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Quasi-Taylor wave loaded plate impact experiments have been used to study the effects of bulk
grain size on the shock and spall response of pure copper samples. Using line-Velocity
Interferometry System for Any Reflector velocimetry, an increased particle velocity dispersion was
measured for larger bulk grain size samples resulting in lower mean peak particle velocities and a
lower reload velocity following spall. Spall voids were located in a surface layer of similarly sized
grains for both bulk grain size materials tested. The spall strength was observed to vary with the
tensile strain-rate but was unaffected by the bulk grain size. Post-mortem studies of voids in
samples showed narrow void planes for the small bulk grain size materials and a larger spread of
voids in the larger bulk grain size materials consistent with the free surface particle velocity data
and observed particle velocity dispersion. [http://dx.doi.org/10.1063/1.4986626]

I. INTRODUCTION

The measurement and modelling of dynamic tensile fail-
ure under shock loading, often termed spall, is of persistent
interest and importance to a myriad of industrial and research
institutions. The ability to correctly predict a structure’s
response to impacts and explosive loads is required for both
civilian and military applications including the design of
vehicles, buildings, and satellites. Necessarily the materials
used to build such structures are limited by real world practi-
calities and are therefore typically heterogeneous at the
mesoscale (e.g., grain-scale) level. These local heterogene-
ities will affect the bulk scale loading response of a structure
which may or may not result in significant consequences for
the intended purpose. As such it is clearly necessary to study
these effects and develop a framework of understanding
which would allow both phenomenological assessments of
microstructural effects and accurate predictions which can
inform the design process.

Much of the experimental shock research which can be
found in the literature focuses on point (or spatially aver-
aged) measurements of response to determine quantities
such as the Hugoniot elastic limit (HEL) and spall strength.
The laser spot size of diagnostics such as Heterodyne
Velocimetry (HetV)' and the Velocity Interferometry
System for Any Reflector (VISAR)? determines the spatial
resolution of the velocity measurements. Spot sizes are typi-
cally of the order 100 um—-1mm diameter which might
encompass 1 to 100 typically sized grains at the measure-
ment surface and will record the combined effects of the
wave interactions with the full material structure through the
target thickness. The variation of measured particle veloci-
ties could be statistically analysed from multiple small spot
size point measurements on single or repeat experiments,
however, spatially resolved velocimetry offers a more direct
and useable statistical basis for the measurement of these
behaviours on individual experiments. Line-imaging

0021-8979/2017/122(3)/035106/12/$30.00

VISAR,** or simply line-VISAR (LV), is a such spatially
and temporally resolved diagnostic. It has been used in shock
research since its inception, however, its use at high resolu-
tion for quantitative studies of mesoscale phenomena is rela-
tively uncommon®® as the fielding and data analysis
required to ensure real phenomena are being investigated is
not trivial. When applied carefully, it can therefore be used
in the development of crystal plasticity and multiscale mod-
els which might ultimately be used for the accurate predic-
tion of the bulk structural loading problem.

In this research, we have chosen to address the measure-
ment of the dynamic effects of mesoscale structures by
applying line-VISAR to measure the shock response of poly-
crystalline pure copper. We have decided to focus on the var-
iations of the free surface particle velocity and the incipient
spall response of quasi-Taylor (or “triangular”) wave loaded
copper with two significantly different bulk grain sizes. It is
known that the progression of spall in shocked materials
varies with different planar loading profiles, for example
whether a square pulse or a Taylor wave is applied.'®'" Such
loading differences will alter the width of the spall plane and
the stress and strain-rate history seen by the material in ten-
sion. Spall behaviour will also be affected by the material
defects generated by the first compression wave,'? by local
defect structure (e.g., grain boundary distribution) in the fail-
ure region,'>'* and is likely to be sensitive to the shock
wave’s deviation from an ideal planar form, i.e., the
“roughness” or particle velocity dispersion (PVD) of the
shock wave.”'> The effects of PVD and grain boundary dis-
tribution are generally coupled in spall experiments where
the grain structure in the bulk of the sample creates locally
distributed wave structures which subsequently interact to
create a region of tension within the same grain structure.
Due to material availability in this research (see Sec. II), we
were able to decouple these effects to some degree by having
different bulk grain sizes in different samples but a very
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similar grain size distribution in the region of tension for
each sample.

Il. MATERIALS

The material tested in this research was oxygen free
high conductivity (OFHC) copper, 99.997wt. % pure,
sourced from Aurubis as a 12.7mm thick plate stock in the
half hard condition. This material is of similar specification,
with almost identical chemistry and mechanical properties to
that used in previous work by Escobedo et al.'* and Gray
et al.'® allowing close comparison to that data. The copper
was subsequently annealed in two batches at 600 °C for 1h
and 850 °C for 4 h. This produced grain sizes with an approx-
imate log-normal distribution with mean bulk grain sizes
(including annealing twins) of ~30 um and ~150 um with
underlying grain sizes (i.e., not including twins) of ~60 um
and of the order of 1 mm for the small and large bulk grain
size materials, respectively. The small and large grain copper
materials are respectively referred to as SGCu and LGCu
throughout this paper. As the initially supplied plate material
had been cold rolled, once it had been annealed the LGCu
material contained an approximately 1.5 mm thick surface
layer of smaller grains (~45 um mean size including anneal-
ing twins). Figure 1 shows example optical microscopy of
the initial materials. The results indicated that both materials
had a largely equiaxed grain structure with a number of
annealing twins. Figure 1 highlights the variation in the ini-
tial bulk grain structures and the surface layer effect. The
similar grain size surface layer for both materials was uti-
lised in these experiments to ensure that the region of tension
and therefore spallation occurred in a similar grain structure
for both materials. This is discussed further in Sec. I'V.

By applying a triangular loading pulse in these experi-
ments, we were able to place the plane of spallation near the
rear surface of the samples. This in turn allowed us to ensure
that the spall planes for both bulk grain size materials tested

J. Appl. Phys. 122, 035106 (2017)

FIG. 1. Optical microscopy images for
(a) SGCu sample in the surface layer,
(b) SGCu sample in the bulk material,
(¢) LGCu sample in the boundary
between the surface and bulk, and (d)
LGCu sample in the bulk material.

occurred in locations within the samples with similar grain
sizes. This meant that the grain boundary length in the tensile
region was largely unchanged and only the PVD, which is
affected by the bulk grain structure, was altered between
samples of SGCu and LGCu. The schematic diagram in
Fig. 2 highlights the material structure, spall plane location,
and the effect of the bulk grain structure on the PVD. PVD,
which can be quantified as the ratio of the standard deviation
to the mean of multiple measured particle velocities of a
sample, was measured in these experiments at the rear free
surface of the samples. As such the surface layer will have
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FIG. 2. Schematic representation of copper material grain structures and
shock fronts in this research for (a) SGCu and (b) LGCu samples.
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300 pum

FIG. 3. EBSD orientation maps of sur-
face layers for (a) SGCu sample and
(b) LGCu sample. EBSD images are
shown with their respective inverse
pole figures.

had an additional complicating effect on the dispersion mea-
sured at the rear free surface of the large bulk grain size
material.

The sample microstructures were also investigated via
electron back scatter diffraction (EBSD). Examples for the
surface layer are shown in Fig. 3. Analysis of EBSD images
(for both bulk and surface layers) showed a weak crystallo-
graphic texture.

Results of density and sound speed measurements
undertaken on the initial materials are shown in Table I. The
sound speeds generally agree with literature values although
were slightly larger and more variable for LGCu, presumably
due to the lower number of grains in the sample thickness.

lll. LINE-VISAR

The line-VISAR is a velocity interferometry diagnostic
based on the classic VISAR system,” which uses moving
interference fringes caused by the motion of a reflecting sur-
face to determine surface velocity. In line-VISAR, the photo-
detectors are specifically replaced by a streak camera to
streak a slit image of the fringes with time thus producing a
temporally and spatially resolved velocity record which can
be used for lines from a few tens of microns up to several
millimetres in length for microseconds of recording time.

In these experiments, a single streak camera (Optronis
SC-51 coupled to a Spectral Instruments SI800 CCD detector)
line-VISAR with the interferometer set in the Mach-Zehnder
configuration, was used. High resolution and significant line

TABLE I. Details of initial material characterisation.

length were desirable in these experiments which are compet-
ing factors and the set up used was considered the best com-
promise. The line length was set to ~3mm on the sample
surface with a total record length of ~2.5 us to ensure record-
ing of the full 1D dynamic event and at least 0.5 us of static
data before surface motion. The fringe size was set to
20mm " across the full line length to achieve spatial resolu-
tions, measured prior to each experiment, of at least 75 um for
a <5% velocity accuracy. Much smaller features were also
observable but with >5% error. The slit width was measured
to be ~15 pixels which is equivalent to ~35 um on the sample
surface and ~20ns in the streaked dynamic experiments. The
line-VISAR and analysis methods used in this research are
described in more detail in a recent article.'” The analysis
method applied is a 1D continuous wavelet transform (CWT)
analysis with issues such as streak camera distortion and fixed
pattern noise accounted for.

IV. EXPERIMENTS

Parallel-plate impact experiments were performed on a
100 mm bore single stage compressed helium driven gas-gun
located at the Institute of Shock Physics, Imperial College
London. The impact and diagnostic configuration for these
experiments is shown in Fig. 4. Each target consisted of two
nominally 10mm thick, 45 mm diameter copper samples,
four small PMMA windows, and eight piezoelectric pins
mounted flush to the front face of a copper retaining plate.
The copper samples were mounted within the 12 mm thick

Material Density (g/cm?) ¢ — Longitudinal sound speed (mm/us) cs - Shear sound speed (mm/us) Mean bulk grain size, including twins (xm)
SGCu 8.92 = 0.01 477 £0.01 2.32 £ 0.01 30
LGCu 8.92 + 0.01 4.83 £0.02 2.34 £ 0.05 150
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retaining plate in holes with ~50 um clearance on radius. A
4mm deep counter bore on the rear of the plate was used to
allow the epoxy adhesive to hold the samples in place.

The motion of the target rear-surface was diagnosed
using line-VISAR. The line-VISAR was fielded via a 45°
angled front surface cold-mirror centrally located on one of
the samples on each experiment. Impact tilt and timing in
these experiments were measured using a combination of
HetV' through the PMMA windows and the piezoelectric
pins. HetV is a point velocimetry diagnostic which in these
experiments, employing collimating lens probes mounted in
alignment gimbals, was mounted ~10 mm from the sample
surfaces and produced effective spot sizes on the reflecting
surfaces of ~200 um diameter. Two channels of HetV were
fielded on the rear surfaces of each copper sample, one
~13 mm from the sample edge and one at the sample centre
(through the cold-mirror on the line-VISAR sample of each
experiment). A final channel of HetV was used to measure
the impact velocity through a hole in the target. The
approximate locations of the HetV surface measurements
and the mirror used to return the line-VISAR light out
from the target vacuum enclosure of the gas gun are shown
in Fig. 4(b).

The impact face of the full target was lapped such that it
was flat to <2 pum and each individual sample was flat to
<1 pm. Additionally, the rear surface of each sample was
polished to a mirror finish to reduce the effects of laser
speckle, allowing tight optical fringe spacing (20mm ") on
the line-VISAR diagnostic which in turn improves spatial
resolution. The targets were impacted by thin (~1mm and
~3 mm thick) z-cut sapphire flyer plates mounted to a poly-
carbonate sabot. The sapphire flyer plates were ground such
that they were parallel to <3 um and flat to <10 um across

each sample. Table II shows the full details of each
experiment.

As shown in the table, experiments 1, 2, and 5 were
undertaken with the thin sapphire flyer plate at approxi-
mately the same impact velocity, ~260 m/s. This produced
an impact stress at the loading surface of ~5.3 GPa and a
short pulse triangular wave at the rear recording surface with
a peak velocity of ~195m/s (equivalent to ~3.6 GPa). We
also chose to investigate the effect of increasing the pulse
duration while still retaining a triangular wave loading at the
spall plane in experiments 3 and 4. This was achieved by
increasing the thickness of the sapphire flyer to ~3 mm and
reducing the impact velocity. As the release front from the
rear of the impactor catches up with the shock front deeper
into the sample for the thicker impactor, the reduction of
impact velocity was required to attempt to match the peak
stress at the spall plane between the “short pulse” and “long
pulse” configurations. A simulated rear free surface velocity
history is shown in Fig. 5 to highlight the key features of a
shock and spall trace and the intended difference between
the short and long triangular pulse experiments. These 1D
simulations were undertaken using the AWE Lagrangian
hydrocode CORVUS'® with a mesh size of 2 um. Strength
and spall were incorporated using the Preston Tonks Wallace
(PTW)" and Johnson spall*® models, respectively.

Of interest in these particular experiments is the spall
behaviour (e.g., spall strength, the reload signal, and the
developed microstructure) of the different grain size sam-
ples. The spall strength is a convenient parameter to define
and compare the material’s resistance to applied dynamic
tension. There are various definitions of spall strength, most
of which attribute a single value based on an assumed per-
fectly planar failure in an isotropic material. In most cases,

TABLE II. Details of the plate impact experiments. Note: the first sample in each experiment featured the Line-VISAR (LV). No tilt or velocimetry data was

recorded on Shot 4.

1st Sample (LV): Material and

2nd Sample: Material and

Sapphire Impactor thickness ~ Impact tilt = 0.05

Shot # thickness = 0.005 (mm) thickness £ 0.005 (mm) + 0.002 (mm) (mrads) Impact velocity (m/s)
1: Short pulse SGCu 9.87 SGCu 9.92 1.001 0.19 259.9 = 0.5
2: Short pulse LGCu 9.94 SGCu 9.96 0.989 0.31 259.6 0.5
3: Long pulse SGCu 10.01 LGCu 10.01 2.997 0.54 149.5 0.5
4: Long pulse SGCu 9.98 SGCu 9.96 3.001 170.0 = 10.0
5: Short pulse LGCu 9.98 LGCu 10.00 0.991 0.31 266.5 = 0.5
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FIG. 5. Simulated rear free surface velocity history for quasi-Taylor wave
loaded spall experiments.

the definition of spall strength (og) is proportional to the
pull-back signal (Aus) which is the magnitude of the differ-
ence between the measured peak free surface velocity (#,x)
and the minimum in the free surface velocity (u,,), as
shown in Fig. 5. As such, spall strength is most readily asso-
ciated with the initial tensile stress which causes significant
nucleation of voids rather than subsequent growth and coa-
lescence of the voids. Here we define spall strength in Eq.
(1) following the recommendation of Kanel®! for an elasto-
plastic material as

o5 = pOCLAufS/(l + CL/C()), (1)

where p, is the material density and ¢, and ¢ are the ambi-
ent pressure longitudinal wave speed and bulk sound speed,
respectively. This form of the equation is applicable to trian-
gular compression pulses where the reload pulse travels at
the longitudinal sound velocity independent of its steepness.
Note that Shots 3 and 4 in this series fired slower than
the intended 190m/s impact velocity such that the peak
stresses in the spall region were ~2.8 and 3.2 GPa respec-
tively although it is not considered that this would make a
significant difference to the spall behaviour and mechanisms
observed. For Shot 4, no velocimetry was recorded such that
only the recovered microstructure is included in this work.
Metallography of the recovered samples was considered to
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be a secondary diagnostic in these experiments. Due to the
significant quantity of hardware located behind the samples,
it would not be feasible to recover them without some post
shot damage. However, by use of the shock impedance
matched retaining copper plate and ensuring some areas of
the samples would not directly impact the hardware, it was
considered that post shot metallurgy would still provide data
regarding void plane location, approximate void sizes, and
the extent of coalescence.

V. RESULTS: LINE-VISAR

An example line-VISAR derived 2D spatially resolved
velocity record and 3D velocity plot are shown in Fig. 6
from Shot 3 on the SGCu material.

The raw streak camera data was corrected for issues
such as streak camera distortion and fixed pattern noise and
analysed as discussed in Philpott er al.'” Figure 6(a) shows
the analysed record converted from pixels to real time and
velocity values. The static run-in can be seen at the begin-
ning of the record although the low (~3 m/s) elastic precur-
sor, which lasts for ~250ns before the shock rise, is not
easily discernible in the image. At approximately 1 us, there
is an abrupt rise to the peak free surface velocity as the shock
arrives, then the pullback signal and subsequent oscillations
corresponding to wave reverberations through the spall layer.
It can often be easier to visualize the line-VISAR data using
3D surface plots [Fig. 6(b)] where images are plotted in
velocity, distance, and time space for every pixel of the cam-
era’s CCD (equivalent to ~2 um per pixel on the sample
surface).

3D surface plots comparing the different bulk grain size
materials for short pulse experiments are shown in Fig. 7.
Here, significant spatial variation of velocity is apparent in
the measured response across the surfaces. This variation,
which appears quasi-periodic in nature is the greatest for the
larger bulk grain size materials [e.g., Fig. 7(b)] although is
still significant, with a higher frequency, for the small grain
size material [e.g., Fig. 7(a)].

The grain size at the recording surface for this data
(~45 um) is lower than the stated system resolution
(~75 um) although the line-VISAR system is capable of

-

Velocity (m/s)

15
Time (u8)

FIG. 6. Line-VISAR velocity record for Shot3, SGCu material in (a) 2D plot and (b) 3D surface plot.
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FIG. 7. 3D surface plots of velocity data for (a) SGCu material, Shot 1 and (b) LGCu material, Shot 2.

measuring much smaller spatial features (<10 um) with an
increased velocity uncertainty. This suggests that the varia-
tions such as the quasi-periodic nature observed in Fig. 7,
which appear to be on the scale of hundreds of microns, are
real surface behaviour. Line-outs of the line-VISAR velocity
data at certain times have also been taken to produce velocity
distributions. Example distributions using 5 m/s bins through
the peak free surface velocity for Shots 1 and 2 are shown in
Fig. 8. It can be seen that the free surface particle velocities
approximate to normal distributions over the 3mm line
lengths even with the quasi-periodic nature noted previously.
Despite near identical loading conditions, Fig. 8 also indi-
cates that the mean particle velocities achieved are lower for
the LGCu material although the maximum velocity achieved
is the same. This observation seems physically reasonable as
no obvious mechanism would increase the maximum veloc-
ity achieved such that a greater dispersion of particle veloci-
ties caused by the larger bulk grain structure will therefore
naturally reduce the mean velocity.

To account for the system resolution, we have chosen to
analyse the data further by taking a series of non-overlapping
spatial averages. In Fig. 9 are a series of non-overlapping
100 um averages across the 3 mm line for all of the experi-
ments. Also included in the figure are the (total pixel) mean
and the standard deviation of the line-VISAR data as well as
a single HetV data set from the same experiment (the

0.2
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150 200 250
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FIG. 8. Distribution of particle velocities for SGCu (Shot 1) and LGCu
(Shot 2) materials line-VISAR data taken through the peak of the triangular
wave.

remainder of which are shown in Sec. VI). The ~200 um
diameter HetV spots would have encompassed approximately
ten times the surface area compared to the 100 yum x 35 um
line-VISAR averages. It is also noted that for Shot 5 some
unphysical velocity spikes were recorded in portions of the
data. A finer spatial resolution was targeted in this experi-
ment by increasing the fringe density to ~28 mm™'. This
equates to a wavelength of ~36 um, close to the operational
wavelength of the interferometer set-up which resulted in
the analysis routine becoming unstable and unable to cor-
rectly unwrap the velocity information across the full width
of the line. Approximately 1.7mm of data was obtained
which was of similar quality to the other experiments but
was interspersed by regions of significant velocity spikes.
These have been removed from the 100 um velocity
average analysis for clarity. Further development of the
analysis may enable more of the data to be unwrapped in the
future.

Figure 9 shows that the velocity variation around the
mean is clearly significant in all cases. The maximum to
minimum variations are ~20m/s for the SGCu material and
~60m/s for the LGCu material. Inspection of the 100 um
average data reveals that there is correlation between adja-
cent data sets signifying real surface behaviour rather than
system or analysis noise. The standard deviation of the mea-
sured free surface particle velocities shown in Fig. 9 displays
a distinctive peak during the shock rise where relatively
small variations in wave arrival times will result in large
departures from the mean. The measured variations of the
shock arrival time were ~30ns and ~80ns across the full
extent of the line for the SGCu and LGCu samples, respec-
tively. These peaks are similar to those predicted in discrete
element model simulations of shocked polycrystalline
copper'” and observed experimentally in shock loaded tung-
sten.” The standard deviation in the early baseline data was
approximately 3m/s in all cases indicating the systematic
error in the system. The standard deviations in the dynamic
data after the shock rise display slowly varying levels of
~13m/s for the small grain material and ~19m/s for the
large (although it does vary more significantly for Shot 5
where unphysical velocity spikes were more prevalent).
These results suggest a significant particle velocity disper-
sion in all cases which is more severe for the large bulk grain
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3: Long pulse, SGCu material, and (d)
Shot 5: Short pulse, LGCu material. A
single HetV record, the line-VISAR
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lines respectively for each data set.

2 23 26 29 32 35 38 21

25 29 3.2

Time (ps) Time (us)
Line VISAR mean
—— Line VISAR standard deviation
HetV

~——— Non overlapping 100 um averages

material although mean line-VISAR data for both materials
as shown in Fig. 9 is closely consistent with the HetV data.

VI. RESULTS: HetV

In Fig. 10, the measured free surface HetV profiles for
these experiments are displayed aligned to impact time
[Figs. 10(a) and 10(c)] and the first free surface minimum
[Figs. 10(b) and 10(d)]. Figures 10(a) and 10(b) show the
data for the SGCu material and Figs. 10(c) and 10(d) show

the data for the LGCu material along with a single short and
long pulse data set for the SGCu material for comparison.
Figure 10(a) shows the consistency of behaviour of the
SGCu samples from multiple HetV measurements on multi-
ple samples. In contrast, the pairs of probes on each LGCu
sample seen in Fig. 10(c) exhibit clear differences, ~4—6 m/s
between probes on the same samples for both short and long
pulse experiments. It is notable that the peak free surface
velocity achieved is also significantly different between
the large and small grain size materials as observed in the
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line-VISAR data. For Shot 2, the LGCu material reached a
peak of ~20m/s lower than the SGCu sample on the same
target despite the identical impact conditions and near identi-
cal target thicknesses. This wave dispersion effect reducing
the average peak particle velocity was offset on Shot 5, fea-
turing two LGCu samples, by increasing the impact velocity.
It can be seen that a more comparable peak free surface
velocity was achieved (compared to SGCu samples) in that
case. Figure 10(c) also shows that for the short pulse experi-
ments, the reverberating waves in the incipiently spalled
scab reduce to very little after the first reload in the LGCu
material suggesting that the large bulk grains have the effect
of dispersing the waves and therefore are likely to create a
wider, more incipient spall plane.

The longer pulse experiment (Shot 3) did not reach the
same peak velocity as previously discussed, however by
alignment of all the records to the first free surface minimum
[Figs. 10(b) and 10(d)], we are able to compare the reload
signal behaviours. This portion of the data is where the
effects of void growth and coalescence are most evident.
Figure 10(b) shows that for both loading pulses, the initial
reload after spall is similar but for the longer pulse experi-
ment the velocity then grows more slowly. The fast initial
reload suggests consistent void nucleation for the SGCu
material but for the shorter loading pulse experiments there
is then limited time and less kinetic energy in the thinner
spall scab to allow significant growth and coalescence of
voids. In Fig. 10(d), the reload acceleration and the peak
velocity are lower for the LGCu samples and also signifi-
cantly more variable, suggesting fewer and more widely
spaced voids.

VIl. RESULTS: SPALL STRENGTH

Spall strengths have been calculated for both the HetV
and the line-VISAR data using Eq. (1) and are plotted in Fig.
11, as a function of the tensile strain-rate (¢). The tensile
strain-rate is calculated immediately prior to spallation using

& = (tgs/2c0), @)

where 1z is the maximum gradient of the free surface veloc-
ity before failure. For these data, the error in the strain-rate is

2.4
. Long pulse Short pulse
A Line VISAR SGCu p
2.2 - * HetVsSGCu
A Line VISAR LGCu

- ¢ HetV LGCu
© 2 4. Escobedo et al.
% Chen et al.
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FIG. 11. Spall strength versus tensile strain-rate for all experiments.
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omitted for clarity in Fig. 10 but is calculated to be approxi-
mately *=0.002 us~'. The spall strength has been calculated
at every pixel for the line-VISAR data and the mean is pre-
sented with the standard deviation as the error. The spall
strength error for the HetV data, also omitted in the figure
for clarity, is approximately 1%.

The relationship between spall strength and tensile
strain-rate is shown in Fig. 11 alongside data from the litera-
ture.'*'* The figure indicates a gradual increase of spall
strength with tensile strain-rate for both bulk grain size mate-
rials and both pulse lengths tested in these experiments.
Lower average tensile strain-rates are observed for lower
peak free surface velocities, i.e., for the long pulse experi-
ments and for the LGCu material in general where a greater
particle velocity spread results in a lower peak velocity for
the same loading. There is a larger spread of spall strength
determined for the LGCu materials observed in the multiple
HetV data points and the standard deviation on the line-
VISAR data. The variation of spall strength for the SGCu
material determined from the line-VISAR data is less than
for the LGCu material but is also not insignificant in agree-
ment with the line-VISAR analyses shown in Fig. 9. The
trend in the spall strength (o) data implies that for the cop-
per materials tested the nucleation of voids is predominantly
dependent on the tensile strain-rate, and that the sensitivity
to the structure/spatial variation in the tensile wave arising
from the different bulk grain structure is small. It is the case
however that the bulk grain size affects the observed error in
gs. This is expected due to the change in the roughness of
the loading and release waves affecting void locations within
the spall plane and therefore the subsequently observed wave
profiles at the rear free surface.

Data from similar copper materials from the litera-
ture'*'* is also included in Fig. 11 for comparison. These
data were produced for square wave loaded samples with a
variety of grain sizes from ~30 um to 400 um. They show no
obvious effects of grain size on pullback velocity at low
impact stresses and result in lower spall strength than the
observed trend in the current research. This highlights some
of the important differences between square and triangular
wave loading, where spall plane widths and total damage
volume induced (for a similar peak free surface velocity)
will be different. For example in Escobedo et al.,'* the
observed width of the incipient spall planes produced were
>0.5mm while for this research they were <0.2mm. The
increased “plane” width will probe a larger volume of mate-
rial allowing more of the weakest potential void nucleation
sites to be activated. In Chen et al .,13 where peak free surface
velocities were similar to the current research, the authors
observed significant damage leading to mostly complete
spall scab separation. The mostly incipient spall we observe,
particularly for the short pulse loading, is shown in more
detail in Sec. VIII.

VIIl. RESULTS: MICROSCOPY

As expected, due to the large amount of hardware
behind the targets in these experiments and the relative prox-
imity of the spall planes to the rear surface, there were
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limited areas suitable for metallographic study. A series of
optical and EBSD images were however taken in areas
deemed far enough away from obvious impact features
which has enabled some qualitative assessment of void prop-
erties to support conclusions based on the dynamic velocim-
etry data. EBSD imaging in areas where the voids had not
coalesced significantly showed that voids preferentially
formed at grain boundaries but that the special boundary
types corresponding to > 1 low angle (<5°) and >3
(~60° (111) misorientation) were more resistant to void for-
mation as was also found in a previous study.'* Example
optical microscopy images of the recovered void planes for
the four experimental conditions are shown in Fig. 12.
Figures 12(a) and 12(b) show the void planes for the SGCu
material and Figs. 12(c) and 12(d) show the void planes for
the LGCu material. Note that the void planes for the long
pulse length experiments were both significantly coalesced
and the example images shown [Figs. 12(b) and 12(d)] have
been chosen in areas where full coalescence was not achieved
in order to highlight some of the underlying void locations.
Figure 12 indicates that in general, the local void plane
widths are narrow in these experiments. Lower magnification
images (not shown) showed that the overall positions of
the spall planes varied by hundreds of micrometers across
the samples due to the roughness of the shock profiles
and the local grain structures. The locations of the spall
“planes” with respect to the free surfaces measured from
recovered samples on these experiments were 0.43 = 0.04 mm,
1.03 = 0.04 mm, 0.48 = 0.08 mm, and 1.15 = 0.1 mm for the
SGCu short pulse, SGCu long pulse, LGCu short pulse, and
LGCu long pulse experiments, respectively. Fig. 12(a) shows a
SGCu short pulse experiment in which a large number of
closely spaced voids are observed. The voids are of the order
of ~20 um in diameter and are not heavily coalesced. In con-
trast for the SGCu long pulse experiment, Fig. 12(b) shows
that while there was a similar number and distribution of voids

Short pulse
a) s
3
O
O]
]
c)

LGCu
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initially, these have coalesced significantly. Across the sample,
there were large areas of almost complete separation of the
spall scab. In Fig. 12(c), for the LGCu short pulse experiment
there are noticeably fewer, more isolated voids than seen in the
SGCu although those present are of approximately the same
size, ~20 um in diameter. Compared to the short pulse SGCu
samples, the voids are a similar distance from the free surface
but more widely spread. In Fig. 12(d), the LGCu long pulse
experiment shows a largely coalesced void distribution. Across
the whole sample, there was still significant void coalescence
but it was generally less extreme than for the equivalent SGCu
samples. Qualitatively, the coalesced voids appear to be made
up of larger voids which would be consistent with the more
widely spaced initial void structure allowing more significant
void growth of individual voids before coalescence occurred.

In summary it appears that for the short pulse loading
there is insufficient time and less kinetic energy in the thin-
ner spall scab for significant coalescence to occur and hence
void growth dominates the damage behaviour. For the SGCu
material, the less dispersed tensile region means that a signif-
icant number of voids can be formed, whereas for the greater
particle velocity dispersion of the LGCu materials less voids
overall are formed. For the longer pulse loading, the initial
void nucleation and growth behaviour are likely to be very
similar to the short pulse experiments (despite minor differ-
ences in the tensile strain-rate). These voids will then grow
and coalesce quickly for the SGCu material but will slowly
grow larger before coalescence for the LGCu material.

IX. DISCUSSION

Perfectly planar shocks are not possible in real materi-
als, where mesoscale structures such as grains with different
crystallographic orientations must lead to local anisotropies.
Experimental quantification and simulation of these effects
is challenging although the roughness of shocks, quantified

FIG. 12. Example optical microscopy
images of spall planes for (a) SGCu,
short pulse, (b) SGCu, long pulse, (c)
LGClu, short pulse, and (d) LGCu, long
pulse.
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by particle velocity dispersion (PVD), has been shown to
affect the macroscopic properties of dynamic shear and spall
strength.”>*> The results presented in this paper provide fur-
ther experimental evidence of the presence of these locally
distributed wave fronts, a quantification of the associated
particle velocity fluctuations, and the resultant variations in
spall behaviour.

In this research, two significantly different bulk grain sizes
of copper have been used to alter the dispersion of the wave
fronts in the shocked samples. The line-VISAR data presented
shows that for all experiments, the variation in the magnitude
and timing of the measured particle velocity along the 3 mm
measurement line was significant. The standard deviation (a)
of the line-VISAR velocities shows a peak at the mid-point of
the shock rise which then relaxes to a non-zero level of
~13m/s and ~19m/s for the SGCu and LGCu materials,
respectively. These values are consistent with those observed
for similar line-VISAR experimental studies on shocked tanta-
lum® and tungsten.” If we assume a Gaussian distribution of
the wave front position, then 99.7% of the free surface posi-
tions will lie =3¢ from the mean. For these experiments, this
equates to the free surface location variation after approxi-
mately 2 us of motion being ~*+60 um and =110 um from the
mean for the SGCu and LGCu materials, respectively. It is
expected that this free surface measurement will be about
twice the internal material value.'>* Normalised PVD can be
defined as

PVDn = afx/ﬁfh (3)

where G is the average standard deviation of the free sur-
face line-VISAR data from the beginning of the shock rise to
the record end and uy is the mean free surface velocity over
the same period. Assessing PVD, for the SGCu material
results in values of 0.153 and 0.114 (Shots 1 and 3, respec-
tively) and for the LGCu material it equals 0.245 and 0.298
(Shots 2 and 5, respectively). The SGCu data is similar to
the value of 0.09 determined via interference contrast meas-
urements from the free surface of shocked targets on another
copper material (of unspecified grain structure) at a similar
rear surface shock stress of ~3.2 GPa.?? Similarly, discrete
element simulations of shock propagation in polycrystalline
copper shocked to ~3.4GPa, carried out by Case and
Horie,'? yielded a normalised PVD of 0.05. These simula-
tions produce a low but similar scale comparison with our
experimental data however they only consisted of 143 grains
with a mean diameter of 14 um (with a log-normal grain size
distribution) in a 160 um x 160 um simulated target. As
such, larger scale simulations with grain and targets sizes of
similar scale to these current experiments would give a more
complete comparison.

Previous research has also suggested that PVD will
increase both with distance travelled through a sample'>2°
and with average free surface velocity.'>?” In the current
research, it would therefore be expected that the thick sam-
ples have accentuated the PVD growth even though the peak
free surface velocities are similar. It would seem physically
reasonable to assume that PVD growth will not increase
indefinitely throughout a thick sample as an approximate
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equilibrium should set in due to micro-stress relaxation from
the most forward positions in a shock front travelling later-
ally in the sample. From these current experiments, no evi-
dence based comment can be made as to the growth rates of
the PVD although it is likely to be a function of the grain
size itself. It should also be noted that the application of
triangular loading pulses may also affect the PVD growth as
the rarefaction will have caught and interacted with the
shock front within the sample. The values of o however do
not noticeably change during the spallation part of the sig-
nals suggesting that wave interaction effects are minimal in
this case.

It is important to highlight that the quantification of
PVD discussed in this research is not entirely the result of
the bulk grain-size. The complicating effect of the finer
grained surface layer in the large bulk grain size material
should also be appreciated. When the shock wave moves
from the large bulk grain size material into the surface layer
the dispersion will begin to reduce, the extent of which has
not been investigated. As such, the PVD measured at the rear
surface is less than would be seen in the bulk and is a super-
position of the local grain size effects and the remaining
effects from the bulk material. At the spall plane itself this is
probably more complex as the interacting parts of the wave
have travelled different distances through the surface layer
such that dispersion of both will be affected to different
degrees.

The HetV velocimetry data, shown in Fig. 10, also
showed variation for the LGCu data suggestive of PVD. Due
to spot size resolution we observed no variation for the SGCu
material. No variations were also reported for any grain sizes
tested in previous research'*'* on spalled copper although the
larger diameter spot sizes (~1mm) would likely have
smoothed out any variable behaviours in their larger grain
material data.

The wave interactions and resultant spallation in materi-
als must necessarily be dependent on the particle velocity
dispersion present. In many experiments, the grain structure
responsible for the variation of particle velocities is also the
medium in which failure occurs meaning effects such as the
total grain boundary length in the spallation zone is changed
along with the dispersion. Previous research has shown con-
tradictory evidence between the grain size in the region of
tension and pullback velocity suggesting either a Hall-Petch
type relationship,?® its inverse (with spall strength increasing
with grain size)*?® or no observable effect.'* In this
research, we were able to remove this complication and
decouple the effect of grain size in the region of tension to
ensure that the effects of the dispersion were addressed inde-
pendently. It was seen that the bulk grain size did not signifi-
cantly affect the spall strength (i.e., the tension at void
nucleation) in these experiments but did noticeably influence
the void locations. After the void nucleation, subsequent
growth and coalescence differences were observed in the
recovered microstructures and the reload velocimetry data. As
observed in comparison of Figs. 12(a) and 12(c), the larger
particle velocity dispersion creates fewer, more isolated voids
which subsequently produce a lower and more variable reload
signal at the rear free surface [see Figs. 9(b) and 10(d)].
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Previous researchers investigated the square pulse loaded spall
of a similar small grain sized copper and compared it with a
larger grain size material.'* In their research, the authors found
that the initial reload was similar for all grain sizes but that the
signal slowed for smaller grains giving an overall lower reload.
In the current data we observe the opposite as the reload is
slower for the larger bulk grain material. In the former exam-
ple, the explanation given is a change from void growth domi-
nated damage behaviour (in the small grain material) to
coalescence dominated in the larger grain samples. In that
case, multiple voids will form on the same grain boundaries
and therefore will more easily coalesce. In our case, it appears
that for the SGCu material and the short pulse that void growth
is also the dominant effect but over a much narrower plane and
coalescence is primarily stopped by the shortness of the pulse.
For the LGCu material, there are even less voids (and a slightly
lower tensile strain-rate) resulting in a lower rate reload and an
overall lower peak. When the pulse lengths were extended, we
observed significant coalescence of voids in both materials
from the initial void structure. This potentially suggests that
the effect of the total grain boundary length in the spall plane
as discussed in Ref. 14 was underestimated as there would
have been a coupled lowering effect due to the dispersion of
the particle velocity fronts. In general it is likely therefore that
while the particle velocity dispersion effects discussed within
the current research are important to understand and to model,
the grain boundary length in the spall planes plays a more sig-
nificant role.

X. CONCLUSIONS

In these experiments, we have used spatially resolved
and point velocimetry measurements in conjunction with
microscopy of recovered samples to study the bulk grain size
effects on quasi-Taylor wave shock loaded plate impact
experiments on pure copper. The particle velocity dispersion,
observed and quantified using a high spatial resolution line-
VISAR, has been shown to be significant for all grain sizes,
but was larger for the larger bulk grains. We were also able
to show some of this variation in the larger bulk grain mate-
rial through multiple “point” measurements using HetV.
Here, laser spot sizes were small enough to observe a differ-
ence for the larger grain materials but would need to be
smaller and repeated several times to quantify the effects to
the same quality as the line-VISAR.

Whilst the bulk grain size had little effect on the initia-
tion of spallation for either bulk grain size copper or loading
profile applied, the location of induced voids and the reload
wave profiles observed at the free surface were notably
affected. By employing sample materials with differing bulk
grain sizes but a very similar surface layer grain structure,
we have been able to largely decouple the effects of particle
velocity dispersion created by the mesoscale grain structures
from the local grain boundary lengths in the spall plane. The
voids were seen to be more axially dispersed with the large
bulk grain size copper, caused by the increased roughness of
wave fronts. The spall reload profiles are significantly
affected by the bulk grain size through the variation of void
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location and growth, with a slower reload signal for the
larger bulk grain material.

From the results presented herein, it is clear that bulk
grain size plays an important role in the development of
shocks and damage in real materials. Application of models
in hydrocode simulations where material structure, particle
velocity dispersion, and/or the resultant effects on damage
layer topography are not accounted for cannot provide a true
representation of physical reality. Here we have quantified
some of these effects using high resolution line-VISAR to
enable continued development of mesoscale modelling.
Further research will be necessary to continue this work, par-
ticularly focussing on the development of the particle veloc-
ity dispersion through different target thicknesses and grain
sizes but also by application to complementary materials,
such as bce tantalum which, with a lower elastic anisotropy,
might be expected to produce a lower degree of particle
velocity dispersion.
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