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Abstract Nondestructive characterization techniques are

essential for maximizing the amount of high fidelity data

obtained from post mortem mechanically tested materials,

particularly for the complex experimental techniques used

for shock loading. Polycrystalline copper samples of

varying thermomechanical histories were shock loaded to

induce incipient spall damage conditions via plate impacts

at low pressures. Electron backscattering diffraction

(EBSD) and 3-D X-ray tomography (XRT) were utilized to

obtain microstructural and void volume data, respectively.

Voids were fit to ellipsoids using their inertia tensors

obtained from the 3-D XRT data, and the results compared

to EBSD data. This, in turn, enabled establishing quanti-

tative correlations between void shapes and preferential

damage mode, either inter- or trans-granular, for each

thermomechanical history. Greater than 60 % of voids

present in heat-treated samples were spherical, indicative

of transgranular damage preference. Greater than 90 % of

voids present in as-received rolled samples were flat sheet-

like voids or unsymmetrical oblate ellipsoids, indicative of

intergranular and coalesced damage modes. Analyzing

grain boundary damage statistics in conjunction with

global damage mode distributions indicate that boundaries

become less dominant as preferential void nucleation sites

within the spall plane as the bulk strength of the material

decreases from heat treatments.

Keywords Shock loading � Spall � X-ray tomography �
Microstructure � Damage mode � Copper

Introduction

Studying how materials respond to the high stress and

strain rate conditions resulting from the propagation of

shock waves via impacts is of paramount importance for

understanding dynamic events such as: ballistic impact,

blast loading, aerospace debris impacts, automobile crash,

geological events, etc. Metallic materials subject to shock

loading predominantly fail from spall. Spall failure occurs

when tensile release waves from an impact interact;

resulting in a high tensile stress that causes void nucleation,

growth, and coalescence in the form of a spall plane pro-

vided the tensile stress exceeds the strength of the material

[1–3]. The spall strength of the material can be directly

estimated from velocimetry diagnostics of the free surface

during plate impact experiments. Spall damage studies

from flyer plate impact experiments and simulations have

shown that microstructures can lead to variability in local

spall strengths within a material, providing for preferential

nucleation sites [1–15]. These studies investigate

microstructural variables such as: anisotropy [4, 5, 8, 15],

grain size [5, 8, 10, 11], intrinsic defects such as grain

boundaries (GBs) and triple points [1, 4, 5, 8–15], and

extrinsic defects such as precipitates and inclusions [1, 3,

5]. Quantification of the effect of varying thermomechan-

ical histories on the damage nucleation modes that
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dominate the spall process for polycrystalline (PC) copper

is a core objective of this work, while building upon

findings of recent studies [9, 13–15].

The idea by Peralta et al. [8] that heterogeneity in strain

across a GB from property mismatches due to anisotropy

contributes to spall damage localization in shocked copper

multicrystals has resulted in studies on GB statistics showing

that misorientation angles between 25� and 50� are favorable
for containing damage in shocked PC copper of varying

thermomechanical histories [9, 13–15]. Several studies have

discussed special R1 and R3 boundaries are resistant to void

nucleation [9, 10, 14], but observations that the tips of

annealing twins (terminated twins), which are incoherent R3
boundaries, lead to damage nucleation are unique to [8, 9,

14]. Note that experimental observations reported in [8, 9,

14] of differences in spall damage nucleation between

coherent and incoherent R3 boundaries are consistent with

molecular dynamics modeling of their spall behavior [16,

17]. Effects of GB inclination with the shock direction have

been recently studied by Fensin et al. [12] and Krishnan

et al. [15], the latter notably takes into account the physical

GB normal in 3-D. Fensin et al. [12] determined that the

highest probability to find damage occurred at GBs oriented

67�–90� from the shock direction, when the GB plane is

perpendicular to the propagating shock. Krishnan et al. [15]

ran simulations built from 3-D reconstructions of shocked

copper multicrystals and concluded that mismatches in

Taylor factors along both the crystallographic shock and GB

normal direction create intergranular strain concentrations

that can drive spall nucleation and growth. Brown et al. [13,

14] have qualitatively shown that preferred damage modes

in copper PCs shift from intergranular to mixed inter- and

transgranular with removal of plastic pre-strain from cold

rolling via heat treatments (HTs) using qualitative X-ray

tomography (XRT) shape studies. This work aims to provide

a quantitative basis for correlating the statistics of spall void

shapes and the damage mode as a function of thermome-

chanical history.

Experimental Procedure

Laser-driven flyer-target plate impacts provide a method to

study incipient stages of spallation for high strain rate

(105–107) shock experiments. The short pulse durations

required for ensuring incipient spall conditions were

achieved via standard flyer-target impact tests with a ratio

of 1:2 thicknesses for flyer-target dimensions, respectively,

along with diameter to thickness ratio of 10:1 to ensure

mid-plane spallation with primarily one-dimensional con-

ditions centrally in the target [3].

All targets were prepared from a rolled plate of high-

purity Hitachi copper (99.995 %, half-hard, nominal cold

reduction of 21 %) with an average grain size of 150 lm.

They were polished within ±10 % of the desired 1 mm

thickness and finished with 0.05 lm colloidal silica while

maintaining a parallel face tolerance of approximately

0.05�. The PC targets underwent HT and full recrystal-

lization (FR) processes at 473 K (200 �C) for 1 h and

873 K (600 �C) for 1 h under inert atmosphere, resulting in

average grain sizes of 120 and 50 lm, respectively. These

treatments result in the complete removal of the pre-strain

present in the raw material. Targets that were tested

without any HT, and therefore still carrying the pre-strain

from cold-rolling, are labeled ‘‘as-received’’ (AR) and had

an average grain size of 150 lm. Detailed statistical anal-

yses of the microstructures analyzed here may be found in

Brown et al. [14]. All flyer plates were harvested from (1 0

0) copper single crystals grown with a modified Bridgeman

technique and polished to a thickness of 0.5 mm (±10 %)

using the same procedure as the targets.

Laser-driven shock loading experiments were conducted

at the Trident laser facility at Los Alamos National Lab-

oratory (LANL). Trident contains a Nd:glass laser that

operates at a fundamental wavelength of 1054 nm and

produces a homogenous drive for uniform acceleration of

the flyer. Figure 1 shows a schematic of the experimental

set-up and additional information on the drive beam setup

can be found in [8, 18]. Target samples rested flush against

a 9.53 mm thick PMMA (Plexiglass) window on the

diagnostic side through which the velocity history could be

recorded using point and line velocity interferometry sys-

tems for any reflectors (VISARs). Standard hydrodynamic

approximations [3, 8, 19] were used to account for the

effects of the PMMA window on maximum shock stress

(rshock), the amplitude of tensile pulse reflected from the

window (rrefl), spall stress (rspall), and strain rate ( _e). The
flyer was mounted to an assembly with a sapphire substrate

and rested against a confinement layer made of a Cu disk

(0.1–0.5 mm thick). Testing conditions were such that

tensile shock stresses were at and slightly above the spall

strength of the targets to ensure incipient spall conditions

with minimal to moderate void growth. The target samples

chosen for this study showed clear spall signatures from

their VISAR records. Table 1 shows the testing conditions

for the analyzed samples.

Rectangular sections with a 1 9 1 mm2 cross-section

were exhumed from the central spall region of all samples

for 3-D XRT analysis, as shown in Fig. 2a. The XRT data

provides a means for comparison of void shape distribution

to their respective microstructures, previously studied via

statistical GB analyses [9, 13, 14]. XRT data was taken

from samples 1 and 2 at LANL with resolution of 2.24 lm
per pixel, or, 11.24 lm3 per voxel. The advanced photon

source (APS) at Argonne National Laboratory was used for

XRT data acquisition for samples 3 and 4, providing a
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resolution of 0.65 lm per pixel, or, 0.275 lm3 per voxel.

Figure 2b shows a sample just before data acquisition

inside the hutch at APS beamline 2-BM. Additional

information on the beam conditions at LANL and the APS

can be found in [20] and [14], respectively. It has been

reported that to accurately quantify the relationship

between the minimum and maximum feature lengths of an

object, or 3D ferret shape, there needs to exist *1000

voxels to maintain 10 % or less absolute error [20]. All

XRT data sets underwent smoothing, segmentation, and

thresholding procedures using the AvizoTM software

package to remove artifacts and minimize incorrect coa-

lescence of neighboring voids, as well as a volumetric

sieve of 1000 voxels to guarantee accurate shape fitting.

The numbers of voids analyzed in each sample, as well as

their average volume, are shown in Table 1.

Inertial Void Fitting Procedure

The moment of inertia is typically used to describe the

capacity of a cross-section to resist bending. The moments

of inertia are mathematical properties that are determined

by the shape and volume distribution in 2-D or 3-D space

Fig. 1 Experimental setup for flyer-target impact experiments (left) and typical line VISAR diagnostics (middle) with subsequent velocity–time

response (right) from shot #1

Fig. 2 a Location of the exhumed sections of post mortem PC Cu

target plates and b sample on rotational stage for XRT data

acquisition at APS beamline 2-BM

Table 1 Shock conditions and volumetric void information from 3-D XRT data for the analyzed samples

Shot ID# and microstructure Flyer velocity (m/s) rshock (GPa) rspall (GPa) # of voids Av. void vol (lm3)

1/AR 205 4.11 1.22 457 1.82 9 105

2/FR 151 2.98 1.39 1275 1.01 9 105

3/HT 155 3.07 1.56 533 5.19 9 103

4/HT 138 2.72 1.56 686 3.75 9 103
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with respect to a reference axis [21]. The inertia tensor for

each void within the sieved XRT data sets was obtained

using AvizoTM. As per the software’s user’s manual, the

first and second order moments are defined as the follow-

ing, using the z-axis as the reference here [22]:

M1z ¼
1

A Xð Þ r zdxdydz; ð1Þ

M2z ¼
1

A Xð Þ

Z
z�M1zð Þ2dxdydz; ð2Þ

Note that the representation of the inertia tensor here is

about its own axis, whereas it is classically defined using a

combination of the other two axes [21] for the moment of

inertia related to resistance of rotation. The software uses a

summation in the discrete case to approximate the integrals

from the volumetric data. Transforming the second order

moments in Eq. 2 into a volume integral in spherical

coordinates and appropriately applying the Jacobian to map

an ellipsoid into a unit sphere, one obtains:

M2z ¼ abc
1

A Xð Þ r
1

0

r
2p

0

r
p

0

c2r4 cos2 u sinudud#dr; ð3Þ

where a, b, and c are the corresponding semi-axes of an

ellipsoid along the x, y, and z-axes, respectively. Solving

the integral in Eq. 3 and substituting:

1

A Xð Þ ¼
M

4
3
pabc

; ð4Þ

yields an expression for the semi-axes:

M2z ¼
1

5
Mc2; ð5Þ

where M is the volume of the object. Cyclical substitution

of x and y allows deducing similar expressions to relateM2x

to a andM2y to b. It is worth noting again that conventional

definitions of the moments of inertia about a semi-axis of

an ellipsoid are proportional to the sum of the squares of

the other two semi-axes terms [21], whereas the software

used here defines the inertias with respect to their own

semi-axes [22]. Defining the inertias provided by Eq. 5 for

all three relationships as the principal moments of inertia

yields the best solutions for representative ellipsoids for

each void in the XRT datasets; the ellipsoid is guaranteed

to be fit along its major axes.

The eigenvalues of the full inertia tensor provided by the

software were obtained for each void, taken as

M2x C M2y C M2z, and solved for using the relationships

represented by Eq. 5. Thus, a convention arises that the

semi-axes of the best fit ellipsoids will always be repre-

sented by c C b C a. The ratios a/c and b/c were then

plotted to visualize the shape distribution of voids present

in each material condition. Taking these ratios also

eliminates the volume term in Eqs. 4 and 5, which, there-

fore, does not need to be quantified. Figure 3 shows that

when a/c and b/c approach 1 the best fit is spherical, which

correlates well with transgranular damage [14]. When

a/c and b/c approach 0 the best-fit becomes ‘‘needle-like’’,

indicative of intergranular damage through a triple junction

or a long string of coalesced damage sites. Finally, when

a/c approaches 0 and b/c approaches 1 the best fit becomes

‘‘sheet-like,’’ indicative of intergranular damage [14].

Middle regions where both a/c and b/c approach 0.5 are

representative of two coalesced voids, or a transgranular

void that grew along a crystallographic direction favorable

for plastic deformation, e.g., grains with high Taylor fac-

tors along the shock direction [15].

Results and Discussion

The shape distribution of spall damage is easily discerned

qualitatively from inspecting the 3D XRT renderings for

each material condition. Figure 4 illustrates a clear shape

change from large, flat voids for the plastically pre-strained

AR condition (Fig. 4a) to predominately spherical and

oblate voids in the heat treated specimens (Fig. 4b–d).

Other detailed renderings of these data sets were discussed

in further detail in Brown et al. [14]. The renderings in

Fig. 4 have undergone the appropriate post processing

steps required to accurately represent the 3-D shape of an

object, as previously discussed in the experimental proce-

dures section. The ellipsoidal shape fitting process was

conducted for each of these datasets. Figure 5 shows

electron backscattering diffraction (EBSD) maps for all

three material conditions analyzed in this work.

The best-fit ellipsoid aspect ratios were plotted as con-

tour density maps to find the ellipsoid shapes associated

with modal peaks on the distribution of aspect ratios, as

seen in Fig. 6. It was found that the AR sample contained

peaks of low a/c and b/c ratios, indicative of flat, sheet-like

voids following GBs in 3D. The FR sample contained the

highest peak at a/c and b/c ratios close to 0.5, indicating a

large presence of coalesced voids with increased trans-

granular damage presence. The data from the two HT

samples contain its highest peak at a/c and b/c ratios

approaching 1, indicating a dominant presence of spherical

voids indicative of transgranular damage. Note that trans-

granular pores have been shown to open as octahedra in

single crystals [23].

Placing the aspect ratio data for a/c and b/c into 10 bins

ranging from 0 to 1 for all three material conditions pro-

vides direct comparison for the change in void shape

fraction distributions, as seen in Fig. 7. For the AR con-

dition it was found that 93 % of voids had an aspect ratio

J. dynamic behavior mater. (2015) 1:388–396 391

123



B0.5 for a/c with the peak bins of 0.1–0.2 and 0.2–0.3 each

containing *30 %. Decreasing values of a/c for a constant

b/c correspond to ‘‘flattening’’ of an ellipsoid, indicative of

intergranular damage, as the voids tend to follow the GBs

in that case [14]. The FR and HT conditions become more

evenly distributed containing 51 and 40 % of voids with

a/c B 0.5 and peaks in the 0.4–0.5 and 0.5–0.6 bins,

respectively; indicating a shift from preferential inter-

granular damage to mixed inter- and trans-granular

damage. This damage mode transition is in agreement with

microstructural and qualitative XRT observations from

Figs. 4 and 5 and in Brown et al. [14].

As the aspect ratio b/c increases with a constant a/c the

fitted ellipsoid becomes increasingly spherical, indicative

of a transition from inter- to trans-granular damage. For the

AR condition it was found that 73 % of voids had

b/c B 0.6 with the peak bin of 0.5–0.6 containing *25 %.

The FR and HT conditions contain 46 and 33 % of voids

Fig. 3 Shape domains for semi-

axes ratios of best-fit ellipsoids

for XRT void data

Fig. 4 Spall damage renderings from 3D XRT data with a 1000 voxel sieve for each analyzed sample. The red arrow indicates the shock

direction for all samples and void colors are for visual aide only (Color figure online)
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with b/c B 0.6 and peaks in the 0.5–0.6 and 0.8–0.9 bins,

respectively. This indicates a transition to predominant

transgranular damage in the HT samples. Inspection of 2-D

EBSD maps from post mortem consecutive sectioning

reveals this decrease in preference for the spall damage to

be present at and follow the shapes of the boundaries for

Fig. 5 Inverse pole figure maps from EBSD data for the a AR, b HT, and c FR material conditions [14]. Grains have been assigned a single

average orientation (±5�) with respect to the shock direction and the black regions represent spall damage

Fig. 6 3D contour density plots

of best-fit ellipsoid semi-axes

ratios a/c versus b/c, where

c C b C a, for spall damage in

shocked PC Cu samples of

varying thermomechanical

histories. The arrows indicate

the best-fit ellipsoids associated

with the maximum counts peaks
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heat treated samples, as can be seen in Fig. 5 and in [13,

14].

In the transitional regions for a/c and b/c having values

around 0.5, the dominating ellipsoid fit is an oblate ellip-

soid with three unique semi-axes magnitudes. This shape is

visualized by the peak ellipsoid shape fit for sample 2 (FR)

in Fig. 6 and is, most likely, representative of two or more

coalesced transgranular voids or a void that has undergone

growth along a favorable crystallographic orientation with

respect to the shock direction. Detailed comparisons using

microstructural data from EBSD and visual inspection of

binarized 2-D slices from XRT data are required to

definitively tell which mechanism, coalescence or growth,

is responsible for these transition shaped ellipsoids on a

case by case basis and is beyond the scope of this inves-

tigation. However, due to the average grain size in the FR

sample (50 lm) being similar in size to the average void

diameter, clearly shown in Fig. 5, it is likely that the voids

resembling oblate ellipsoids result from coalescence rather

than growth along favorable crystallographic orientations.

The authors acknowledge it is possible to have spherical

shaped voids at boundaries between one or more adjacent

grains, however; the spherical shape indicates that such

voids do not experience growth along the GB in 3-D.

Additionally, the smaller average grain size present in

sample 2 inherently produces an increased defect density in

the form of GBs, which, as discovered by Minich et al. [5],

results in lower spall strength as compared to Cu single

crystals and Cu PCs of larger grain sizes. In agreeance with

[5], Table 1 shows that the FR sample contained approxi-

mately double the number of damage sites as the other

material conditions and had the lowest spall strength at

Fig. 7 Void fraction distribution plots for the aspect ratios a/c (top) and b/c (bottom) for best-fit ellipsoids of spall damage present in shocked PC

Cu samples of varying thermomechanical histories
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similar loading conditions to the HT samples, which have

over double the average grain size of the FR sample.

During the spall process, damage that nucleates anywhere

within the FR material condition will begin to coalesce

with surrounding damage sites after experiencing relatively

limited growth as compared to the HT and AR material

conditions, where the distance between intrinsic defects is

two to three times greater. The heavy coalescence found in

the FR sample is undoubtedly in part due to the

microstructural length scale of the material.

It is also worth noting that sample 1, the AR material

condition, experienced the largest shock stress of the

investigated samples yet maintained intergranular damage

mode dominance. This indicates that the higher bulk grain

strength from the rolling process globally forces the spall to

nucleate at the weak links in the material, in this case the

GBs. The interplay between global and local strength

mechanisms is further pronounced by the statistical

microstructural study on these samples previously report-

ing that the favorable 25� to 50� GB misorientation range

peaks were less pronounced in the FR and HT conditions

[14]. These observations, along with the damage mode

distribution analysis presented here, indicates that local

microstructural weak links are always favorable for

nucleating incipient spall damage, but the global strength

of the material in comparison to local microstructural

strengths is the dominating factor for determining resultant

damage modes in shocked copper PCs.

Conclusions

In conclusion, it was found that incipient spall damage in

Cu polycrystals transitions from[90 % intergranular and

coalesced damage to [60 % transgranular damage upon

the removal of plasticity via HTs. The FR material con-

dition contains a mixed mode of inter- and trans-granular

damage with aspect ratios peaking near 0.5 for both a/c and

b/c, indicative of heavy void coalescence; this is largely

due to the high increase in GBs in the material from the

small grain size coupled with the removal of plasticity from

the recrystallization process. The results discussed here

expand upon the GB strength statistics and qualitative void

shape analysis in Brown et al. [14]. It was shown that the

peak distributions for the probability to find damage at a

GB given its misorientation were more pronounced for the

AR condition and flattened for the FR and HT conditions,

though maintaining peaks in the 25� to 50� range [9, 13,

14]. Combining this with the quantitative data presented in

this work reveals that these random high angle, high energy

GBs are always preferential damage sites for containing

damage; however, as the global bulk grain strength

decreases from HTs, the local weak links, e.g., GBs, in the

material become less dominant as preferential void nucle-

ation sites within the spall plane, as the grain bulks are

weak enough to ‘‘compete’’ effectively with other damage

nucleation sites. Further work is required to further

understand how local and global material strengths influ-

ence damage mode preference when subjected to varying

shock loading conditions, e.g., variations in the strain rate

and the tensile pulse duration.
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