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We found an ultrashort shock pulse driven by a femtosecond laser pulse on iron generates a
different dislocation structure than the shock process which is on the nanosecond timescale. The
ultrashort shock pulse produces a highly dense dislocation structure that varies by depth.
According to transmission electron microscopy, dislocations away from the surface produce
microbands via a network structure similar to a long shock process, but unlike a long shock process
dislocations near the surface have limited intersections. Considering the dislocation motion during
the shock process, the structure near the surface is attributed to the ultrashort shock duration. This
approach using an ultrashort shock pulse will lead to understanding the whole process off shock
deformation by clarifying the early stage. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901928]

I. INTRODUCTION

The behavior of dislocations has attracted increased
attention, because dislocations formed during the shock pro-
cess are a dominant factor for plastic deformation of materi-
als."? The increase in dislocations that accompany the
high-strain-rate deformation associated with the shock pro-
cess is due to the generation of new dislocations rather than
multiplication of existing dislocations.>® Both simulations
using molecular dynamics’~ or dislocation dynamics with a
finite element framework'®'" and metallurgical analyses
after the shock process using flyer plate impact'>'? or nano-
second laser pulse'* have been performed to clarify the dis-
location behavior under shock deformation. However, the
results are inconsistent; simulations deal with the early stage
of the shock process (within one hundred picoseconds),””
whereas most metallurgical analyses deal with materials that
undergo a shock process consisting of a compression and
subsequent release.'” Consequently, metallurgical analysis
after a shock process, which is on the nanosecond timescale,
shows not the dislocation structure formed during the early
compression, but the thermally recovered microstructure
formed during the release process.'>'

An ultrashort shock pulse can be produced using a fem-
tosecond laser pulse. Plasma formation is initiated within
several tens of picoseconds after the irradiation of a laser
pulse above the fluence threshold,IL20 and a shock wave is
produced due to the recoil force of plasma expansion. Some
interferometric measurements (e.g., frequency-domain inter-
ferometry) have experimentally shown that 10%—90% rise
time of the shock wave is 6.25 ps in several types of thin
metal target,’’ and the plastic wave with a compression

YAuthor to whom correspondence should be addressed. Electronic mail:
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stress is 27.5 GPa behind the front of elastic precursor in a
250-nm-thick iron sample where fluence of the laser pulse is
3 J cm 2?* Additionally, simulations have investigated the
evolution of the shock profile when the compression, which
consists of an elastic shock wave and a plastic shock wave
with approximately 90 GPa of pressure lasting several tens
of picoseconds, attenuates with the propagation distance in
nickel at a fluence of 1.57 J cm 2%

The produced ultrashort shock pulse may suppress ther-
mal recovery** 2 because the short duration and small thick-
ness, where the shock exists, facilitate rapid coolingZI*B’27
and consequently induce the absence of persistent heating.
Compared to using a nanosecond laser pulse as a shock
driver, the heat-affected region in femtosecond laser irradi-
ated metals, which depends on the fluence, is much smaller
(between 100nm and 1 pm).*** Additionally, the duration
of shock pulse is extended following attenuation during
shock propagation.'***?* Therefore, employing an ultra-
short shock pulse should retain evidence of the dislocation
structure formed during the early shock process near the sur-
face and represent the transition of the dislocation structure,
which evolves during extended shock duration correspond-
ing to propagated distance. Consequently, an ultrashort
shock pulse may provide a fundamental understanding of the
deformation process during the shock process on an ultra-
short timescale. The purpose of the present work is to inves-
tigate the dislocation structure formed after an ultrashort
shock pulse driven by a femtosecond laser pulse based on
microstructural observations of iron.

Il. EXPERIMENT

Polycrystalline pure iron with purity of 99.99% was
used as the specimen. The average grain size was 140 um
after annealing at 1123 K to recover the initial strain and to

© 2014 AIP Publishing LLC
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FIG. 1. Experimental (a) SEM image of iron irradiated with a femtosecond
laser pulse. TEM specimen observed from the bottom of the crater. (b)
Schematic illustration of the cross-section of TEM specimen. TEM observa-
tions were continuously performed along the shock direction.

coarsen the grain. A femtosecond laser (TSA; Spectra-
Physics, Inc.) pulse with a wavelength of 800 nm, a pulse du-
ration of 130 fs at full width at half maximum, and a pulse
energy of 10 mJ was focused on a mirror-finished surface
with a spot diameter of 100 um. The average fluence of the
laser pulse was about 130 J cm ™2, which drives an ultrashort
shock pulse with a pressure above several tens of GPa.
Figure 1(a) shows a scanning electron microscopy (SEM)
image of the surface after laser irradiation with a femtosec-
ond laser pulse; a deep crater with a depth of 4.95 um is
formed in a 20 um area within the 100 um spot size.

Since the shock wave is driven due to the recoil force of
plasma expansion during the ablation, a higher stress is
applied to the center of the crater, promoting a higher-strain-

Region B
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rate deformation. A specimen was picked up from the bot-
tom of the crater and thinned up to 100nm for cross-
sectional TEM (JEM-2010; JEOL) observations by using a
focused ion beam instrument. Cross-sectional bright field
TEM observations were performed continuously from sur-
face to deeper region along the shock direction. The incident
beam direction is nearly parallel to [110] at g = 110 (g: re-
ciprocal lattice vector), where the ratio of dislocations
imaged in the observation is constant. TEM images at 1 um
(Regions A, B), 3 um (Region C), 4 um (Region D) from the
surface are extracted (Fig. 1(b)).

lll. RESULTS

Figures 2(a)-2(c) show TEM images within 1.5 ym
from the surface after applying a shock pulse, enlarged view
of Region A, and enlarged view of Region B, respectively.
The dislocation structure varies by region, although areas
below 500nm from the outermost surface layer contain a
similar density of dislocations. In Region A, individual dislo-
cations are distinct with little overlap, whereas dislocations
in Region B are entangled locally. These results indicate that
the dislocation structure in Region A is not as evolved as
those in Region B. (Hereafter, the not-as-evolved dislocation
structure is referred to as the non-evolved dislocation struc-
ture.) This non-evolved dislocation structure differs from the
one after a shock pulse on the nanosecond timescale. In
addition, the difference in the dislocation structure at approx-
imately several 100 nm from the surface indicates a change
in the shock parameter, which influences the accumulation
of dislocations.

Figure 3(a) shows TEM images observed in the deeper
region corresponding to 3 um (Region C) and Fig. 3(b)
shows enlarged view of Region C. Region C shows existence
of a density of dislocations as well as region B, but Region C
contains more intersecting points between the dislocations
than Region B, which form a uniform network structure.

Figure 4(a) shows a TEM image observed 4 um from
the surface (Region D). Region D contains unidirectional
dislocation pile-ups, where the microstructure is divided into
two regions: high- and low-density regions. Figure 4(b)
shows a zoomed-out image, where the periodic dislocation
pile-ups form a microband structure. These results indicate

FIG. 2. TEM images near the surface after an ultrashort shock pulse. (a) General image within 1.5 um from the surface. (b) Enlarged view corresponding to
region A, which shows few overlapping dislocations. (c) Enlarged view corresponding to region B, which shows a local dislocation tangle.
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FIG. 3. TEM image observed 3 um from the surface after an ultrashort
shock pulse. (a) General image. (b) Enlarged view showing a uniform dislo-
cation network structure.

that there is a transition in the dislocation structure from a
network to a microband structure, revealing a crucial evolu-
tion in the dislocation structures due to mutual interactions
with depth against little evolution within 1.5 ym.

The evolved dislocation structures, such as microband,
are generally formed in plastically deformed body-centered-
cubic structure.®® In addition, a shock process lasting longer
than a nanosecond or a high-strain-rate deformation induces
evolved structures in highly stressed regions, but as the depth
increases, these structures disappear and the dislocations do
not interact. Consequently, the transition of the dislocation
structure from Region A to Region D induced by an ultra-
short shock pulse differs significantly from that induced by a
longer shock pulse.

IV. DISCUSSION

Both strain and temperature determine the evolution of
dislocation structures during plastic deformation of metals.

FIG. 4. TEM images of iron 4 um below the surface after an ultrashort shock
pulse. (a) Image showing a dislocation pile-up. (b) Zoom-out image showing
the periodic microband structure consisting of the dislocation pile-ups.

Because the evolution of the dislocation structure can be pro-
moted due to thermal recovery during temperature drop after
shock loading, the influence of the temperature associated
with the shock process on the dislocation structure should be
considered.'® We evaluated the dislocation density at each
region to determine the effects of a shock pulse on the pico-
second scale using the Ham equation,®! which is expressed
as p = 2N/Lt, where p is the dislocation density, N is the
number of intersecting points between the dislocation lines
and grid lines drawn on the TEM micrograph, L is the total
length of the grid lines, and ¢ is the thickness of the TEM
sample. Consequently, Regions A to D (at a microband) ex-
hibit dislocation densities of (2.8 = 0.4) x 10", (1.8 £ 0.2)
x101%, (2.7%0.1) x 10, and (1.8%=0.2) x 10®m 2,
respectively. Regions A and C have maximum dislocation
densities of around 3 x 10" m_z, but there is not an obvious
difference corresponding to the change of dislocation struc-
ture. Despite the higher stress involving more increase in
temperature, which should promote evolution, the
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dislocation structure is not evolved near the surface, indicat-
ing that influence of temperature increase on the evolution of
the dislocation structure can be neglected in ultrashort shock
process. Additionally, the results suggest that the density of
the dislocations is due to different mechanisms in different
regions.

We discuss the relation between the strain and the dislo-
cation structure. Deformed metals show several stages of
microstructural evolution as the strain increases:*° the dislo-
cation motion on the slip plane, evolution of the tangle and
cell structure, and formation of a dislocation wall and subse-
quent structure due to dynamic recovery. Thus, dislocation
structures evolve due to the mutual interactions and intersec-
tions due to sufficient dislocation motion during a shock after
an increase in strain. Decrease in shock duration inhibits
evolution of dislocation structure, such as dislocation cells,
due to less interaction between dislocations for a short time.®
Dislocation structures evolved in longer shock processes
appear to correspond to the structure subsequent to that in
the second stage.

It is generally assumed that dislocations cannot exceed
the speed of sound in a shear wave due to the infinite disloca-
tion self-energy.’” Here, we show a simple calculation to
determine the distance that individual dislocations move as
the shock pulse passes by assuming that the dislocation ve-
locity is equal to the speed of sound (3260m/s in iron’>).
Additionally, the duration of shock pulse is assumed to be 50
ps at the early stage of shock wave generation from shock
duration data.” Therefore, the calculated motion of a dislo-
cation is about 160 nm, which is much shorter than the dis-
tance between the periodic dislocation pile-ups. This is why
a small dislocation motion inhibits the interactions with other
obstacles in the ultrashort duration of stress. As the shock
wave propagates, the duration of the shock pulse increases,
eventually reaching the nanosecond scale. Assuming that the
dislocation velocity is on the same order, the distance
exceeds 1 um, which reveals that the dislocation interactions
are sufficiently satisfied.

Increase in dislocation density during shock process is
attributed to both multiplication and generation due to lattice
mismatch before and behind the shock front.>*¢ It has been
also reported that homogenous nucleation of dislocations
becomes predominant as the density increases for a short rise
time compared to that for a long rise time."" Dislocation mul-
tiplication due to dislocation interactions may be the main fac-
tor for a high density of dislocations in the deeper region, but
is not a factor near the surface. Therefore, we suggest that the
high density of dislocations in non-evolved dislocation struc-
tures is due to dislocation nucleation, and that the observed
structures are produced at an early stage of the shock process.

V. CONCLUSIONS

In summary, TEM observations identified a little inter-
sected dislocation structure produced near the surface by an
ultrashort shock pulse using a femtosecond laser pulse.
Although there is not an obvious change in the dislocation
density, the dislocation structure changes with depth from
dislocations with little interactions near the surface to

J. Appl. Phys. 116, 183506 (2014)

microbands via a network structure further from the surface.
The dislocation structure in the deeper region corresponds to
that achieved during longer (on the nanosecond scale) shock
processes, but the little intersected structure does not.
Considering the dislocation motion during an ultrashort
shock pulse, the motion of dislocations is around 160nm,
which is much shorter than the distance between microbands.
Thus, we suggest that the little intersected dislocation struc-
ture is due to the ultrashort shock duration, which is typically
produced during the early stage of the shock process. This
approach using an ultrashort shock pulse should help eluci-
date the shock deformation process by clarifying the early
stage of the shock process.
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