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Hugoniot of full-dense nanopolycrystalline diamond (NPD) was investigated up to 1600 GPa. The
Hugoniot elastic limit of NPD is 208 (�14) GPa, which is more than twice as high as that of single-crystal
diamond. The Hugoniot of NPD is stiffer than that of single-crystal diamond up to 500 GPa, while no
significant difference is observed at higher pressures where the elastic precursor is overdriven by a
following plastic wave. These findings confirm that the grain boundary strengthening effect recognized in
static compression experiments is also effective against high strain-rate dynamic compressions.
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According to the Hall-Petch relationship [1,2], the
hardness of a material increases as its grain size decreases.
This effect is known as grain boundary strengthening and
is recognized in a variety of materials at ambient con-
ditions [3,4]. Since diamond is the hardest material in
nature, the grain boundary strengthening effect in nano-
polycrystalline diamond (NPD) [5] has been one of the
major interests in the field of materials science. While the
high hardness of NPD has been tested in static experi-
ments [3,6], its hardness under high strain-rate dynamic
compression is not yet known.
Hugoniot elastic limit (HEL) is defined as the longi-

tudinal pressure (stress) at which a solid undergoes a
transition from reversible elastic deformation to irreversible
plastic deformation upon dynamic compression [7]. Only a
little is known about how the grain size affects the HEL and
Hugoniot of polycrystalline materials [8–10], mainly due to
the difficulties of synthesizing homogeneous and full-dense
polycrystalline samples with different grain sizes. The NPD
samples used in this study were full dense and transparent
[5], and had an average grain size of 10–20 nm. The grain
boundary strengthening effect is known to be strongest at
these grain sizes. Since NPD is harder than single-crystal
diamond at ambient conditions [3,6] due to the effect of
grain boundary strengthening, the HEL of NPD is possibly
higher than that of single-crystal diamond. The main issue
we address by measuring the HEL of NPD is whether the
grain boundary strengthening effect is valid for diamond
under high strain rate (∼109 s−1) shock compression. We
also measured the Hugoniot of NPD at higher pressures up
to 1600 GPa, as it is important for the development of the

inertial confinement fusion targets which use nanocrystal-
line diamond as its ablator material [11].
The experiments were performed at the GEKKO XII

laser facility at the Institute of Laser Engineering, Osaka
University [12]. The wavelength of the twelve drive
lasers in GEKKO XII was 527 or 351 nm, which is
the second or the third harmonic wavelength of the
neodymium glass laser with a fundamental wavelength of
1054 nm. The focal spot was smoothed using kinoform
phase plates. The spot diameters on the target were 1000
and 600 μm for the second and third harmonic wave-
lengths, respectively. The duration of the laser pulse was
2.5 ns in the full width at half maximum with around
100 ps each for the rise and fall times. To determine the
shock-compressed state of the sample, velocity profiles
were recorded by a line-imaging velocity interferometer
system for any reflector (VISAR) [13] operated with a
532 nm probe light. The velocity sensitivities of VISARs
were 7.523 and 4.476 km=s=fringe. The VISAR system
had a spatial resolution of ∼6 μm and a temporal
resolution of ∼50 ps. The experimental uncertainties of
measured velocities were less than 5% of the velocity
sensitivities. See Supplemental Material [14] for the
summarized shock data and more detail about the
evaluation of uncertainties.
The NPD samples were synthesized using a multi-anvil

cell at Ehime University. Each sample was polished
to a thickness of 70–100 μm and had a density of
3.514 ð�0.003Þ g=cm3 [18]. The shock target is schemati-
cally shown in Fig. 1. In this work, z-cut α-quartz and
polystyrene were used as the pressure standards. The
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measured thickness of the glue between these materials was
less than 1 μm for each target.
The compressed state of NPD was determined by the

impedance mismatching method [19] using the known
Hugoniots of quartz [20], aluminum [21], and polystyrene
[22]. At peak pressures of 496 ð�8Þ GPa or lower in NPD,
the free-surface velocities exhibited elastic-plastic two-
wave structures and the impedance mismatching method
for two-wave structures described by McWilliams et al.
[23] was used to determine the shocked state. When the
applied pressure in NPD is 630 ð�9Þ GPa, however, a
single wave structure was observed at the rear surface as the
elastic wave was overdriven by the plastic wave. In this
case, the average shock wave velocity of NPD was
determined by simply dividing the initial sample thickness
by the shock wave propagation time. For the shots with a
peak pressure of 936 ð�13Þ GPa or higher, NPD was
reflective under compression, thus the shock wave veloc-
ities were time resolved. The obtained relationship between
the shock wave velocity (D) and the particle velocity (u) of
NPD below the expected melt onset (u < 9.1 km=s [24])
can be linearly fitted by De ¼ ð1.297� 0.266Þ ue þ
ð18.11� 0.01Þ and Dp ¼ ð1.130� 0.062Þ up þ ð12.39�
0.39Þ for the elastic and plastic responses, respectively
(Fig. 2). Here, the longitudinal sound velocity of NPD at
ambient conditions [18] was used to get the elastic linear fit.
The longitudinal pressure P and density ρ of the shocked
state can be obtained from the measured shock wave
velocity and particle velocity via the Rankin-Hugoniot
equations [23]:

P2 ¼ P1 þ ρ1ðD2 − u1Þðu2 − u1Þ; ð1Þ

ρ2 ¼ ρ1
D2 − u1
D2 − u2

; ð2Þ

where subscripts 1 and 2 denote the conditions ahead of and
behind the shock front, respectively.
The relationships between the longitudinal pressure in

preceding elastic deformation and the peak pressure in
subsequent plastic deformation for NPD and single-crystal
diamond [23] are shown in Fig. 3. The results show that the
longitudinal pressures in elastic precursors vary between
146 ð�15Þ and 202ð�13Þ GPa. Notably, the longitudinal
pressure in the preceding elastic deformation in NPD is
lower when the peak pressure is higher. However, some
other materials are known to exhibit a higher elastic
amplitude for a higher peak pressure under shock com-
pression [30]. This is especially controversial for the case of
single-crystal diamond. Lang et al. observed during their
powder gun experiments that the amplitude in the elastic

FIG. 1. Experimental configuration of the NPD Hugoniot
measurements. For the shots with peak longitudinal pressures
in NPD of 936 ð�13Þ GPa or higher, a 50 μm thick z-cut α
quartz attached to aluminum was used as a pressure standard. For
the other shots [630 ð�9Þ GPa or lower], a 25 μm thick poly-
styrene sandwiched between aluminum and quartz was used as a
pressure standard instead. In both cases, an antireflection coating
for 532 nm was on the VISAR irradiation side of the quartz.

FIG. 2. Shock wave velocity versus particle velocity of NPD.
Filled squares represent the elastic state (red) and plastic state
(blue) obtained in this work. These data of the elastic state and the
plastic state below the expected melt onset (u < 9 km=s) are
linearly fitted by red and blue solid lines, respectively. Blue
dotted line is the extrapolation of the plastic fit. Open squares are
the ambient longitudinal sound velocity (red) and the bulk sound
velocity (blue) of NPD [18]. Other symbols are reference data of
single-crystal diamond [23,25–28] and polycrystalline diamond
[24]. The shown plots of Hicks et al. (open yellow diamond) [28]
are the reanalyzed data [29] using updated quartz Hugoniot [21].
The diamond Hugoniot around its melt boundaries predicted by
ab initio molecular dynamics simulations [24] (orange solid
lines) and its extrapolation (orange dashed line) are also shown.
Insets are the typical VISAR profiles showing the free-surface
velocity forming a continuous elastic-plastic two-wave structure
at the rear surface of the NPD sample (top) and the velocity of the
shock wave propagating inside of the NPD sample (bottom). In
both profiles, time 0 denotes the time for the shock wave to enter
the NPD from the aluminum.
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precursor is higher when the peak pressure is lower [31].
McWilliams et al., however, compressed single-crystal
diamonds by laser-driven shocks and found that the
amplitude in the elastic precursor is higher when the peak
pressure is higher [23]. Both groups observed the same
tendency for the three directions of diamond : h100i, h110i,
and h111i. Later, Winey et al. conducted plate impact
experiments and showed that the elastic wave amplitudes
for h110i and h111i diamond increase considerably with
increasing peak stresses [32]. Winey et al. described that
the observed difference in trend between their results and
Lang’s results could be due to the difference in the applied
peak stresses. Therefore, the correlation between elastic
wave and plastic wave is evident, and it possibly depends
on the strain rate and duration of the compression, the
amplitude of the applied peak stress, and the grain size of
diamond.
In the case of NPD, the dislocation propagation can be

prevented at grain boundaries, hence the stress inhomoge-
neities in elastically compressed nanograins due to
differences in orientations and diameters between neigh-
boring nanograins can be sustained up to a certain limit
(HEL). When applied peak pressure is high, however, the
elastic response would be disturbed by the interference of
the plastic wave, which might weaken the grain boundary
strengthening effect and reduce the amplitude of the elastic
wave. Understanding the correlation between elastic and
plastic deformations can improve the modeling of ultrafast
deformation [33], including grain boundary strengthening
effect and grain refinement process of ultrahard materials
under dynamic compression, as the current models often
assume that the preceding elastic wave would not be
disturbed by the following plastic wave.
Among the elastic-plastic two-wave structures observed

in this work, the highest longitudinal pressure of the elastic
precursor was 202 ð�13Þ GPa, which was observed when
the peak pressure of the following plastic deformation was
the lowest (Fig. 3). When the peak pressure is reduced, only
a pure elastic wave is formed from a certain point, and this
point is the HEL of the shocked material. The linear fit for
the NPD data shown in Fig. 3 suggests that the longitudinal
pressures in elastic deformation and plastic deformation
would become equal at 208 ð�14Þ GPa, suggesting that
the HEL of NPD is 208 ð�14Þ GPa. This value is more
than twice as high as the HELs of single-crystal diamond
measured by using a similar method, which are
80.1 ð�12.4Þ, 80.7 ð�5.8Þ, and 60.4 ð�3.3Þ GPa for the
compression directions along h100i (type Ia), h110i (type
Ia and IIa), and h111i (type Ib), respectively [23]. Sokol
et al. performed dynamic compression experiments on a
ceramic (MgAl2O3) and observed that the HEL of
MgAl2O3 with an initial grain size of 0.14 μm is ∼1.7
times higher than that with 170 μm [8], which is compa-
rable to the difference observed in the HELs of single-
crystal diamond and NPD. A similar tendency was

observed for dynamically compressed polycrystalline iron
with micrometer-sized grains [9]. Since HEL defines the
material strength under shock compression, these results
show that the effect of grain boundary strengthening
recognized at ambient conditions is also effective under
high strain-rate shock compression.
The difference in the HEL between NPD and single-

crystal diamond obtained in this study was greater than the
difference in their Knoop hardness measured under static
compression. Sumiya et al. reported that the Knoop hard-
ness of NPD at room temperature is about 130 GPa, which
is 0%–10% higher than that of type IIa single-crystal
diamond and 40%–65% higher than that of type Ib
single-crystal diamond [6]. These results suggest that the
grain boundary strengthening effect on the resistance to
deformation of ultrahard materials such as diamond is
strain-rate dependent.
The obtained relationship between longitudinal pressure

and density (Fig. 4) shows that the Hugoniot of NPD is
stiffer than that of single-crystal diamond [23,25,26] at
pressures up to ∼500 GPa. The observed stiffness of
plastically deformed NPD can be explained by the high
amplitude of the elastic wave as the elastic-plastic two-
wave structure is formed at pressures below 500 GPa. At
higher pressures where the single (overdriven) plastic wave
is observed, the pressure-density relationship of NPD is
almost identical to that of single-crystal diamond. The
observed relationship between shock wave velocity and
particle velocity of NPD (Fig. 2) is also different from that

FIG. 3. Longitudinal pressure in preceding elastic deformation
versus the corresponding peak pressure of diamond. Red squares
show the NPD data obtained in this work. The black circle shows
the point where the elastic pressure is equal to the plastic pressure
[PE ¼ PP ¼ 208 ð�14Þ GPa] along the NPD fitting line (red
line). The data for laser shock compressed single-crystal diamond
with three different orientations h100i (purple circle, dotted line),
h110i (green triangle, dashed line), and h111i (yellow diamond,
dot-dashed line) are also shown for comparison [23].
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of single-crystal diamond, particularly at the low particle
velocity region (u < 7 km=s) where elastic-plastic two-
wave structure is observed [14]. According to the molecular
dynamics simulations performed by Bringa et al., the flow
stress of nanocrystalline copper under shock loading
depends on its grain size [10]. Thus, it is interesting to
see how nanograin boundaries in NPD increase its strength
against the plastic flow. However, it is difficult to rigorously
characterize the plastic state by the presenting experimental
method when elastic-plastic two-wave structure is within
the sample [32]. Further experiments with different experi-
mental configurations [34] and numerical simulations are
needed to rigorously analyze the grain size effects on the
strength of plastically deformed diamond, and this would
lead to a better understanding of the difference in the
observed trends of the elastic pressure with respect to the
peak pressure between NPD and single-crystal diamond.
The presence of porosity in the initial sample will

increase the shock temperature, resulting in the material
on a different Hugoniot, but the observed stiffness in NPD
is due to the grain size as the NPD used in the present work
had no significant porosity. Gregor et al. previously
reported the Hugoniot of porous nanocrystalline diamond
(∼5% less dense than single-crystal diamond) at pressures
of 1100–2500 GPa [27]. They found that their nanocrystal-
line diamond has a stiffer Hugoniot than single-crystal
diamond above 1100 GPa, and they described that the
observed stiffness can be due to the porosity of the sample.
As our results show, the Hugoniot of full-dense NPD is
identical to that of single-crystal diamond above the

expected melting point, the stiffness of nanocrystalline
diamond observed by Gregor et al. is only due to its
porosity, as they deduced. Our results show that the density
change accompanied by melting or a phase transition to a
denser solid phase would be small, as also seen in single-
crystal diamond [28].
Nanocrystalline diamond is currently considered as the

ablator material for inertial confinement fusion (ICF)
researches to compress the hydrogen fuel [11] and the
highly accurate prediction of shock wave propagation in the
ablator material is required for successful ICF implosions.
The observed difference in the shock equation of states of
NPD and single-crystal diamond below ∼500 GPa opens
up the opportunity to study the shock response of the
nanocrystalline diamond ablator in more detail as
the current ICF experiments set the first shock stress in
the diamond at around 600 GPa [11].
In conclusion, we performed a series of shock compres-

sion experiments on NPD and showed that the HEL of NPD
is 208 ð�14Þ GPa, which is the highest HEL of any
materials ever measured. We also found that the
Hugoniot of NPD is stiffer than that of single-crystal
diamond up to ∼500 GPa. These results demonstrate that
the grain boundary strengthening effect in diamond, as
observed in static compression experiments, is also effec-
tive under dynamic compressions. This is key to the
development of ultrahard materials during and after high
strain-rate compression, which could be extended to
various applications such as spacecraft shielding, nano-
ceramics, and inertial confinement fusion targets.
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