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Abstract
Nanocrystalline tantalum (grain size 70 nm) prepared by severe plastic deformation (high-pressure torsion) from monocrystalline
[1 0 0] stock was subjected to shock compression generated by high-energy laser (350–850 J), creating pressure pulses with initial duration of 3 ns and amplitudes of up to 145 GPa. The laser beam, with a spot radius of 1 mm, created a crater of signiﬁcant depth
(135 lm). Transmission electron microscopy revealed few dislocations within the grains and an absence of twins at the highest shock
pressure, in contrast with monocrystalline tantalum. Hardness measurements were conducted and show a rise as the energy deposition
surface is approached, evidence of shock-induced defects. The grain size was found to increase at a distance of 100 lm from the energy
deposition surface as a result of thermally induced grain growth. The experimentally measured dislocation densities are compared with
predictions using analyses based on physically based constitutive models, and the similarities and diﬀerences are discussed in terms of the
mechanisms of defect generation. A constitutive model for the onset of twinning, based on a critical shear stress level, is applied to the
shock compression conﬁguration. The predicted threshold pressure at which the deviatoric component of stress for slip exceeds the one
for twinning is calculated and it is shown that it is increased from 24 GPa for the monocrystalline to 150 GPa for the nanocrystalline
tantalum (above the range of the present experiments). Calculations using the Hu–Rath analysis show that grain growth induced by the
post shock-induced temperature rise is consistent with the experimental results: grains grow from 70 to 800 nm within the post-shock
cooling regime when subjected to a laser pulse with energy of 684 J.
Ó 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The experimental use of lasers to study high-pressure
states in ﬂuids can be dated from 1963 [1]. Shortly thereafter, pulsed lasers were used to investigate shock-wave propagation [2]. Early laser experiments showed a variety of
applications. In the 1980s, it was demonstrated that laser
shock pulses can harden aluminum alloys signiﬁcantly
[3,4]. White [5,6] and others [7–9] introduced the use of
⇑ Corresponding author.
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lasers to obtain Hugoniot data over a broad range of pressures. Cottet et al. [10] studied the eﬀects of shock-wave
propagation in Al, Cu and Au.
A systematic inquiry into the eﬀects of laser pulses on
face-centered cubic (fcc) metals (Cu and Cu–Al) was initiated in 2001 by our group [11–15] and has yielded signiﬁcant results that have been explained in terms of shock
compression. This work was extended to monocrystalline
nickel [16], nanocrystalline nickel [17], laminated Ni/Al
material [18,19], vanadium [20] and monocrystalline tantalum [21]. Loomis et al. [22–24] have investigated the
extreme response of NiAl bicrystals.
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For Cu, the structures varied from dislocation cells at
low pressures to stacking faults at intermediate pressures,
to twins at higher pressures; the threshold pressure for
twinning was 30 GPa for [1 0 0] and 40 GPa for [1 3 4]. This
pressure was clearly dependent on crystalline orientation.
For Cu–Al alloys, the decrease in stacking-fault energy
produced a decrease in the threshold twinning stress.
Laser-driven shocks are diﬀerent from shocks launched
by plate impact methods. The cooling rate in laser-driven
shocks is much higher, due to the decay of the wave,
enabling recovery of the deformation structure, with minimal post-shock annealing. In addition, phenomena that
have temporal and spatial scales larger than the drive pulse
duration and length (such as shear bands) are not present.
This has been shown by Cao et al. [25] and quantiﬁed by
Bourne [26] as the Freya number, a critical parameter
establishing the condition for diﬀerent deformation
processes.
Nanocrystalline refractory metals have received considerable attention due to their high mechanical strength [27].
The mechanisms of plastic deformation (slip, twinning) in
the high-pressure, high-strain-rate regimes enabled by laser
energy deposition are still not well understood, especially
for nanocrystalline metals. The regimes obtained by laserinduced compression are indeed extreme and cannot be
accessed by other experimental methods. The objective of
this study is to examine the residual defects resulting from
laser-driven shock compression of nanocrystalline Ta. For
Ni, it was demonstrated that grain sizes aﬀect the average
dislocation density, slip–twinning transition shock pressure
and the sensitivity of the twinning deformation substructure [16]. Thus, signiﬁcant diﬀerences in the deformation
response are also expected for body-centered cubic (bcc)
metals.
2. Experimental techniques
Nanocrystalline Ta was prepared by high-pressure torsion (HPT) processing from [1 0 0] monocrystalline Ta.
Pure monocrystalline Ta was obtained from MarkeTech
Intl, Inc. The interstitial content (wt. ppm) for the monocrystalline Ta was analyzed as O: <10, N: <10, H: 7.6
and C: <10 by standard secondary ion mass spectrometry
at the Evans Analytical Group. The reason for using
monocrystalline Ta as the starting material was to ensure
that the composition was identical to that of the previously
studied monocrystalline Ta, thus enabling a direct comparison [21].
Processing by HPT was conducted at room temperature
using a quasi-constrained HPT facility (Fig. 1a) with upper
and lower anvils having a cylindrical depression at the center of adjacent surfaces with a depth of 0.25 mm and a
diameter of 10 mm [28]. The sample (3 mm diameter and
3 mm thick) was placed in the depression on the lower
anvil. This anvil was brought into position so that the
disc received severe compressive pressure. All samples were

processed at a pressure of 6 GPa for a total of six turns at a
rotational speed of 1 rpm. HPT processing causes the disk
dimensions to change to 10.5 mm diameter  0.75 mm
thick with some outﬂow around the periphery as visible
in Fig. 1b (lower). The microhardness increases from the
center of the disc and becomes uniform after a radius of
0.5 mm (Fig. 1b, upper). Five small discs (3 mm diameter  0.6 mm height, dashed circles in Fig. 1b) were cut
from the peripheral part of the thinner Ta by electric discharge machining. The microhardness measurements indicate that the samples were cut from the uniform region.
Five specimens were stacked into a polycrystalline Ta cylinder, and a momentum trap was used at the back as
shown by the assembly in Fig. 1c. The function of these lateral and bottom momentum traps is to ensure that the
reﬂected waves are trapped and that one single pulse traverses the specimens. The necessity of these momentum
traps has been demonstrated by DeCarli and Meyers [29],
Gray [30,31] and Bourne [32] for gas-gun and explosively
loaded systems. In laser compression, the duration of the
pulse is lower by 2–3 orders of magnitude and the wave
therefore decays much more rapidly. Nevertheless, the
use of these momentum traps is recommended, if experimentally feasible.
The laser recovery experiments were performed at the
Laboratory for Laser Energetics, University of Rochester
(Omega Facility). The laser compression experiments
designed for recovery used a ramp loading enabled by a
reservoir in front of the assembly (Fig. 1d). The formation
of the plasma in the gap between the polycarbonate ablator
and sample assembly (reservoir) leads to quasi-isentropic
loading with a temperature rise signiﬁcantly lower than
shock compression. However, the eﬀect dissipates over a
distance of 42 lm [21]. The recovery set-up, shown in
Fig. 1d, has been thoroughly tested for recovery of fcc metals [11] and Ta [21]. The Ta target (Fig. 1c), with dimensions of 5 mm diameter  5 mm height, was placed
behind a Ta washer, inside a stainless steel recovery container. The inside of this container was ﬁlled with Aerogel
which acts as a deceleration medium for the Ta targets
after laser compression. The recovery container was
designed to ﬁt into the Omega chamber. The detailed
recovery experimental set-up is described by Lu et al.
[21]. The targets were successfully recovered in this geometry. The Aerogel introduced no additional damage into the
recovered samples and acted as a medium for gradual
deceleration.
The 1-D LASNEX simulation of temperature as a function of time at diﬀerent depths into the Ta yielded a very
narrow region in which the loading was quasi-isentropic.
This transition from quasi-isentropic to shock compression
is clearly deﬁned by a characteristic decrease in rise time
and an increase in temperature [21]. The quasi-isentropic
region was not used in the characterization, and therefore
all results presented here pertain to a shock-loading condition. The shocked targets were examined using an optical
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Fig. 1. Tantalum nanocrystalline sample: (a) during high-pressure torsion (HPT); (b) deformed specimen (after HPT) and microhardness across the crosssection; (c) cross-section of Ta target assembly; (d) detailed cross-section of the recovery tube with dimensions.

proﬁlometer (Veeco NT1100), a microhardness tester, a
scanning electron microscope (Philips XL30 ESEM) and
transmission electron microscopes (TEM, 200 kV). TEM
foils were prepared by electropolishing and focused ion
beam (FIB, Hitachi NB-5000 FIB-SEM) techniques. The
electropolishing liquid, a solution of 87.5 vol.% methanol,
10 vol.% sulfuric acid and 2.5 vol.% hydroﬂuoric acid,
was used at 25 V and 35 °C. The temperature was
lowered by pouring liquid nitrogen directly into the electropolishing solution. FIB samples were prepared by cutting
targets in half along the pulse propagation direction and
mounting them into epoxy. They were mechanically polished down to 0.05 lm using Al2O3 and coated with a thin
layer of Ir before the FIB milling procedure. The FIB samples were perpendicular to the shock propagation direction
and had thicknesses of 50–100 nm.

3. Results and discussion
3.1. Pressure estimation and surface cratering
Complementary VISAR experiments were performed on
Al–LiF drive calibration samples; they provided interface
velocity data that allowed pressure vs. time traces of the
loading to be deduced. These VISAR measurements were
used to calibrate LASNEX calculations which provide
the decay of the pressure as a function of input energy. This
information was used as input to the subsequent computer
simulations. The 358 and 684 J VISAR results were used to
do the calculations. The initial pressure pulse was calibrated using the VISAR traces of the Al–LiF witness plate
interface velocity as described by Lu et al. [21]. Fig. 2a
shows the interpolated results at energy levels of 200,
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Fig. 2. Pressure proﬁle in material at laser energies of 200, 400, 600 and
800 J obtained through VISAR at two energy levels, LASNEX calculations, and interpolation for values above.

400, 600 and 800 J. This plot provides a rapid means of
estimating the pressure at each point within the samples.
The LASNEX code is one-dimensional, and therefore the
decay of the wave due to radial spreading is not incorporated. Thus, the actual pressures are somewhat lower than
the values reported in Fig. 2.

The laser energy deposition produced a signiﬁcant crater
in the specimen surfaces. Figs. 3a and c show the craters
under proﬁlometry and SEM. Other than the “blow-oﬀ”
eﬀect from the laser energy deposition, cracks are also present in the nanocrystalline Ta (Fig. 3d) which is similar to
the monocrystalline results (Fig. 3b). By tracking these
lines, the general conﬁguration of the cracks was obtained
as shown in Fig. 4. For the [1 0 0] monocrystalline Ta, a
perpendicular pattern of crack lines is formed. The lines
present in the nanocrystalline Ta follow a concentric circular pattern. There are two explanations for these cracks. (i)
Crack trajectories are thought to form from a ductile-tobrittle transition at high strain rates where the cracks
may form by the tensile stresses generated by the large temperature and deformation gradients generated by the laser
pulse. (ii) When the reservoir stagnates on the Ta, it melts
the ﬁrst few micrometers. Eventually, the heat dissipates,
and this thin liquid Ta layer resolidiﬁes, and contracts in
so doing. This contraction during solidiﬁcation causes the
cracks. In monocrystalline Ta, cracks follow {1 1 0} planes
while there are no speciﬁc macroscopic directions/planes in
nanocrystalline Ta. Thus, the cracks form perpendicular to
the direction of maximum principal stresses, which exhibit
radial symmetry.
The cross-section proﬁles of the crater are inserted in
Fig. 5. For calculation accuracy, only the inner crater

Fig. 3. Surface of Ta after laser compression (Elaser = 662 and 684 J): (a) 3-D proﬁlometry; (b) straight crack lines (marked by arrows) observed in [1 0 0]
monocrystalline Ta traversing the elongated surface features; (c) SEM micrograph of crater in nanocrystalline Ta; (d) back-scattered SEM showing cracks
with irregular trajectories in nanocrystalline Ta.
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Fig. 4. Tracking crack lines on the crater surface for (a) [1 0 0] monocrystalline Ta (total laser energy 505 J); (b) nanocrystalline Ta (total laser energy
662 J).

strength. Furthermore, there is an essentially linear relationship between crater depth and laser energy.
3.2. Microhardness analysis
The shock-recovered [1 0 0] monocrystalline and nanocrystalline Ta targets were sectioned into six and ﬁve
slices, respectively. Each slice was about 250 lm thick
for characterization (Fig. 6a). Microhardness as a function of distance from the energy deposition surface is
shown in Fig. 6b for Elaser = 606 J [1 0 0] monocrystal

Fig. 5. (a) Diameters and (b) depths of craters formed in [1 0 0]
monocrystals and nanocrystals as a function of laser energy.

(WA and DA) was considered. The inner diameter is
1.8 mm in all cases but the depth is a function of laser
energy. Fig. 5 shows plots of the crater dimensions vs. laser
energy. From Fig. 5b, it is clear that the crater is deeper for
[1 0 0] monocrystalline Ta, which is consistent with its lower

Fig. 6. (a) Slices into which the specimens were cut: each was 250 lm
thick before polishing; (b) microhardness in the region directly under the
laser deposition for both [1 0 0] monocrystalline and nanocrystal Ta.
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and Elaser = 662 J nanocrystal. The microhardness varies
across the sample section due to the localization of the
laser pulse in the central portion of the specimens [21].
The hardness data presented here all come from the center of each slice. The microhardness decay is most significant in the ﬁrst millimeter from the compression surface.
Nanocrystalline Ta is harder than monocrystalline Ta
because of the high strength, expressed by the Hall–Petch
equation. It can be seen that the general trend in microhardness decay vs. depth into the sample is the same for
both nanocrystalline and monocrystalline Ta. In relative
terms, however, the hardness increment under laser compression in nanocrystalline Ta (26%) is only approximately one-half of that for monocrystalline Ta (50%)
although the laser energy is 10% higher (Fig. 6b). This
is related to the increase in dislocation density, as will
become clear in Section 3.3.
3.3. Transmission electron microscopy analysis
Characterization by TEM shows the deformation
structures associated with the passage of the laser shock
pulse. Pre-shock undeformed nanocrystalline Ta structures are imaged in Fig. 7. From the bright-ﬁeld image.
it can be seen that the grain size is 70 nm. The deformation structures of post-shocked nanocrystalline Ta
(Elaser = 662 J) taken from slices 1–4 (see Fig. 6a) are
imaged in Fig. 8. Fig. 9 shows the Ta (Elaser = 842 J)
sample taken from the bottom of the crater, indicating
the signiﬁcant grain growth and absence of dislocations
in the grains immediately under the crater. Signiﬁcant
grain growth is observed close to the laser impact surface
(Figs. 8a and 9). The average grain size, calculated from
TEM images in each slice examined, increases gradually
when approaching the laser compression surface. An
experimentally measured grain size scatter is noted in
Fig. 10. Thus, the very large grain size scatter for slice

1 is attributed to the signiﬁcant growth of some grains
at the expense of others. The temperatures induced by
laser shocks decay with depth into the sample. The
calculated temperature evolution is a function of energy
input, and will be discussed in Section 3.3.2.
Few dislocations were observed within the grains of the
shocked nanocrystalline sample. Two instances where dislocations were observed are shown in Fig. 11a and b. These
two areas are at 1.1 mm (Fig. 11a) and 1.6 mm (Fig. 11b)
from the surface. A loose dislocation network can be seen.
The measured nanocrystalline dislocation densities were
added to the pressure vs. density plot developed by Lu
et al. [21] for monocrystalline Ta (Fig. 11c). The calculated
dislocation densities in these nanostructure samples is
lower than in monocrystalline Ta, which exhibited twins
at these pressures, with an associated decrease in dislocation density, discussed by Lu et al. [21]. The dislocation
density is signiﬁcantly lower than anticipated by interpolation from monocrystalline and polycrystalline data. The
reason for the lower dislocation densities is the ubiquitous
presence of sinks: the grain boundaries. Thus, the dislocations are annihilated after moving distances of the order of
the grain size.
3.3.1. Slip–twinning transition analysis
Slip and twinning can be considered as competing deformation processes. The postulation of such a criterion permits an analysis that leads to the predicted transition
between the two mechanisms. The slip–twinning analysis,
proposed by Meyers et al. [11,12], and applied successfully
to the shock compression domain by Murr et al. [33],
Meyers et al. [11,12] and Jarmakani et al. [34], predicts
the slip–twinning transition for polycrystalline Ta, Cu
and Ni, respectively.
Both slip and twinning are driven by shear stress.
Hydrostatic compression does not create plastic deformation in cubic metals. Twinning also involves dislocations

Fig. 7. TEM micrographs for nanocrystalline Ta sample prior to shocking: (a) bright ﬁeld; (b) dark ﬁeld. The initial average grain size can be calculated
from this series of images and is 70 nm.
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(a)

(b)

(c)

(d)

Fig. 8. TEM micrographs as a function of distance from the laser deposition surface for nanocrystalline Ta driven with laser energy of 662 J: (a) slice 1
(100 lm from the driven surface) and diﬀraction pattern (for b, c and d); (b) slice 2 (1100 lm from surface); (c) slice 3 (1600 lm from surface); and (d)
slice 4 (2200 lm from surface); (left column) bright-ﬁeld images; (right column of b, c, d) dark-ﬁeld images.

through the sequential nucleation and propagation of
arrays of twinning dislocations:
a
1
h1 1 1i ¼ b;
6
3
where a is the lattice parameter and b is the Burgers vector.
For slip, the dislocations are:
a
b ¼ h1 1 1i:
3

Indeed, shock compression generates a state of uniaxial
strain and there are shear stresses and shear strains. The
uniaxial strain in the direction of compression can be
calculated as a function of pressure. Uniaxial strain (equal
to maximum shear strain) can be regarded as a function
of shock pressure using values calculated from
Rankine–Hugoniot relationship and experimentally
obtained equation of state for Ta. For 50 GPa, the uniaxial
strain is 0.2; for 100 GPa, it is 0.3.
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The eﬀect of strain rate on slip can be expressed by the
Zerilli–Armstrong (Z-A) equation for bcc metals [35] in the
thermally activated region and by the PTW equation [36] in
the drag region. This is expressed below by the composite
equation whose ﬁrst term is the Z-A thermal activation
regime and whose second term is the PTW drag regime:


Gðq; T Þ
rS ¼ max ðrS þ C 2 eC3 T e_ C4 T þ k S d 1=2 Þ
; ^sdrag ;
G0 ðqÞ
ð2Þ

Fig. 9. TEM micrograph at the bottom of the crater with laser energy of
842 J. (a) Dark ﬁeld of FIB sample with a selected diﬀraction spot. The
selected-area diﬀraction pattern is quite diﬀerent from the one in Fig. 7a
which shows the nanocrystalline structure. The average grain size is about
2 lm. (b) Bright-ﬁeld micrograph shows merely dislocations in the grain
right under the crater.

where C2, C3, C4 and ks are Z-A parameters that have been
established for Ta; they are given in Table 1. rS is the athermal stress and d is the grain size, The dynamic experiments
by Rittel et al. [37] were used to obtain some of the Z-A
parameters given in Table 1; a detailed explanation is provided by Lu et al. [21].
The drag component is expressed as:
_ b ¼ sdrag ¼ rdrag
^sdrag ¼ S 0 ð_e=cnÞ
Gðq; T Þ 2Gðq; T Þ
rdrag
¼
;
ð3Þ
2G0 ðqÞð1  aT =T m ðqÞÞ
where Tm(q) is the melting temperature and n_ ¼ cT =2a is
the time required for a transverse wave to cross an atom
[36]. G(q, T) is the density- and temperature-dependent
shear modulus, and the other parameters, S0 = 0.012,
c = 0.00004 and b = 0.23, are given by Preston et al. [36]
for Ta. The graphical expression of Eq. (1) is shown in
Fig. 12 for two diﬀerent grain sizes: 3 and 70 nm.
In previous work [21], the eﬀect of strain rate on twinning was neglected to a ﬁrst approximation [38]. The twinning stress, rT, has been expressed by Armstrong and
Worthington [39] as:

1=2  
1=q
GðP ; T Þb
U
e_
rT ¼ r0 þ m
ln
d 1=2 ;
C1
RT e_ 0

ð4Þ

where G(P, T) is expressed by Steinberg [40] as:
GðP ; T Þ ¼ G0 f1 þ AP =g1=3  BðT  300Þg;

ð5Þ

with G0 = 69 GPa, A = 1.45 GPa1, B = 1.3  104 K1
and g = q/q0 [14].
The various parameters are given in Table 1.
The onset of twinning corresponds to:
sS ¼ sT ;
Fig. 10. Grain size and temperature as a function of distance from laser
deposition surface in nanocrystalline Ta (total laser energy 662 J).
Statistics indicate the average grain size.

The shear stress is related to the shock pressure through
[41]:
s¼

1  2t
P shock ;
2ð1  tÞ

where t is Poisson’s ratio.

ð1Þ

ð6Þ

where sS and sT are shear stresses. It should be emphasized
again that twinning is triggered by the shear stresses and
not by the pressure in both conventional and shock-wave
deformation.
The strain rate at the shock front increases with the
maximum stress. Swegle and Grady [42] proposed a relationship between shock pressure and strain rate that is
widely used [33,43]:
e_ ¼ 27:34  P 4shock ;
where Pshock is in units of GPa and e_ is in units of s1.

ð7Þ
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Fig. 11. (a and b) TEM dislocation images in nanocrystalline Ta (total laser energy 662 J): (a) 1100 lm from surface; (b) 1600 lm from surface. (c)
Dislocation density as a function of pressure for diﬀerent grain sizes and substructures [21].

Applying the Swegle–Grady equation to Eqs. (2) and
(4), one can calculate the stresses required for slip and twinning, respectively, as a function of shock pressure. To carry
out this analysis, one has to incorporate the eﬀect of the
shock temperature, predicted by the Rankine–Hugoniot
equations into the formulation. The temperature rise in
Ta behind the shock front as a function of shock pressure
can be expressed as the second-order polynomial, based on
the Rankine–Hugoniot equations (and on the C0 and S values for Ta [41,44]):
T shock

Ta

¼ 0:1007P 2shock  1:13P shock þ 294:8;

ð8Þ

where Pshock is expressed in units of GPa and Tshock_Ta is in
units of K.
The calculations are conducted for both nanocrystalline
and monocrystalline Ta and the results are shown in
Fig. 13. This analysis predicts the slip–twinning transition
pressure for monocrystalline Ta to occur at Pshock
 24 GPa, whereas the transition pressure is above
150 GPa for nanocrystalline Ta.
Twinning is experimentally observed at Pshock >
32 GPa for monocrystalline Ta [21] but is absent in nanocrystalline Ta even at the highest pressure of 145 GPa.

Thus the modeling predictions are consistent with experimental observations. The a(bcc)–x(hcp) phase transformation, which requires a higher pressure than twinning
(68 GPa) in monocrystalline Ta, was not observed in
nanocrystalline Ta.
The eﬀect of grain size on the slip–twinning transition
pressure for Ta and Ni [41] is shown in Fig. 14. It is evident
that the slip–twinning transition pressure is greatly
inﬂuenced by grain size primarily because of the diﬀerent
Hall–Petch slopes for slip and twinning. The physical explanation for the diﬀerence lies in the requirement of high local
stresses for the initiation of twinning. These high local stresses can be produced by dislocation pile-ups in monocrystals.
In nanocrystals, on the other hand, the large concentration
of grain boundaries provides abundant sites at which the
shear stresses can be dissipated by dislocation emission.
3.3.2. Modeling of temperature proﬁle
In order to calculate the grain growth observed in the
vicinity of the energy deposition surface, one has to estimate the post-shock temperature as a function of time
throughout the sample. The shock and residual temperature inside the samples can be calculated through [45]:
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Table 1
Zerilli–Armstrong, Armstrong–Worthington and shock compression
parameters used for the constitutive analysis.
Parameters

Unit

Value

T
Athermal stress rS
C1
C2 = B0
C3 = b0
C4 = b1
Tension twin stress
Compression twin stress r0
Burgers vector
U
q
ks
m
R
S0 (for Ta)
c (for Ta)
n_ (for Ta)
b (for Ta)
Tm (for Ta)
G0
A
B
T0
S
q0
C0
c0
Cv

K
MPa
GPa1
MPa
K1
K1
MPa
GPa
nm
J

298
20
0.0005
1125
0.00535
0.00024
370
0.755
0.286
4.56
5
0.25
0.236
8.314
0.012
0.00004
6.952  1012
0.23
3269
69
1.45
1.3  104
300
1.2
16.65
3.41
1.8
0.14

MPa m1/2
J/mol K

s1
K
GPa
GPa1
K1
K
g/cm3
km/s
J/g K

ðV 0  V Þ
1 ðVc0 ÞV
Pþ
e 0
2C v
2C v
!
Z V
c
C 20 ðV 0  V Þ
½ð 0 ÞV 

e V0
2
½V 0  SðV 0  V Þ
V0

 

c0
 2
ðV 0  V Þ dV ;
V0
ð

c0

T s ¼ T 0e V 0

ÞðV 0 V Þ

Fig. 13. Slip and twinning stresses vs. shock pressure for Ta with grain
sizes of 3 mm (i.e. monocrystalline) and 70 nm. The slip–twinning
transition shock pressure is inferred to be Pshock  24 GPa for monocrystalline Ta and Pshock  150 GPa for nanocrystalline Ta (d = 70 nm).

þ

ð9Þ
Fig. 14. Calculated twinning transition pressures as a function of grain
size for Ni [41] and Ta. The twinning transition pressures are marked for
monocrystalline (G.S. = 3 mm, P = 24 GPa) and for the nanocrystalline
(G.S. = 70 nm, P = 150 GPa).

and
T r ¼ T s exp

Fig. 12. Slip stresses as a function of strain rate at diﬀerent grain sizes.
Note Z-A thermal activation and the PTW drag regimes. The PTW [36]
equation is independent of the grain sizes.





c0

ðV 0  V Þ ;
V0

ð10Þ

where
T0 = 300 K,
S = 1.2,
q0 = 16.65 (g/cm3),
C0 = 3.41 (km/s), c0 = 1.8 and Cv = 0.14 (J/g K) for Ta.
Here, P is the peak pressure of the shock wave and V is
the speciﬁc volume of the material directly behind the
shock which can be calculated from the Rankine–Hugoniot
relationships. Based on the results from VISAR (pressure
vs. distance), the residual temperature proﬁle throughout
the sample subjected to a 684 J pulse immediately after
the shock can be calculated. This information is used in
Section 3.3.2 in order to calculate the grain growth.
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To calculate the temperature variation with time
throughout the sample, some assumptions were made: the
temperature proﬁle at time t = 0 (meaning immediately
after the shock has traversed the Ta sample) is shown in
Fig. 14; heat conduction is 1-D; the total calculated length
for Ta is 5 mm (including 3 mm nanocrystalline Ta and
2 mm bottom momentum trap); the Ta target has uniform
and constant thermal properties. The rate of heat transport
by thermal conduction is much lower than the shock propagation velocity. This enables the decoupling of the two
and leads to the simpliﬁed derivation presented here. We
assume that, at time t = 0, the temperature at each point
is equal to the residual temperature. Dividing the sample
into N elements with thickness Dx and discrete time step
Dt (tm = mDt), the heat transfer at position i (1 6 i 6 N )
can be calculated [46] as:
T i;mþ1 ¼ T i;m þ

Dt k
ðT iþ1;m  2T i;m þ T i1;m Þ;
qCDx Dx

with boundary conditions:


2Dt k
T 1;mþ1 ¼ T 1;m þ
ðT 2;m  T 1;m Þ ;
qCDx Dx


2Dt k
ðT N 1;m  T N ;m Þ ;
T N ;mþ1 ¼ T N ;m þ
qCDx Dx

ð11Þ
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been analyzed by Karduck et al. [48]. The temperature
excursion undergone by the metal can lead to grain growth.
We use here a simple derivation based on a 2-D model proposed by Hu and Rath [49–53]. It assumes that grain
growth is dictated by the grain boundary curvature alone
and ignores grain–grain interactions, grain-size distribution, anomalies in curvature and energy eﬀects due to the
work-hardened structure. By balancing the forces acting
on a curved grain boundary segment, the driving force
on the grain boundary can be estimated by the Hu and
Rath formulation [49–54], which is described by Gottstein
[55].
The total force (per unit length) acting on the grain
boundary with grain boundary energy (per unit area) cgb
(Fig. 16a) can be obtained from the force equilibrium for
a 2-D simpliﬁed geometry:
F ¼ 2cgb sin

dh
:
2

ð13Þ

Considering a small angle (sin dh / dh), the force per
area is:
ð12Þ

force cgb dh cgb
¼
¼
;
area
Rdh
R

ð14Þ

where k is the thermal conductivity (k = 57.5 (W/m K)), C
is the heat capacity and q is the density. Fig. 15 shows the
temperature proﬁles at diﬀerent positions as a function of
time. The temperature change with time at speciﬁc distances from the surface is shown in Fig. 15. The temperature has equilibrated to values close to the pre-shock
level after 0.1 s. Similar results were reported earlier for
Cu [25]. We also can ﬁnd the temperature change with time
at speciﬁc distances from the surface as shown in Fig. 15.
3.3.3. Modeling of grain growth
Grain boundaries have been investigated theoretically
using dislocation models since the early 1950s [47]. The
interaction between dislocations and grain boundaries has

Fig. 15. Temperature as a function of time at diﬀerent distances from the
energy deposition surface: 100, 200, 500 and 1000 lm.

Fig. 16. (a) Schematic showing force per unit length, F, acting on the grain
boundary with a radius of curvature R. (b) Grain boundary velocity as a
function of grain size for temperatures varying from 400 to 1300 K (HuRath model [49–53]).
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where cgb is the grain boundary energy and R is the radius
of the grain (assumed to be spherical). The grain boundary
velocity, vgb, was assumed by Hu and Rath [49–53] to be
proportional to the force acting on the grain boundary segment and can be expressed as [55]:

Combining Eqs. (15) and (16),
 
dR
Q cgb
¼ Mcgb ¼ M 0 exp
:
dt
kT
R

vgb ¼ MF ;

Z

where M is the grain boundary mobility. Therefore,
vgb ¼

cgb
dR
¼M
:
dt
R

ð15Þ

The grain boundary mobility has an Arrhenius-type
temperature dependence:
 
Q
M ¼ M 0 exp
;
ð16Þ
kT
where M0 is a rate constant.

Separating variables and integrating:
 
Z 1
Rf
1
Q
RdR ¼ ðR2f  R20 Þ ¼ M 0 cgb
exp
dt:
2
kT
R0
0

Thus, the ﬁnal grain radius, Rf is:



1=2
Z 1
Q
Rf ¼ 2M 0 cgb
exp
:
dt þ R20
kT ðtÞ
0

ð17Þ

ð18Þ

ð19Þ

Here, T(t) is the time-dependent temperature. To calculate Rf, we need to know R0, M0, cgb, Q and k. The initial grain size is 2R0 = 70 nm and k = 8.314 (J/K mol) is
the gas constant. The activation energy for boundary
migration, Q, was determined as 29,200 (cal/mol) for
pure Ta from Richards [56]. Wei et al. [57] showed that
the grain boundaries in nanocrystalline Ta obtained by
HPT are non-equilibrium. According to Nazarov [58],
the grain boundary energy in Ta can be estimated as
cgb = 3.2  102 (J/m2). To estimate the constant,
M0, the expression for boundary mobility of ﬂexible
low-angle grain boundaries [59] and the diﬀusion coeﬃcient for Ta [60] were used. At 800 K, this gives
M0 = 5.53  103 m/g for Ta.
Assuming that the grain size is 2R, the calculated grain
boundary velocity as a function of grain size is plotted in
Fig. 16b for temperatures of 400–1300 K. When the temperature decreases, the grain boundary velocity decreases
dramatically. Therefore, grain boundary movement and
grain growth are highly sensitive to the residual temperature. The ﬁnal grain sizes at diﬀerent depths in the sample
can be calculated from Eq. (19) and these values are plotted
in Fig. 17a. The temperatures T(t) are given in Fig. 15 and
were obtained by numerical integration. The calculated
grain sizes are consistent with experimental results (for
Elaser = 662 J) and it can be seen that even short cooling
times (0.1 s) can generate signiﬁcant grain growth.
Fig. 17b shows the calculated grain growth for laser energy
of 842 J. From Fig. 9, the average experimentally determined grain size for Elaser = 842 J is about 2 lm where
the calculated grain size is about 5.5 lm. For Elaser = 662 J,
the calculated and experimentally measured grain size is the
same: 800 nm. The calculated grain size for Elaser = 842 J
is 2 lm, much larger than Elaser = 684 J, which is consistent
with the experimental observations.
4. Summary and conclusions

Fig. 17. (a) Measured and calculated grain size as a function of distance
from the energy deposition surface (total laser energy 662 J in experiments
and 684 J in calculations). (b) Calculated grain size as a function of
distance from the energy deposition surface for a laser energy of 842 J.

The objective of this research was to establish the eﬀects
of shock compression (laser energies between 350 and
850 J) on the structure and mechanical properties of nanocrystalline Ta (d  70 nm) and to compare the results with
the eﬀects on monocrystalline Ta. The following are the
principal ﬁndings:
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1. The crater depth generated by the laser pulse is a function of laser energy; it is shallower in nanocrystalline
Ta than that in monocrystalline Ta, consistent with its
higher strength.
2. The principal defects generated by the laser pulse are
dislocations. Only a few dislocations were observed in
each nanocrystalline Ta grain. The dislocation density
is approximately one order of magnitude lower than
for monocrystalline Ta, at the same laser energy level.
3. One of the reasons for the low dislocation densities is the
profuse availability of dislocation sinks: the nanocrystalline grain boundaries.
4. Constitutive modeling shows that the slip–twinning
transition pressure is a function of grain size. This is
consistent with the experimental results: twin structures
were observed in monocrystalline Ta and absent in
nanocrystalline Ta, at the highest characterized laser
energy (842 J), generating shock pressures of
146 GPa.
5. The shock and residual temperatures as a function of
pressure were calculated using pressure results obtained
by VISAR. The residual temperature proﬁle is expressed
as a function of time assuming 1-D heat transfer.
6. Using the Hu–Rath analysis (grain boundary velocity /
(grain size)1) under a continuously decreasing temperature, the evolution of grain size as a function of time
was calculated at diﬀerent distances from the energy
deposition surface. The experimentally measured
increase in grain sizes (from 70 to 800 nm for
Elaser = 662 J and to 2 lm for Elaser = 842 J) are
explained by calculations based on this mechanism.
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