Effects of crystal orientation on the shock properties of single crystal tin
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Tin is known for its asymmetric crystal structure and numerous solid phase transitions, with molecular dynamics studies
suggesting the beta to gamma phase transition exhibits a strong orientation dependence. In this study shock compression
experiments are conducted on tin single crystals and polycrystals to probe the effects of the crystal orientation on this
phase transition through Hugoniot measurements, with peak pressures between 9 GPa and 13 GPa. A strong order-of-
magnitude orientation dependence of the elastic limit is found, however, the transition and post-transition behaviour
show at best only qualitative differences to the velocimetry profiles, with no quantitative variation. A dependence of
the transition on the peak pressure is also observed. Explanations of these results based on potential transformation
pathways identified through prior static high pressure work are discussed.

I.  INTRODUCTION

Sitting between the semiconductors silicon and germanium,
and metallic lead in the carbon group of the periodic table,
tin shares some of the complexity of the former’s phase di-
agrams with the simplicity of the latter’-?. At low temper-
atures, tin transforms to a diamond (x-phase3, while at in-
creasing pressures tin exhibits body centred phases (tetrago-
nal (), orthorhombic and cubic) and hexagonal close-packed
phases*. At ambient pressures and temperatures, tin is sta-
ble in the tetragonal phase B-tin®°.

The asymmetry of this tetragonal crystal structure gives rise
to differences in the properties of single crystals relative to the
axis tested. For instance, the compressibility'%1¢ and elec-
trical resistivity'® of tin show significant orientation depen-
dences, as does the thermal expansion!®!7-2! yield strength
and post-yield behaviour??. Tin also exhibits a wide range
of deformation mechanisms, such as twinning and slip®?2#1,
depending on the crystal orientation and deformation mode.
The combination of these phenomena make tin an ideal can-
didate material for investigating and understanding the effect
directionality plays on the properties of materials.

A further property of tin is the relative accessibility of the
change from its ambient tetragonal 8 phase to a high pressure
body-centred-tetragonal ¥ phase. This § — 7y phase transition
has been mapped statically, at room temperature>*>~8  at ele-
vated temperatures**—2, and under normal®*>> and oblique®®
shock loading, as seen in Figure 1. The oblique wave data
by Chong et al. are noted for being around 10 % to 20 %
lower than those from conventional shock experiments®, al-
though the reason for this is unclear. Isentropic compression
experiments have been used to probe the transition in single
crystals of orientation (100) and polycrystal samples®’, show-
ing no significant difference. Different orientations are not,
however, compared. While these studies focus on determin-
ing the conditions to induce the phase transition, more recent
static tests>*’ indicate that the phases co-exist over a range of
pressures. Indeed, the static high pressure work of Fréville et
al.>® indicates that different crystals undergo the phase transi-

tion at different pressures during both the forward and reverse
transitions. Hydrostatic pressure and temperature are there-
fore not the sole variables affecting the phase change. Simi-
larly, hysteresis between forward and reverse loading has been
observed in shocked polycrystals>*®!, including at elevated
temperatures®”>. The double shock wave created by the tran-
sition has been experimentally measured for increasing peak
pressures®® and modelled using a mixture model where the
phase transformation rate is dependent on the free energy dif-
ference between the two phases®. A similar model’*% has
also been applied to the previously mentioned elevated tem-
perature shock experiments®-%2. While this modelling ap-
proach is well able to match the shock wave surface velocity
traces, further developments are required to replicate the static
findings, particularly the mixed phase region.

Tin has been studied with X-ray diffraction under shock
compression®!:%°~71 " This technique allows comparison be-
tween microstructure, with both Briggs er al.®! and Bober
et al.’® finding a substantial grain size refinement across the
phase transition. The cause of this phenomenon is unclear;
Briggs et al. focus on the transition on release, while Bober
et al. fields diffraction on jetted material, forming part of
a larger body of literature examining jetting’%’>7°. X-ray
diffraction also allows for the orientation relationships be-
tween the phases to be studied. The single crystal of ori-
entation (100) shocked by Chauvin ez al.”! hints at the pro-
posed mechanism of Musgrave®%8! | although the mechanisms
or post-transition microstructure cannot be conclusively estab-
lished. Notably, recent diamond anvil cell work by Fréville®?
suggests two transformation pathways between the § and y
phases of tin, including the mechanism of Musgrave®®-8!, de-
pending on loading conditions, along with their respective
symmetry twins.

Molecular dynamics simulations offer a potential approach
to understand the behaviour of tin from the perspective of the
interatomic interactions, with a number of potentials having
been proposed for tin33%°. Perhaps the most significant, due
to their ability to represent the directional nature of the bonds
in tin, are the potentials of Nitol et al®, Ko et al.?*, and
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FIG. 1: Literature summary of the 3 — ¥ phase transition in tin. Circles () denote static tests, squares [J denote ramp loading,
diamonds < denote isentropic loading, upward A and downward v/ triangles denote the forward and reverse transition, where
filled triangles denote shock loading and unfilled triangles denote static loading. Grey dashed lines have been added as guides

to the approximate location of the transition. Dotted lines denote a pressure range between which the transition takes

place

Baskes and Ravelo®>80. The former uses machine learning

to optimise the potential to best represent the behaviour of tin
across all phases. The potentials of Ko et al., and Baskes and
Ravelo, however, take a conventional embedded atom model,
with modifications to better represent the directionality of the
bonds in tin. These two models perform best in the ¢ and
B region, to which the potentials have been fitted. However,
the Baskes and Ravelo potential has been used by Soulard and
Durand®® to model single crystals under shock loading, from
the ambient 8 phase, through the y phase, and up to liquid. A
strong orientation dependence of the B — ¥ phase transition
and the compressibility of the orientations below the transi-
tion is found. Given the asymmetry of the crystal properties
discussed above, and the one-dimensional compression gen-
erated under shock loading, this orientation dependence is not
surprising, but experimental verification is required.

Experiments to directly study the orientation dependence of
the transition in tin are therefore vital to confirm whether the
B — 7y transition is indeed sensitive to the crystal axis along
which the shock propagates. An improved understanding of
this phase transition can then used as the foundation for im-
proved modelling, from which the understanding of other ma-

5,42-52,57-62,66-68

terials can be developed.

Il. METHODS

To probe the phase transition in single crystals of tin, a se-
ries of plate impact experiments have been conducted. A ‘top-
hat’ geometry, Figure 2, using a C101 copper driver plate al-
lows the shock wave to be measured as it reaches the free
surfaces of both the plate and the tin sample using a double
telecentric photon Doppler velocimetry (PDV) relay (more
information about the experimental methods can be found
in our previous work?'). The PDV was sampled at a rate
of 40GSs~! and analysed using standard short-time Fourier
transform techniques®>*? with a time window length in the
range 64 to 256 depending on signal to noise ratio. Using a
50 % overlap, the time resolution for the PDV measurements
is therefore ranged from 0.8 ns to 3.2 ns. The most common
setting used was a 128 sample window yielding a 1.6 ns reso-
lution.

The output PDV traces are segmented, as shown in Fig-
ure 3, to give the arrival times #, and free surface velocities



Tin sample
Ch 24

Copper Copper
flyer impact plate
(@)

FIG. 2: Experimental geometry and target used in the plate-impact experiments. By fielding PDV on the driver plate and
sample, schematic in (a), the transmission speed of shock waves can be measured as well as the free surface velocities. Samples
are indexed relative to the copper plate using Laue diffraction, with the indexed diffraction pattern of sample 001; shown (c).
Similarly the impact tilt is also determined using the radial probes as the shock breaks-out from the copper. The pattern of holes
with no rotational symmetry shown in (b) is used to reference the axial rotation of both the shock tilt and the crystal.
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(a) Segmentation to determine wave arrival times and surface
velocities ugg.
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(b) Uncertainty of the free surface velocity ug, is determined by the
95 % confidence interval (light grey dashed lines) of the fit (dark
grey dashed line.

FIG. 3: Segmentation of the velocity trace for a single crystal 110; to determine the free surface velocities, wave speeds and
their uncertainties. The central channel (Ch 1) measures the rear surface of the tin target, while three channels (Ch 2-4) measure
the surface of a copper driver plate at points distributed radially around the sample.

ug,, for each wave, following an approach similar to Barker
and Hollenbach?. This approach divides the profile into
ideal trapezoidal sections, based on fitting straight-lines to the
plateaus, with vertical jumps for the arrival of each successive
wave. This approach has significant advantages over other
methods, such as gradient or velocity based thresholds as it
can be used where the PDV signal has large noise or even

drops out, as well as giving statistical uncertainties that well
represent the measurements made.

The vertical jump is calculated by finding the midpoint be-
tween the adjacent plateaus, as shown in Figure 3a, thereby
giving the arrival time of each wave. For almost all of the
waves, especially the precursors and pre-transition waves, the
time resolution of the PDV is unable to meaningfully resolve



this jump: as a result the time resolution is used as the un-
certainty for most arrival times. However, where the arrival is
more diffuse, uncertainty is defined by the time difference be-
tween the trace reaching the 50 % and 75 % threshold. Higher
upper thresholds, or thresholds set below 50 %, would often
lie in the roll-off regions. This is typically only used for the
post-transition wave, such as PC4 and PCs in Figure 4. The
uncertainty of the arrival time is therefore given by either time
difference between the 50 % and 75 % threshold, or the time
resolution of the PDV analysis, whichever is greater.

The free surface velocity of each wave is extrapolated from
the fit to the specified arrival time. A 95 % confidence inter-
val computed at the arrival time is used to determine the free
surface velocity uncertainty, an example of which is shown in
Figure 3b. The signal noise, linearity, and degree of extrapo-
lation are thus encapsulated within this uncertainty.

The regions for which the plateau segments are taken, from
which the arrival times and free-surface velocities are calcu-
lated, are determined through a bounded brute-force optimisa-
tion where the free surface velocity uncertainty is minimised.
For each possible fitting region, the fit is calculated, the arrival
time of the wave determined, and the uncertainty evaluated,
with the minimum uncertainty used to determine the best fit.
Thus the number of fitted points, extent of extrapolation and
quality of fit are all considered to analytically and repeatably
segment the profiles into the various waves. Exact values and
their uncertainties for the times and velocities are propagated
for derived variables.

Three probes are fielded radially around the cylindrical tar-
get (Ch 2-4 in Figure 3a), from which the shock wave tilt rel-
ative to the single crystal normal can be calculated (data tab-
ulated in Table I). The arrival time between these three chan-
nels is taken alongside the measured spot positions imaged on
the target to give the entry time ¢, of the shock wave into the
centre of the tin sample. The Eulerian shock velocity U, can
then be deduced using

Yn

U, = .
Ih —Icu

Sn

(D

Given the free surface is moving, the distance the waves travel
from the driving surface to the measured free surface y, is only
the measured initial thickness yg for the first wave. This dis-
placement of the free surface can be determined by integrating
the free surface velocity. Assuming the free surface trace does
not deviate significantly from the linear fits, a trapezium rule
approach can be used, meaning the surface displacement for
each subsequent wave 7 is given by

R *
/ (utsn—l + ufs,,,|>

Yn=Yo+
0 21' 3

(tn - tnfl) ) (2)

where ug, denotes the free surface velocity immediately be-
fore the following wave’s arrival, thereby taking into account
any decay or rise in the free surface velocity®. This correc-
tion is typically small where the waves arrive in close proxim-
ity, with a change in thickness of less than 0.5 % for the pre-
transition wave and around 2 % to 3 % for the post-transition

wave in the majority of samples, but can be up to 10 % for the
post-transition waves in PC4 and PCs.
The approximation

up =3 3)
is used to determine the internal particle velocity up. This
relies on the assumption that the release isentrope matches the
loading Hugoniot. While this is not strictly true, the error
introduced is small, usually less than 1 %, and systematic®>°.
The pressure P and specific volume V for the nth wave are
therefore given by the Rankine-Hugoniot conditions:

Vi
Ph—F1= P0V70 (Usn - ”pnfl) (”Pn - u/’n—l) “4)
n—1

and

E — US" _upn Vn_l (5)
V() Usn_’/‘pn_l Vo ’

where the subscript 0 denotes the initial conditions®>%7.

Alongside polycrystal samples, three single-crystal orienta-
tions were tested: (100), (001) and (110). Polycrystal samples
were cut from a stock bar with SN purity and 11 mm diame-
ter except sample PC7 which was reduced to a 9 mm diame-
ter. Single-crystal tin samples had a diameter of 10 mm. To
determine the crystal normal relative to the driver plate, and
therefore the tilt of the shock wave measured by the radial
probes, the single-crystal samples were indexed using X-ray
Laue diffraction, Figure 2c (rotation of crystal normal to spec-
ified direction presented in Table I). The density of the crys-
tals was also measured. By measuring the thickness of the
samples as well as the distance between the rear surface of the
sample and driver plate, an indication of the glue thickness
between the copper and the tin is determined. In this case, the
glue layer was not resolvable by the depth gauge used, and is
therefore less than the resolution of 0.01 mm.

I1l.  RESULTS

The resulting free surface velocity traces are shown in Fig-
ure 4. The polycrystal traces are in good agreement with the
literature results of Anderson er al.%. It is noted that these lit-
erature traces have been time adjusted, assuming linear disper-
sion rates, to account for the different thickness samples used.
The pressure-volume states and shock experimental data are
tabulated in Table I and plotted in Figure 5.

A. Precursor

The precursor waves in Figure 4 show considerable differ-
ences between orientations. Orientation (100), for instance,
shows a precursor wave that is an order of magnitude higher
than the other orientations, and significantly slower transmis-
sion speed.



TABLE I: Table of experimental and sample data.

Impact  Thickness Shock Tilt* Crystal Rotation” Precursor
Sample Velocity A Angle Rotation Rx Ry R, G up o v/vo
(ms™ 1) (mm) (mrad) (rad) (mrad)  (mrad) (mrad) (kms~!) (ms™!) (GPa)
100, 775+2 2.08+0.01 5.0+£03 2.60+0.07 —3+£2 871+2 —3+2 331£0.04 225+11 54404 0.932+£0.005
100, 742+1 2.08+£0.01 6.44+0.5 —2.66+0.07 3+2 —1216+2 —2+2 3.31+0.04 217+ 8 5.24+0.3 0.934+0.003
001, 777+1 2.10£0.01 03402 —-0.84+0.67 5+£2 717+2 —5+2 3.71£0.04 61+ 4 1.7£0.2 0.984+0.002
001, 743+3 2.06+0.01 45£03 -3.06+0.04 —9+£2 —-236+£2 —7£2 3.74+0.05 58+ 6 1.6£0.2 0.984+0.002
110, 765+2 2.15£0.01 524+04 131+£0.05 0+£2 665+2 042 3.70+£0.06 24+ 3 0.7£0.2 0.993+0.002
110, 742+2 2.124+0.01 82+£0.5 —-2.77+0.06 3+£2 —1466+2 —2+2 3.63+0.08 26+ 7 0.7£0.2 0.993+0.002
PC, 809+2 1.92+0.01 2.2+0.2 - - - - 345+0.03 194+ 2 0.5£0.1 0.99440.001
PC, 776+1 1.96+0.01 7.0£0.5 - - - - 346+0.03 24+ 5 0.6+0.2 0.993+0.002
PC3 7462 1.85+0.01 6.5£0.3 - - - - 350£0.07 20£ 5 0.54+0.2 0.994+0.002
PCy 711£2 1.75+£0.01 2.1+£03 - - - - 344+0.04 31+ 6 0.8+£0.2 0.991£0.002
PCs 646+2 1.844+0.01 1.1+£04 - - - - 365+0.11 17£ 5 0.54+0.2 0.995+0.002
PC¢ 785+3 2.81+£0.01 3.1+03 - - - - 352+0.03 154+ 4 0.4+£0.1 0.996=+0.002
PCy 782+1 1.00+£0.01 5.0+04 - - - - 3524+0.06 37+ 2 0.94+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+£0.05 234+10 0.6+£0.3 0.994+0.003
PCjo¢ 878+9 2.024+0.01 3.3+0.4 - - - - 356+0.06 26+ 2 0.7+0.1 0.993+0.001
Density Pre-transition Post-transition
Sample 0o Us up P v/vo Us up P v/vo
(gem™3) (kms~ )  (@ms™ (GPa) (kms~1)  (ms™ (GPa)
100, 7.28+0.02 3224+0.04 380+ 3 9.0+£0.2 0.884+0.003 2974+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 2794+0.06 453+ 2 104£0.3 0.856£0.003
001, 7.28£0.02 326+£0.04 377+ 2 9.1£0.2 0.886+0.002 291+£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 2.744+020 454+ 2 10.6+£0.4 0.857£0.005
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 2.77+0.11 4544+ 3 10.6+£0.4 0.857£0.005
PC, 7.29+£0.02 324+0.03 369+ 4 8.8+£0.2 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
PC3 7.28+0.02 3274+0.06 364+ 2 87£0.3 0.889+£0.003 2.724+0.07 456+ 2 10.5£0.3 0.854£0.004
PCy 7.28£0.02 32540.04 387+ 1 9.2+£02 0.881+0.002 239+0.05 429+ 1 99402 0.863+0.003
PCsd 7.29+0.02 3264+£0.04 380+ 1 9.1£0.2 0.884=+£0.002 2.15+£0.09 411+ 1 9.5£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
PCy 7.29+0.02 3284+0.06 384+ 2 92+£0.3 0.884+0.003 2.894+0.08 478+ 1 11.2+0.3 0.850+0.004
PCg 7.29+£0.02 336+£0.04 374+ 2 9.2+£02 0.889+0.002 3.00+£0.07 483+ 2 11.6£0.3 0.852+0.003
PCy 7.29+0.02 336+0.04 385+ 3 95+£0.3 0.886+0.003 298+0.06 466+ 2 11.2+0.3 0.858+0.003
PCo¢  7.29£0.02 3324+0.04 390+99 95+£2.6 0.883+0.031 3294+0.06 536+ 7 13.0£0.4 0.839£0.005

 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 2b)
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 2b).
¢ Re-analysis of the data presented in’!. The pre-transition step is only measurable with high time resolution analysis, resulting in low statistical confidence
for this measurement.
4 Phase transition incomplete. Post-transition state taken as highest state reached before spall.

The polycrystal precursor pressure is found to be some-
what larger than other Hugoniot elastic limit (HEL) literature
values. For example, Mabire reports around 0.2 GPa%, al-
though the use of VISAR tuned to the phase transition may
be less sensitive to the HEL. Similarly, Steinberg!'®* reports
a value of 0.24 GPa. The provenance of this is unclear, how-
ever, this value is similar to the value of 0.194 GPa found in
ramp-wave tests>®. Indeed, laser shock experiments at a much
higher strain-rate indicate a value in excess of 1 GPa'% and
free surface velocities around 100ms~'1%. The strain-rates
for these various measurements cannot be numerically com-

pared, although the strain-rate of the shock experiments con-
ducted here would be expected to sit towards the centre of the
range of literature strain-rates, with the measured HEL reflect-
ing this intermediate position. Notably the results presented
here are good agreement with the particle velocity measure-
ments in the plate-impact experiments of Anderson et al.%3.

The wave speed of this polycrystal precursor is a little faster
than the ambient longitudinal sound speed of 3.43kms™!
given by Marsh?®. Notably the polycrystal sound speed is con-
sistent with the sound speed of 3.54 kms~! measured at 300 K
and 0.75 GPa’2. Similarly, the single-crystal wave speeds are
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FIG. 4: Rear surface velocity traces for plate impact experiments on a range of tin samples. Key features are indicated.
Polycrystal data is in good agreement with the free surface velocity traces of Anderson ez al.%3 (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. 443446, with the permission of AIP Publishing. Times referenced to pre-transition wave.

faster than ambient ultrasonic velocity measurements deter-
mined using the pulse-echo technique'?’, see Table II. Orien-
tation (100) exhibits the slowest sound speed under both shock
and ambient conditions. However, while (110) and (001)
have similar ambient longitudinal wave speeds, under shock
loading, where (001) exhibits a significantly greater compres-
sion, the wave speed in (001) is larger. This observation im-
plies, given the elastic longitudinal wave speed correlates with
square root of the elastic modulus, the material stiffens with

increasing stress.
Indeed, the apparent stiffness C can be calculated using the
wave speed through

C = poUs. (6)

The resulting apparent stiffness is presented in Table III, com-
pared to literature second order coefficients!#. The second or-
der coefficients clearly underestimate the stiffness, suggesting
a third order model, where the material stiffness increases as
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FIG. 5: Pressure-volume data determined in this work
compared to literature values®®%-103 Hugoniot and
transition calculated from the Birch-Murnaghan model
determined by Mabire and Héreil>®.

TABLE II: Elastic longitudinal wave speeds in single crystal
tin measured at ambient conditions and under shock.

Orientation Ambient conditions'®”  Shock - this study

(001) 3.446+0.015 3.71 +£0.04
3.430+0.010 3.74 +£0.05
3.112£0.015 3.31 +£0.04

(100) 3.31 £0.04

(110) 3.481+0.018 3.70 +0.06

3.63 +0.08

the material is compressed, should be used. For each orienta-
tion, the principal stress ¢ in the direction of the wave is given
by108

\%
0'1002—7077 (C11+gC111)7 (7a)
\%
0001 = _Von (Css + gc333) , (7b)
and
\%
o110 = *gvo (Cn +C12 +2Ce6+
g(cm +3Ci12 + 12C166)> (7¢)

TABLE III: Table of elastic data

Stiffness Second order
Sample poUs? Coefficient Value!4
(GPa) (GPa)
100, 79.8+1.9 c 72.30
100, 79.6+£1.6 1
001, 100.4+2.1 c 87.4
001,  101.942.7 3
1104 99.9+3.2 %(C]] +C]2+2C66) 89.85
110, 96.0+3.8
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FIG. 6: Precursor data plotted against a third order elastic
stress-strain model (solid lines, same colour as experimental
data of the same orientation)!%®. Second order parameters
from Rayne and Chandrasekhar!?, third order from Swartz ef
al.'%  Hugoniot for the B phase calculated from the
Birch-Murnaghan model of Mabire and Héreil>.
Single-crystal molecular dynamics simulation states by
Soulard and Durand®® are included for comparison.

where

@)

Plotting these third order approximations in Figure 6 with
second order coefficients from Rayne and Chandrasekhar!4
and third order coefficients from Swartz ez al.'?” fits the mea-
sured data well. Thus, the strain-rate dependence on the elas-
tic properties is likely indirect, with increasing strain-rate in-
creasing the threshold for plasticity, resulting in a larger mag-
nitude, and, therefore, faster, elastic wave propagating in the
material.

The agreement with the elastic model and statically deter-
mined wave speeds lends confidence to the conclusion that the



precursor waves are indeed elastic. However, this does not ex-
plain the magnitude of the waves, especially in the (100) ori-
entation. An unusually high precursor was reported by Davis
and Hayes>’ in isentropic compression tests of (100) orienta-
tion single crystals, although “bond-layer thermal distortions”
was the hypothesised cause. It is noted that applying com-
pressive low-energy impact loads along the [100] direction
drives plastic deformation through twinning*!. The high pres-
sure plastic behaviour of tin has been suggested to be dom-
inated by twinning in split-Hopkinson pressure bar, pulsed
power driven ramp, hole closure, Richtmyer-Meshkov insta-
bility and Taylor cylinder tests'?°. At cryogenic temperatures,
this orientation is also found to fail without plasticity at a sig-
nificantly higher pressure than other orientations??, suggest-
ing that twinning may require large stresses to initiate in time-
or energy-constrained conditions in this orientation.

An estimation of the internal stresses in the samples at the
precursor state, the state where the properties diverge from
the predicted single-crystal elastic compression curve, can be
determined using the previously mentioned third order elastic
model. By taking the mean of the uniaxial strain at the pre-
cursor for the two tests per orientation, the stress field can be
calculated, from which the resolved shear stress for the poten-
tial slip and twinning systems in tin can be estimated (detail
in the Appendix). Seven slip systems have been experimen-
tally observed in tin®?2-38  alongside two twin systems3*—#!,
tabulated in Table IV. Critical shear stresses are somewhat
uncertain and incomplete for these slip systems. Typical val-
ues are around or slightly below 1 MPa?22441  Other systems
have been proposed?®3*!10.111 " however measurements are
scarce and observations inconsistent between sources. While
it may be possible that these additional systems occur un-
der specific loading and temperature conditions, only the core
seven systems that are repeatedly observed are used for this
analysis®> 112113 The results of this analysis are presented in
Table IV.

It can be seen that more slip systems experience shear in
the (110) orientation than the other orientations. The mag-
nitude of the shear stresses for all systems is also lower in
(110) than for the other tested orientations, while still being
an order of magnitude larger than the critically resolved shear
stresses determined for quasi-static conditions®>>*. While
rate effects may explain the rise in critically resolved shear
stress, an order-of-magnitude rise is perhaps unexpected. Ori-
entation (100) shows the highest resolved shear stresses, espe-
cially in the twinning systems. Notably, all the systems show
a higher stress than in the (001). Assuming a simple Schmid
model where the slip or twinning system activates when a
critical stress is reached, any system that activates in (001)
should activate well before reaching the HEL state measured
in (100). A single critical value of resolved shear stress cannot
therefore predict the onset of plasticity, and given the elastic
anisotropy, factors such as strain-rate and elastic potential en-
ergy may give better insights. Behaviour more complicated
than a classical activation stress model is therefore observed,
and warrants further study.

TABLE IV: Shear stress in GPa resolved for each slip
system and crystal direction at the precursor state.

Slip system Shock Orientation

(100) (001) (110)
(100)[001] 0 0 0

(010)[001] 0 0 0

(110)[001] 0 0 0

(170)[001] 0 0 0

(T10)[111] 0.20 0 0

(110)[T11] 0.20 0 0

(1T0)[111] 0.20 0 0

(1TO)[TT1] 0.20 0 0

(T01)[101] 0.91 0.39 0.09
(TO1)[101] 0.91 0.39 0.09
(011)[0T1] 0.69 0.39 0.09
(011011 0.69 0.39 0.09
(121)[1071] 0.66 0.28 0.17
(T21)[101] 0.66 0.28 0.04
(121)[10T] 0.66 0.28 0.04
(121)[101] 0.66 0.28 0.17
(211)[0T1] 0.48 0.28 0.17
211)[0T1] 0.48 0.28 0.04
2T1)[011] 0.48 0.28 0.04
211011 0.48 0.28 0.17
(100)[010 0 0 0.18
(010)[100 0 0 0.18
(100)[011 0 0 0.15
(100)[0T1] 0 0 0.15
(010)[101] 0 0 0.15
(010)[10T] 0 0 0.15
(301)[103] 0.90 0.42 0.10
(301)[103] 0.90 0.42 0.10
(031)[0T3] 0.74 0.42 0.10
(031)[013] 0.74 0.42 0.10

B. Phase Transition

While these precursor waves show significant orientation
dependence, the pre- and post-transition states show only
qualitative differences. For instance, the transition waves of
(001) appear to roll-off more than the other orientations, as
shown in Figure 4, while (110) shows a much more angu-
lar profile. The profile of the post-transition wave in (001)
could be indicative of a phase interface reflection, similar to
that seen in iron®*. Why this effect is orientation dependent is
unclear, but could be tied to the elastic properties. However,
the pressures and volumetric compressions appear to be clus-
tered between the different orientations in Figure 7, without
exceeding the experimental uncertainty. Consequently, any
orientation dependences are likely to be small, if present at
all.

The spread of impact velocities gives an insight into the
possible pressure relationship of the transition. As plotted in
Figure 8 alongside literature data, a linear relationship of the
form

Prransition = MPrax +¢ )
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FIG. 7: Pressure-volume data for the pre- and post-transition
states plotted alongside literature values®®?%-193, Hugoniot
and transition calculated from the Birch-Murnaghan model

determined by Mabire and Héreil>®.

between the peak pressure and the pre-transition pressure is
proposed.

To test this hypothesis a reduced x? statistical test is con-
ducted on the data presented in Table I. Given the experimen-
tal uncertainties,

X2 _ Z (Ptrar;sition - (umax + 6)22 (10)
APtransition + (mAP max)

estimates of the quality of the fit by taking the ratio of the dis-
tance of the data-points from the line of best fit to their mea-
sured uncertainties. As a result, after dividing by the degrees
of freedom (dof; the number of data points minus the number
of fitting parameters), a good fit should reach a value close
to unity. If the data deviates significantly from the proposed
fit, the experimental uncertainties will be smaller than the de-
viation from the fit, meaning x> /dof would be much larger
than one, and similarly if the uncertainties are larger than the
deviation, xz /dof would be much smaller than one.

To determine the optimal fit, equation (10) is minimised.
Data from Mabire® are included in the fit, though it is noted
that their uncertainties are blanket percentages, and may not
therefore represent the individual experimental measurement.
The resulting relationship is found to be

Prransition = O~23Pmax +6.51 ) (1 1)

where both the gradient m and the intercept ¢ are quoted to two
decimal places, and in units of GPa for the intercept. An im-
plication of this equation is that the minimum transition pres-
sure, when the maximum pressure is equal to the transition
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FIG. 8: Comparison between the pre-transition wave
pressure to the peak pressure state, including literature
values>>0>114 A linear fit is taken (grey-dashed line).

pressure, is 8.5 GPa. This is between the values for an un-
strained (8.7 GPa) and strained (8.3 GPa) crystal determined
statically at a temperature corresponding with the approxi-
mate Hugoniot temperature by Fréville et al.’®. The upper
bound can be found by graphically applying the Rayleigh con-
dition, yielding around 15 GPa. The value of y2/dof is found
to be 1.3. This suggests the uncertainties are slightly under-
estimated, should the proposed fit be valid, especially given
the lower uncertainties presented by Mabire and the large un-
certainty of the transition state due to the small step in exper-
iment PCjq. Further shock tests are required to better explore
this relationship, especially to probe the minimum threshold
pressure as well as measure the influence of other variables,
such as initial sample temperature.

Modelling the transition using a transformation rate depen-
dent on the Gibbs energy difference between the two phases,
such as that by Cox and Robinson®*, has replicated the veloc-
ity profiles presented in Anderson et al.%® that are indicative
of the pressure dependence of the transition. A similar ap-
proach by Chong er al.’°, supported by oblique ramp-wave
experiments, shows a decay in the pre-transition wave with
the thickness of the sample. The data analysed here does not
replicate this effect. From the thickest samples, 6 mm and
9.15 mm from Pavlovskii and Komissarov>>, to the thinnest,
no significant deviations from the fit are visible.

IV. DISCUSSION AND CONCLUSION

Through plate-impact shock experiments, the complex be-
haviour of tin has been unveiled. The precursor waves map



well to elastic compressibility, but the plastic transition shows
an unexpected order-of-magnitude difference between single-
crystal orientations. Resolving the state at the peak of this pre-
cursor indicates that a simple Schmid model of critical shear
stress does not well describe this behaviour. The causes of this
phenomenon are unclear, however it is noted that (100) has
the highest compressibility, and therefore it is possible that
the strain-rate is significantly higher in this orientation than in
the other orientations. Although the strain-rate is too fast to be
accurately measured with the current PDV system, increasing
the strain-rate would be expected to increase the threshold re-
quired to slip or twin, especially if the change in strain-rate
were to move into the phonon-drag regime. Higher time res-
olution diagnostics to measure the corresponding strain-rate
of these waves may shed some light on any link between the
yield and strain-rate.

These experiments also cannot diagnose the exact mecha-
nisms of plasticity. To confirm the plastic mechanisms that act
at these high-rates, further experiments are required, such as
shock recovery experiments. Further experiments and mod-
elling are therefore required to better understand the phe-
nomenon underpinning the elastic-plastic transition in tin.

While some qualitative differences are evident between the
phase transitions in the different orientations, the experimen-
tal uncertainties are such that no statistically significant dif-
ferences can be established. Consequently, it is concluded
that there is a large orientation dependence of the HEL, above
which there is not a significant orientation dependence of the
properties. This is in contrast to previous molecular dynam-
ics simulations®®, Figure 5, although it is acknowledged that
the strain-rates an sample volumes differ by many orders of
magnitude. Indeed, considering Figure 6, some orientations
follow the elastic compressibility curves, suggesting further
refinements to the potentials are needed to better represent tin
under shock loading.

Given that multiple transition pathways have been detected
statically®?, it is hypothesised that multiple transformations of
different pathways are initiated under shock loading. A va-
riety of mechanisms may explain the qualitative differences
between free surface velocity profiles (Figure 4), with differ-
ent mechanisms being associated with different transforma-
tion rates. In addition, due to the reduction in density across
the phase change, residual stresses will be generated at the in-
teraction boundaries of these regions. These residual stresses
will then further perturb the original post-transition orienta-
tion, leading to a broad distribution of polycrystalline ori-
entations, with modes centred around an unperturbed post-
transition orientation. Thus single-crystal samples form a
much finer microstructure across the transition; the results of
Morgan et al.'', Briggs et al.%' and Bober ef al.”®.

Alternatively, the lack of orientation dependence may lie
with shock-induced recrystallisation prior to the phase tran-
sition. The proximity to melt may allow recrystallisation to
occur after the HEL is reached!!®, thereby losing any initial
orientation relationship. Whilst verifying these hypotheses
remains a challenge, in situ X-ray diffraction and soft recov-
ery of shocked samples offer potential methods to study this
phenomenon. These methods could help build a better under-
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standing of the pre-transition plastic behaviour.

A plate impact study has been performed on single-crystal
tin to investigate the role of crystal orientation on the shock
response. The HEL was observed to show a significant
anisotropy of wave speed, compressibility and magnitude.
Above this limit, the phase transition shows some qualitative
differences but no quantitative variation between orientations.
This behaviour points towards microstructural changes, no-
tably plastic phenomenon such as recrystallisation as well as
phase-transformation kinetics, eradicating any sample orien-
tation effects. Further experimentation and modelling, such
as sub-transition plate-impact tests, shock-recovery or in situ
high-rate X-ray diffraction experiments, as well as molecular
dynamics simulations, are therefore required to better under-
stand these phenomena. Through this enhanced understand-
ing and modelling capability, a better understanding of other
materials may be developed.
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Appendix A: Calculating Resolved Shear Stress

The shear on the slip plane is given by

A

t=d- (o ), (A1)

The stress field o can be determined using the aforemen-
tioned third order model, assuming one dimensional strain.
The principal components for each orientation are given by

or=—n(Cu+3cm). (A20)

022—%77 (C'lz-f-gCHz)7 (A2b)

032—%77 <C13+2C113>7 (A2c)
for orientation (100);

o1 =~ (Ci+ 5Cm). (A3w)

o=~ (Cis+ 5Crs) (A3b)

03 = *vaoﬂ <C33 + gcm) ) (A3c)

for orientation (001); and

A%
ol =0y= —V*Og ((Cu +Ci)+ g (Ci11 +3C112) +TIC166> ,
(Ada)
\%
O = _%n(C66+nC166)7
(A4b)
%
03 = —%g (2C13 + g (2C113+3C123) +11C366) ,
(Adc)

for (110), where all other terms are zero and 71 is defined
in equation 8. Using the mean volumetric strain for each
orientation from Table I ((v/vo)(100) = 0.933, (v/v0)(01) =
0.984, (v/vo)(100) = 0.993), the second order parameters
from Rayne and Chandrasekhar! and the third order parame-
ters from Swartz et al.'9” yields



[—5.17 0 0 ]

oci0=| 0 —473 0 | GPa, (A5a)
0 0 —3.08
[—0.62 0 0 ]

ooo1=| 0 —062 0 | GPa, (A5b)
0 0 —156)

and

—0.47 —0.18 0

0110 — —0.18 —0.47 0 GPa. (ASC)

0 0 025

The slip plane normal and slip direction are then given by

. 1 ua
d= vay (Ab6a)
V(a2 + (vax)? + (wes)? wes
and
h
1 o
= LA (A6b)

14

where (h,k,l) and [u,v,w] have their usual crystallographic
meaning and are tabulated in Table IV. Due to the large
strains, especially in the (100) orientation, the strained lattice
parameters are used. Assuming one dimensional strain, for
(100) a; = a%,az = a and c¢3 = ¢, while for (001) ¢3 = c%
and a; = ap = a. The loading case for (110) is more compli-
cated, with the stretch field

% 00
F=[010 (A7)
0 01
transformed into Cartesian coordinates using
F=R'FR (A8)
where
cos(45) sin(45) 0
R = |—sin(45) cos(45) 0 (A9)
0 0 1
to give unit cell parameters
aj a
a| =F |a (A10)
Cc3 c

Unstrained lattice parameters a = 5.8318A and ¢ = 3.1819A
are taken from Deshpande and Sirdesmukh!”.



