a power law re-

lationship of

o =(2pcne)? (13)

is predicted for a material where viscous dissipation domi-
nates the spall strength!©.

Given the spall strength is around three orders of mag-
nitude larger than the statically observed critically resolved
shear stresses'®7>~7 it is supposed that plastic deformation is
readily facilitated, forming the dominant deformation mecha-
nism during the nucleation and growth of voids. Therefore,
the spall behaviour could be governed by the energy dissi-
pation during this plastic flow, rather than through surface
energy in brittle fracture. Tin is also known for exhibiting
creep deformation’® 8 at low strain rates. With forces used
to induce creep in the mega-pascal domain and quasi-static
strain rates, extrapolation to the shock domain is unable to of-
fer any meaningful results. Nonetheless, the observed power-
law rate-dependence of spall could point to similar underlying
mechanisms, meaning creep behaviour could offer a window
to interpreting the viscous-like response of tin at high strain
rates.
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FIG. 5: Spall strain-rate and strength for a range of tin samples and peak pressures compared to the literature

9,13,15,35,36,39.42 A

bulk sound speed of 2.8 kms ™! is used to estimate the spall strength and strain rate. Grey dotted line used as a guide between
samples in this study that transforms to the y phase at the peak state. All samples use a 1.5 mm thick copper flyer (yqyer) and are
nominally 2 mm thick unless otherwise indicated, except for sample PCg, (yiyer = 2mm, yo = 3 mm).

A viscous-like flow could well explain other observations
of the high-pressure behaviour of tin such as the lack of ob-
served anisotropy above the elastic-plastic transition under
shock®!. Once the viscous flow regime is activated, initial ori-
entation and texture may no longer be preserved to any great
extent. Similarly, this flow like structure would be unable to
preserve any changes induced by the phase transition cycle,
meaning spall is limited by the flow regardless of the phase
history. However, the order-of-magnitude difference of the
elastic limit between the orientations remains a puzzle, espe-

cially given the lack of a clear Schmidt law response>'.

Further recovery and in situ X-ray experiments are, there-
fore, required to better understand the mechanism of spall in
tin. Additionally, molecular dynamics studies may help de-
velop understanding on the phenomenon through predictions
of the atomic scale processes involved.

B. Further observations

Examining Figure 6a highlights the need to apply the cor-
rection for the spall strain rate, equation 9. Samples impacted
with a thicker flyer appear to show a higher spall strength for
the same strain rate, while those impacted with a thinner flyer
show lower spall strength. No reason beyond analytical in-
accuracies is thought to be behind this effect. Indeed, after
applying the correction (equation 9 with yg taken as the to-
tal thickness of the flyer, driver plate and sample to produce
Figure 6b), this spread is no longer observed. The samples
impacted with 2 mm and 1 mm flyers now sit much closer to
the trend-line. The proposed correction can, therefore, reduce
at least some of the error inherent in the assumptions used to
derive equation 6, despite the different materials used in the
flyer and driver plate.

However, the data points still sit towards the edges of the
trend-line. For the experiments presented here, the linear
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FIG. 6: Spall strengths, corrected for re-compression overtake (equations 2 and 3), compared to the uncorrected strain rate
(equation 6, left) and strain-rate corrected for dispersion (equation 9, right). Samples are impacted with a 1.5 mm flyer (yfyer)
and are 2 mm thick, unless otherwise noted, except for PCg, which uses a 2 mm flyer and 3 mm sample.

approximation gives a much more empirical estimate of the
strain rate, given equation 9 assumes that dispersion is lin-
ear. The dispersion rates in the copper driver and tin sam-
ple will be different, while the impedance mismatch between
the two adds additional complexity. Two approaches could
be taken to account for this. Following an approach similar
to the derivation of the spall strength equation, the dispersion
rates could be approximated using the ratio ¢ to ¢}, for the two
materials. The coupling between the two could then be esti-
mated using the elastic moduli to convert the strain rate on one
side of the interface to the other, based on stress and displace-
ment continuity. An alternative approach, assuming predomi-
nantly plastic deformation, would be to use pressure-particle-
velocity matching. Assuming a relationship given by equation
7, the gradient S could be used to give a measure of the disper-
sion in the two materials, with the shock jump conditions used
to estimate the coupling. However, it is unclear without fur-
ther analysis and modelling, such as through hydrocode sim-
ulations, whether either of these two approaches would yield
a better result for the experimental geometry tested here. In
particular, neither approach would model well the distortion
in the profile caused by the y to B phase transition, nor the
interactions between the various waves.

The use of these additional corrections relies heavily on the
validity of the underlying assumptions regarding material be-
haviour. Since each assumption may deviate from a more ac-
curate representation, such as one obtained through hydrocode
modelling, reducing the number of assumptions may lead to
a more robust model. Applying additional corrections based

on dispersion rates without additional modelling would, there-
fore, complicate the simplicity of equation 9, without neces-
sarily improving the accuracy. As such, applying equation 9 in
Figure 6 with the uncertainty from equation 6 scaled appropri-
ately appears to significantly reduce scatter from the expected
trend. For a classical spall experiment, where the flyer and
sample are of the material, equation 9 is expected to have the
best results.

Applying the corrections highlights that the highest pres-
sure polycrystal (PCjg) sits detached from the main trend. It
may be the case that sample is starting to weaken with the on-
set of melt. In Figure 4, the transition between solid spall and
liquid spall shows a decrease in spall strength. The lower end
of this transition region is not clearly defined, but appears to
be around 12 GPa to 15 GPa, in which region this sample is
shocked.

IV. CONCLUSIONS

In this study, the effects of spall strain-rate, single crystal
orientation and peak phase on the spall strength of tin have
been examined. Any anticipated orientation or microstruc-
tural dependence of the spall strength, based on the static
properties and comparison to other materials, is not found in
tin. Instead, the spall strength of solid tin appears to be best
predicted using only the strain rate. The nature of this strain-
rate dependence appears to correlate with a viscous model,
with spall strength proportional to the square root of strain-



rate. This response, it is hypothesised, may be due to the low
threshold for plastic deformation resulting in fluid-like flow.
This hypothesis may help the understanding of other shock
observations, such as the lack of any observed orientation de-
pendence of the Hugoniot states above the Hugoniot elastic
limit, with the plastic flow overcoming any pre-shock prop-
erties. An improvement to the calculation of the spall strain
rate for plate-impact experiments is also proposed. To better
verify these observations, further experimental measurements
are suggested alongside additional modelling. Key areas of
focus could include molecular dynamics simulations of shock
and spall in tin, alongside in situ X-ray diagnostics of phase
and microstructure, or shock recovery.
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Appendix A: Shock wave data

Measured pressures and shock wave speeds are presented
in Table III alongside the sample data.

Appendix B: Derivation of equation 8

Assuming a simple wave with momentum and mass con-
servation, wave propagation is given by

J
+Us(up)alyp=o. (B1)

iy
dt

If Us can be estimated given u, by equation 7, a step change
from upg to upy atr = 0 and y = O results in u;, varying in space
and time by

upo, ¥ < (C+Sup)t
YC (O Sup )t <y < (C+Sup)t . (B2)
upt, y> (C+Sup)t

Mp(y,t):

In the decreasing region

du, —y
- == B3
Jar St? B9
Evaluated along a line of constant up,
du —(C+Sup)* 1
o V) - e
t=y/(C+Sup) y y

Notably, this neglects any change in up, due to the opposing
release fans interacting. However, the ratio at a given point y
to the surface is given by
du
St0—=y)  y

007 _ v
Pe(y) Y

o =

(BS)
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TABLE III: Table of experimental and sample data.

12

Impact  Thickness Shock Tilt?* Crystal Rotation® Precursor
Sample Velocity Angle Rotation Rx Ry R, G up o vV /Vo
(ms™ 1) (mm) (mrad) (rad) (mrad) (mrad) (mrad) (ms™)) (ms~!)  (GPa)
100,¢ 775+2 2.08+0.01 5.04+03 2.60+0.07 —3+2 871+2 —3+2 331+£0.04 225+11 54+04 0.932£0.005
100,°¢ 742+1 2.08+0.01 64+05-2.66+0.07 3+2 —1216+2 —2+2 3.31+0.04 217+ 8 52+0.3 0.934+0.003
1003 519+£1 2.194£0.01 2.54+0.2-0.57+0.07 4+2 865+2 154+2 3.30+£0.03 248+ 3 6.0£0.2 0.925+0.002
1004 470+1 2.124£0.01 5.14£02 2.31+£0.03 4+£2 192+2 2+£2 3.294+0.03 236+ 7 57+£0.3 0.9284+0.003
001,°¢ 777+1 2.10+0.01 03+0.2-0.84+0.67 5+£2  717+£2 —-5+£2 3.71+£0.04 61+ 4 1.7£02 0.984+0.002
001,°¢ 743+3 2.06+0.01 45403 -3.06+0.04 —9+2 —-236+£2 —7+2 3.74+£0.05 58+ 6 1.6+0.2 0.984+0.002
0013 529+1 2.094+0.01 554+0.2-0434+0.04 1+2 4384+2 9+2 3.7540.07 62+ 2 1.7+£0.1 0.983+0.001
0014 472+1 2.04+0.01 044+02-236+035 8+2 406+£2 942 3.72+0.03 56+ 2 1.54+0.1 0.985+0.001
110,¢ 765+2 2.15+£0.01 524+04 1.31+£0.05 0=£2 665+2 0+2 3.70£0.06 24+ 6 0.7£0.2 0.993+0.002
110,°¢ 742+2 2.12+0.01 82+0.5-277+£0.06 3+£2 —1466+2 —2+2 3.63+0.08 26+ 7 0.7£0.2 0.993+0.002
1103 513+£1 2.04+£0.01 58£0.2 290+0.04 7+£2 —1388+2 4+£2 3.60+003 26+ 2 0.7£0.1 0.993+0.001
1104 485+2 2.04+0.01 74+03-2.824+0.09 —1+£2 —-861+2 6+£2 3.66+0.04 37+ 4 1.0+£0.2 0.990+0.002
PC,° 809+2 1.92+0.01 22402 - - - - 3454+0.03 19+ 2 05+£0.1 0.994+0.001
PC,° 776 +£1 1.96+0.01 7.0+0.5 - - - - 346+0.03 24+ 5 0.6£0.2 0.993+0.002
PC5¢ 746+2 1.85+0.01 6.5+0.3 - - - - 3.50+£0.07 20+ 5 0.5£0.2 0.994+0.002
PC4° 711+£2 1.75+£0.01 2.1+0.3 - - - - 3444+0.04 31+ 6 0.8+£0.2 0.991£0.002
PCs° 646+2 1.844+0.01 1.1+04 - - - - 3.65+0.11 17+ 5 0.5£0.2 0.995+0.002
PC¢° 785+3 2.81+0.01 3.1+0.3 - - - - 3524+0.03 15+ 4 04+£0.1 0.996+0.002
PC;%9 78241 1.00£0.01 5.0+0.4 - - - - 352+0.06 37+ 2 09+£0.1 0.990+0.001
PCg® 786+1 1.87+£0.01 55+04 - - - - 361+£0.05 20+ 3 0.5+£0.1 0.995+0.001
PCo° 770+5 1.96+0.01 6.0+0.5 - - - - 3.64+0.05 23+10 0.6+£0.3 0.994+0.003
PCjo¢ 878+9 2.02+0.01 3.3+04 - - - - 356+0.06 26+ 2 0.7£0.1 0.993+0.001
PCyy 504+1 1.75£0.01 14£02 - - - - 348+0.04 25+ 6 0.6£0.2 0.993+£0.002
PCi» 477+3 1.78+£0.01 7.1+0.3 - - - - 3.58+0.04 35+ 5 09£0.2 0.990+0.002
Density Pre-transition Post-transition
Sample 0o Us Up P V/Vo Us Up P V/Vo
(gem™3) (kms™1) (ms™1) (GPa) (kms~1) (ms™1) (GPa)

100,°¢ 7.28£0.02 322+0.04 380+ 3 9.0£0.2 0.884+0.003 297+0.05 474+ 1 11.0£0.2 0.852+0.003
100,¢ 7.28+0.02 3.18+£0.04 376+ 6 89+£0.3 0.884+0.003 2.794+0.06 453+ 2 104+£0.3 0.856+£0.003
1003 7.29+0.02 3.06+£0.07 310+ 1 7.3£0.2 0.905£0.002 - - - -

1004 7.29£0.02 3.02+£0.09 279+ 3 6.6£0.2 0.914+0.002 - - - -
001,°¢ 7.28+0.02 3264+0.04 377+ 2 9.1£0.2 0.886+£0.002 2914+0.11 477+ 1 11.2£0.3 0.851£0.003
001,°¢ 7.28£0.02 326+0.05 361+ 2 8.8+£0.3 0.892+0.003 274+020 454+ 2 10.6£04 0.857+0.005
0013 7.29+0.02 3214+£0.05 3174+ 2 7.6£0.2 0.904+0.002 - - - -

0014 7.29+£0.02 3.14+0.04 281+ 1 6.7£02 0.913+0.002 - - - -

110,¢ 7.28£0.02 335+£0.06 367+ 2 9.0£0.3 0.891+0.003 297+£0.05 463+ 2 11.1£0.3 0.858+0.003
110,°¢ 7.29+0.02 3304+0.07 361+ 5 8.8£04 0.891+£0.004 277+0.11 4544+ 3 10.6£0.4 0.857£0.005
1103 7.29+£0.02 3.18£0.03 309+ 1 7.2£0.2 0.904+0.002 - - - -

1104 7.29+0.02 3.194+£0.04 287+ 2 6.8£0.2 0.911+£0.002 - - - -

PC,° 7.29+£0.02 324+0.03 369+ 4 8.8+£02 0.886+0.003 299+0.08 496+ 1 11.54£0.3 0.844+0.003
PC,° 7.29£0.02 326+£0.03 378+ 3 9.0£0.2 0.884+0.002 292+0.06 473+ 2 11.0£0.2 0.851+0.003
PC5¢ 7.28+0.02 327+0.06 364+ 2 8.7£0.3 0.889+£0.003 2.724+0.07 456+ 2 10.5£0.3 0.854£0.004
PC4° 7.28£0.02 325+0.04 387+ 1 9.2+£02 0.881+0.002 239+0.05 429+ 1 9.9+0.2 0.863+0.003
PC;°f 7.29+0.02 3264+0.04 380+ 1 9.1£0.2 0.884=£0.002 2.154+£0.09 411+ 1 95£0.2 0.868£0.003
PC¢° 7.29+£0.01 334+£0.02 378+ 2 9.2+0.1 0.88740.001 3.00+£0.06 478+ 1 11.4+£0.2 0.853+0.002
PC;*4 7.2040.02 328+0.06 384+ 2 9.2+0.3 0.884+0.003 2.89+0.08 478+ 1 11.2+£0.3 0.850+0.004
PCg® 7.29£0.02 336+£0.04 374+ 2 9.2+£0.2 0.889+0.002 3.00+£0.07 483+ 2 11.6+£0.3 0.852+0.003
PCo° 7.29+0.02 3364+0.04 385+ 3 95+£0.3 0.886+£0.003 298+0.06 466+ 2 11.2+£0.3 0.858£0.003
PCjo¢  7.29£0.02 332+£0.04 390+99 9.5+2.6 0.8834+0.031 329+0.06 536+ 7 13.0£04 0.839+0.005
PCyy 7.28+0.02 3234+0.04 304+ 1 7.2£0.2 0.906=+0.002 - - - -

PC), 7.28£0.02 3.1940.04 295+ 1 7.0£0.2 0.909+0.002 - - - -

4 Shock tilt angle is given by the angle between the normal of the shock plane and the normal of the driver plate (y axis). The rotation is given as the rotation
of the normal of the shock plane projected onto the driver plate, positive taken as clockwise from the vertical (z axis), defined by the mirror symmetry of the
target (see Figure 1b)

b Crystal rotation is given as the angle of the specified orientation relative to the normal to the driver plate (y axis). The x axis is horizontal, while the z axis is
the vertical axis formed by the mirror symmetry (see Figure 1b).

¢ This data was initially presented in Threadingham ef al.3!, “Effects of crystal orientation on the shock properties of single crystal tin,” © Crown Owned
Copyright 2025/AWE, and is reused here under the same copyright.

4 With a 2 mm thick flyer and 1 mm thick sample, typical spall behaviour is not observed in this sample.

¢ Experiment initially presented in>" and reanalysed in
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f Phase transition incomplete. Post transition state taken as highest state reached before spall.
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