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Overview of Presentation

* Why people study materials at high pressures and
temperatures

* Multiple methods to study metals at extreme
conditions

e Overview of important laser experiments on
metals

e Current and future direction of research
 Summary of main points



oAl

SD

Understanding the behavior of materials at high pressures
and temperatures is critical for many fields of science

Planetary Interiors Astrophysics
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The invention of the laser 50 years ago has vastly increased
our knowledge in materials behavior under compression

e Early 1950s, Nikolay Basov and Aleksandr Prokhorov
independently came up with the idea of the MASER
(Microwave Amplification by Stimulated Emission of
Radiation)

* However it was Charles Townes, J. P. Gordon (both
pictured on right), and H. J. Zeiger who built the first
MASER

-
-

In 1960, Theodore
H. Maiman at -Currently the most well-known laser
Hughes Research facilities include: LLNL Jupiter, LLNL NIF, LLE
Laboratories OMEGA, LANL Trident
operated the first -Over the past 50 years of materials science
functioning ruby research, strain rates below 10° st have
LASER (Light been studied in-depth

}| Amplification by -Now scientists are trying to characterize

‘,.'f Stimulated deformation mechanisms in the extreme

L | Emission of regime of pressures, temperatures and

| Radiation) strain rates above 10° s




NIF has 192 laser beams with the capability of
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Several methods have been developed to study
materials at high pressure

HE flyer plate configuration Explosive configuration for
generating a HE shock in
the metal

Detonator Explosive

lens P

lyer plate
B

Main charg

X
Velocity pins_.

Gas gun configuration Impactor

Hot Hyd rogen f
gases ‘ . gas A. J

Target
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Depending on the type of research certain methods

pose advantages over others
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___Method | PressureRange | Time | _SampleSize | _Application

Large Volume
Press

Diamond Anvil
Cell

Gas Gun

Explosive

Flyer Plate

Laser

1 Pa

300 GPa

10 GPa

14 GPa

250 GPa

5000 GPa

microsecond

millisecond

nanosecond

microsecond

microsecond

microsecond

nanosecond

picosecond

500 mm

20 um

25-100 mm dia

Bulk material

400-700 um
thickness

2-3 mm dia

Planetary
interiors

Crystallographic
studies

HEL, spallation
and strain rate

Physical
processes

Physical
processes

Phase transitions,
high strain rates,
min annealing



___v\ m

voids,

e
c
©
o+
e e by e
38 >
a2 m
ES S
L o @]
SIEEE: = £
=725 X "
) )
.M > o 3
| - h —
Q © >
OD.wm x % Q
=z B n (@) ©
(& m -
o O
© "
L z 3 > N ©
(s v © O
Nh + e
o (7)) (@)
> C
) © S
o 2 )
n = AN >
Kl v =
o L Q O
> Q O Q
o =
o Q e
| -
()]
h —
—

hold constant intensity
2) Shield sample with plastic but no reservoir

X

0 00 S
Do Se et ’000000 O
uun“umoooﬁofo.“. "000000000

SRSRRKS
SRPIHRHKS S
VLK

ool
IR
BRI

SRS
O
00000020 20 % %%
KRR
5 5
QSRS
SRS
GRRERRAIRRS
SRS

OO O
RS

ot
onouououw%o 000
IR
LRI

Propagation of a shock
front through a crystal

Laser shock can produce a variety of defects
phase transitions, dislocations and release in solids

A.H. Clauer et al., Shock Waves and High-Strain-Rate Phenomena in Metals, ed. M.A. Meyers and L.E. Murr (New York: Plenum Press,
1981) n. 675-702: httos://www.lInl.eov/str/JulAuc06/Lorenzana.htmi



The Principal Hugoniot Equations give experimental
results (p and T) from shock laser experiments
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[Figure courtesy of Ray Smith and Jean-Paul Davis]
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Ramp loading is another form of laser compression
also known as “quasi-isentropic”

Polyimide Vacuum , Blsmuth
/

Laser foil gap

TN - e S
Material \__-/

Target design for laser-driven ramp compression of bismuth foil

There are 2 ways to launch a ramp wave:

1) Directly drive the sample and create pressure vs. time by shaping laser pulse
2) Use laser to launch shock through sacrificial plastic with gap, the amplitude of the

pressure will decay as it travels through the material

Can only maintain 100um of ramp wave into sample
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In 1963 shock pulses were generated in metals from
laser-pulse induced vaporization at the surface
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ABSORBED

POWER DENSITY P,

e Askaryon and Morez’s
technique was advanced

e Shortly after, White et al
were able to show
temperature distributions
for different types of laser
pulses and energy

* Allowed Hugoniot data for
a broad range of pressures
to be obtained

]

e

TIME

TEMPERATURE RISE

ABSORBED
POWER DENSITY P,
e

Y

TEMPERATURE RISE
e
B e

G.A. Askaryon and E.M. Morez, JETP Lett., 16 (1963), p. 1638
R.M. White, J. Appl. Phys. 34, 2123 (1963)
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A pulsed, high power laser beam was used to create
“blow-off” plasmas at surface of solid materials
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e The laser used was an oscillator-amplifier
configuration of neodymium doped glass
rods capable of emitting pulses having
powers up to a gigawatt (60 J in 60 ns),
pressure 10®torr

e By conservation of momentum, a stress
pulse is induced in the target causing it to
deform at the free surface at a time
depending upon the shock wave velocity

EACH DIVISION 1/32* .
A * Produces stress pulses in tenths of Mbar
Lwdwiludud - gaen pvision 17160

e Discovered vacuum was necessary to
unshield targets from incident laser light

Figure: A polaroid image of
a laser pulse hitting a target

C.H. Skeen and C.M. York, Laser-Induced “Blow-Off” Phenomena, Applied Physics Letters, 1968
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In 1970, Anderholm introduced laser-transparent
overlays

* This enabled the
confinement of the vapor

WINDOW TO VACUUM CHAMBER TRANSPARENT CONFINING MATERI AL
LENS ABSORBING THIN FILM products resulting in an
o QUARTZ GAGE increase of the peak
LASER | —> pressure of the shock
incident on the metal
;35 SR * Created stress waves with

a peak pressure of 34
kbar using the blow off
concept paired with the
thin film absorber

TEKTRONIX 519

TEKTRON(X 454 TEKTRONIX 555

Schematic of the experimental configuration

4
< e
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L
HIGH RESOLUTION STRESS RECORD LASER PULSE

Duration of the applied stress is comparable to laser duration

N.C. Andelholm, Appl. Phys. Lett., 16 (1970), p. 113
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In 1978 Inal and Murr used Q-switched laser beams to
study lattice defects in molybdenum and tungsten wires
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Vacancy concentration increases Dislocation density Oxidation bead strings at melting
with increasing energy increases with
increasing pressure

O.T. Inal and L.E. Murr, Laser-shock-induced microstructural changes and a comparison with explosive-shock-induced phenomena in metals:
Field-ion and electron microscopic studies, J. Appl. Phys., 1978
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Inal and Murr also demonstrated the difference
between laser and explosive shock propagation

focused laser pulse

(Sttenuated shock
front

explosively driven flyer
Nt
SORd SUFtae e ) , SO SUrface
N S e e i o
\ ™ 7\ =T A / } { } b
A T - I J i S
("0\ I /o& v TV Y v v
Nateq Trock attenuated shock front
Z '
I

*This schematic is for shock propagation through a thick sample

» Schematic comparison of laser-generated
and explosively generated shock waves in a
solid. The laser beam direction and the
flyer-plate direction are both along the z
axis.
* Laser shocks will propagate from a small
source region creating a radially attenuated
stress pulse
* Conventional shock loading creates planar
(uniaxial-strain) shocks through the sample
*In most cases the uniaxial-strain is not
large and allows for hydrostatic stress
approximations

O.T. Inal and L.E. Murr, Laser-shock-induced microstructural changes and a comparison with explosive-shock-induced phenomena in metals:

Field-ion and electron microscopic studies, J. Appl. Phys., 1978



n 1980 Clauer et al. used laser-induced shock
oulses to modify crystal structures to increase their

nardness and fatigue life
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Surface harndess profiles across the
laser shocked zone on aluminum. Peak
shock pressure at 5.8 GPa with a 25 usec
laser pulse

L

N ———— ———
S WIS ¥

A.H. Clauer et al., Shock Waves and High-Strain-Rate Phenomena in Metals, ed. M.A. Meyers and L.E. Murr (New York: Plenum Press,

1981), p. 675-702.
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Effects of laser shocking on the fatigue
life of welded aluminum for axial fatigue

tests. Dashed line represents typical as-

welded property.




n 1980 Clauer et al. used laser-induced shock
oulses to modify crystal structures to increase their

nardness and fatigue life
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Stress wave profiles after
passing through iron ad iron
alloy of increasing thickness

Comparison of computed and measured pressures
for water overlay aluminum target at 1.2 x 10° W/

cm?

A.H. Clauer et al., Shock Waves and High-Strain-Rate Phenomena in Metals, ed. M.A. Meyers and L.E. Murr (New York: Plenum Press,

1981), p. 675-702.



Laser shock compression on monocrystalline copper
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created dislocation tangles, twins and stacking faults

(a)

Recovery

Cu crystal

50 mg/cm® foam

Recovery tube

Left: Recovery tube
for Cu crystal

Right: Laser drive
setup

Dislocation substructure
for Cu (100) shocked at 40 J

M.A. Meyers a,*, F. Gregori b, B.K. Kad a, M.S. Schneider a, D.H. Kalantar c, B.A. Remington c, G. Ravichandran d, T. Boehly e, J.S. Wark f,

Stacking fault for Cu (100)
shocked at 205 J

(b)

Bragg

Laser drive

X-ray source

Laue

Mico-twins for Cu (100)
shocked at 320J

Laser-induced shock compression of monocrystalline copper: characterization and analysis, Acta Materialia 51 (2003) 1211-1228




Laser shock compression on monocrystalline copper
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created dislocation tangles, twins and stacking faults

~T=100K
-+ T=200K

1851 —+T=300K

oo |- T= 400 K
5 18.5

18.0 4

17.0 4 —— !

16.0 y—
0.001 0.010 0.100 1.000 10.000
Grain Size, mm

Threshold Pressure Gplj
/
{/
f
|
|
|

Predicted threshold stress for the
initiation of twinning as a function of
initial temperature and grain size

PRESSURE, GPa

35

30

25F

l“\% 4—) Cnrrent resulis

CELL SIZEum

M.A. Meyers a,*, F. Gregori b, B.K. Kad a, M.S. Schneider a, D.H. Kalantar c, B.A. Remington c, G. Ravichandran d, T. Boehly e, J.S. Wark f,

Cell size as a function of pressure for

shock loaded Cu

Laser-induced shock compression of monocrystalline copper: characterization and analysis, Acta Materialia 51 (2003) 1211-1228
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Low, intermediate and high laser pressures on (001) vso
and (134) single crystal copper showed orientation
dependent deformatlon mechanlsms

'
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Cu (134) shocked at 20 GPa  Cu (134) shocked at 40 GPa  Cu (134) shocked at 60.GPa

- M.S. Schneider, B.K. Kad, F. Gregori, B.A. Remington, M.A. Meyers, Metallurgical and Materials Transactions A, 35A, 2633 (2004) g



Laser shock of (001) and (134) single crystal copper
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showed orientation dependent slip-twinning transitions
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Effect of
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M.S. Schneider, B.K. Kad, F. Gregori, B.A. Remington, M.A. Meyers, Metallurgical and Materials Transactions A, 35A, 2633 (2004)



In 2005 Cao et al showed that microstructure
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defect in single crystal copper was dependent

on shock compression method

R -' 3 ‘\"j{."!‘:;.'\‘..r um y
(), LR R S oy A
ains observed in

Recrystallized gr
HE plate-impacted Cu (001) and
(221) at 57 GPa but not observed
in laser shocked samples

Localized shear bands were observed
in HE plate-impact shock but are
absent in samples laser shocked

B.Y. Cao, D.H. Lassila, M.S. Schneider, B.K. Kad, C.X. Huang, Y.B. Xu, D.H. Kalantar, B.A. Remington, M.A. Meyers, Mats Sci A, 409 (2205)270
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In 2008 Jarmakani et al used MD to simulate slip-twinning
transition pressures in nano and mono crystalline Ni and
compared to experimental and analytical calculations

Monocrystalline Ni a 71
 MD showed partial dislocation loops emitted ¢}

at shock front along {111} slip systems,
consistent with Meyers homogeneous
dislocation generation model
* Analytical calculations of cell-stacking fault
and slip-twinning transitions are:
cell = stacking-faults: P~27 GPa "% ShockPresswe(GPa)
slip = twinning: P~15 GPa
* The defect regime as pressure is increased is:
cells = twins
Monocrystalline Cu
* Analytical calculations cell-stacking fault and
slip-twinning transitions are:
cell = stacking-faults: P~5 GPa
slip = twinning: P~50 Gpa
* The defect regime as pressure is increased is:
cells =2 staking faults 2 twins

H.N. Jarmakani, E.M. Bringa, P. Earhart, B.A. Remington, V. Nhon and M.A. Meyers, Molecular Dynamics Simulations Of Shock Compression
Of Nickel: From Mono to Nano-Crystals, Acta Mat, 2008, 56, 5584-5604.

Stress (GPa)

* The above graph shows slip and twinning
stress vs. shock pressure for
nanocrystalling Ni




In 2003 Preston, Tonks and Wallace present a models
of metallic plastic flow for numerical simulations of
explosive loading and high velocity impacts

Extension of Voce’s

Arrhenius Equation showing Voce work hard.ening equat'.|on 2 |Incll:de il
dislocation transition rate: behavior equation: experimentalobsciailRik:
. dr A~ T
= - _p_S ) exp| p —|—1
'10 w()exp[ A(D(T)/kBT]’ de_e%g_%v — dT_e p- SO—T}--
! | de T N
Arrhenius Equation with the exp.p so— 7] —1
addition of the inverse error |
R Integrated along constant strain rate path ‘1:
. . 1 T,— T,
t =50~ (so~ su)erf kT In(yE/Y)), J| #=F+ Z(so=%)In| 1—/1—exp| =p - —
v
#,=Yo— (Yo~ y=)erd[ T In(y&/¢)].
poy
5 T : Xexp| — 5 2
These 2 equations constitute the __ e s— Tyl
PTW model ($0=7, exp(p S0~ %_\') l]

D.L. Preston, D.L. Tonks, D.C. Wallace, J. Appl. Phys. 93, 211 (2003)
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The PTW model fits to experimental data of low
and high strain rates for copper

180 ) ! ' | . ' Ar—T—T"TT T T T T T T T T T
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160 - 1800 s .
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120 960s’ 1173K i Overdriven Shock

0.066s' 1173K
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Laser compression on thin foils of vanadium
induced blow-off, spall and fragmentation

(a) Vanadium
Washer / Sample

W

( —‘ Flaking, separation along the grains, cracking and the
(c) formation of voids close to the surface are evident

Glass
Shield

9 40 e

Laser

t 5. Wa—%

L4Q££L B ob |
o O u
So ! Spall
ﬁ 1 T | 1 | diameter
= j increases
P iy with
Schematic showing a) target setup; b) 75 it M T e
um V foil blow-off completely; c) 127 um V “T ’ | energy
foil showing both blow-off and spall; and d) o '—'T'.'.»'T?ﬂff
250 um V foil complete spall E -

H. Jarmakani, B. Maddox, C.T. Wei, D. Kalantar, M.A. Meyers, Laser shocked-induced spalling and fragmentation in vanadium, Acta Materialia,
2010
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Material strength at very high pressures and strain
rates have been demonstrated at Omega

3.7ns drive, 35 mm rippled V
2.5e13 W/cm? 2L 300 mm

5.2 keV x-rays reservoir gap

N NV %% 4 \
NVAVAVAVAVS 2
AV VAV

15 mm /
pinhole

RT phase 45ns

With material strength

__» |'Accelerate

\

Compress

VISAR

Applied pressure

Time
Strain rates order ~10% = 101

Time scales around 10 ns
Characteristic strain rates = 10'1/10°s = 107 s1

[H.S. Park et al., PRL 104, 135504 (2010)]
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Experiments to check if Ta Raleigh Taylor experiments are  vo
sensitive to grain size effects at high pressures and strain rates
s Ta-RT

v

© | 304 S.5, ENNEALED (I% OFFSET]
TT 2 LED (1% OFFSET)
013 BRASS (Y.S.)

B 1. COPPER (Y.8)

© 5 "FERROVAC E" STEEL (¥S)
& 6,005 C STEEL (Y.8)

&7 008 C STEEL (Y¥S)

¥8 013 C STEEL(YS)

© 9015 C STEEL(YS)

@12 020 C STEEL{YS)

A1, NICKEL(YS)

©12. MOLYBDENUM (Y.S.)

@13 ALUMINUM (YS.)

* The Hall-Petch effect at ambient
conditions is given by:

Oyp =0, + kD 400 [

grain

Stress (MPa)

* Following Zerilli-Armstrong, it is i
assumed the Hall-Petch effect is 200| 7
additive with strain and strain-rate
hardening, and scales with G(P):

s . _[Meyers & Chawla, Fig 14 1]

0 10 20 30 40

D1/2 (mm-1/2)
Oza = [AG'G + ¢, exp(-¢,T + ¢, T¢) + c.e" + kD‘”Z]@

grain
0

* Assuming ambient conditions H-P parameters, the Hall-Petch effect is estimated to be only ~10%
of the inferred peak strength for a 100x change in grain size for P, ,,~1 Mbar, de/dt ~10” s TaRT
experiment, which is below the experimental resolution.

* To check the grain size effect (to be sure), recent Omega shots were preformed to study the grain
size effect in Ta-RT dynamics at ~1 Mbar, ~107 s! conditions

[B.A. Remington et al., PRL 104, 135504 (2010)]
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At the atomic scale MD can model voids, spall, dislocation
and twins in structures with well defined potentials

Periodic Boundary Condition:
Embedded Atom Method Unit cells are repe.ated for
MD computations
: OOO OOO OOO
Bi=to E’Oﬁ(rif) +§ E%ﬁ(’?‘j) Q0 |20 5|20
i#] i j 05 o UG
O ® O
' O ® O
r J 0“0l e® e 0”0
’ Ooo OOO OOO
O O O
‘k OO O OO O OO O

Cubic Sample
_ q T v

OF
< - >

K K
o g i’ g

1D Tension 3D Tension 1D Compression Tang et al, Intro Into MD, UCSD 2011
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Hyades and Hydra are software tools that simulate*>
the pressures throughout the sample during laser
compression

HYADES PLOT Janus-13A_Type4Target C:\hyades\Runs\Janus\13A\T4\j13a-t4_1.ppf
Run date: 9Nov12 16:39:45 PP.09.05 11/01/11
Plot date: O9Nov12 16:46:42 Problem time = 5.0000337E-09
Xmin = -2.100E-02 Xmax = 0.000E+00 Ymin = 1.368E-05 Ymax = 1.873E+01 Zones:/ through 310
18.725 1 T T T T T
16.050 |- —
~ After laser turn off
$ 13.375 |- —
£
0
~
9 10.700 |- -
>
=
7]
£ gozs | Compressed Ablator |
T
)
1)
© 5.350 [ —
2
Plasma
2.675 —%// _
.000 1 1 1 1 1 1
-2.100 -1.800 -1.500 -1.200 -.900 -.600 -.300 .000

Zone coordinate (cm) (10™* -2)
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VISAR is a velocity interferometer diagnostic to
provide data on shock strength in experiments

Typical VISAR setup

input

M2

VISAR uses Hugoniot equations to determine:

http://www.valynvisar.com/html/visar_applications.html

Spall strength
Dynamic yield strengths

Polymorphic phase transitions

Shock induced melting

Elastic constants at high pressures

v
T
C V
A 1+ Co
Co
A = Reflected wavelength of light
A’o = Initial wavelength of light
V = Object velocity
C, = Speed of light
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Experiments at extreme conditions are of
particular interest for military and energy research

Unknown Deformation Regime
thermally activated slip?
drag controlled plasticity?
1010 phase transitions?
strain ellipsoids?
supersonic dislocations?

10° Temperature (°C)
106 0 200 400 600 800 1,0001,200 1,400
104
102
%(; 1
D
S10-2| Well Characterized Regime
[
S
& 10-4
§ Og/
& 10-6
10-8
10—10
0 0.2 0.4 06 08 1.0
- Homologous Temperature (T/T.,)
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Inertial Confinement Fusion is the energy of the future

/ X rays from During the M
the hohlraum final part of
Laser beams creale a the implosion, Thermonuclear
rapidly heat the fuel core \vy/ burn spreads
the inside blowoﬁ of reaches 5o ‘

> 0 = rapidly through

surface of the O capsule surface, 20 times the "/ ~ \-\ the compressed
hohlraum compressing density of lead fuel, yielding
the inner-fuel and ignites at many times the
portion of 100 million input energy
the capsule kelvins %

Indirect-drive Fuel capsule Fusion ignition Fusion burn
illumination compression
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Summary

Understanding the behavior of materials at high pressures, temperatures and strain
rates is critical for many fields of science

NIF is the largest laser in the entire world, scaling 3 football fields and has 192 laser
beams with the capability of reaching 4 MJ in 5 ns

Compression can be reached through direct, indirect, shock and ramp loading

In 1963 Askaryon and Morez suggested that pulsed laser beams could produce recoil
pressures from vaporization of metal surfaces

White verified Askaryon’s suggested effect on unconfined surfaces

Anderholm showed that pressures of gigapascals could be obtained on confined
surfaces (surfaces covered by a transparent overlay)

Skeen and York demonstrated blow-off from laser shock

50 years of laser work has created a new field of materials science dedicated to
materials behavior under laser compression

There are many tools that help derive information from laser experiments such as
hyades, hydra and molecular dynamic simulations as well as diagnostic setups such as

VISAR
Laser compression is essential for the future of the world’s energy: ICF
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“Any intelligent fool can make things bigger,
more complex, and more violent. It takes a
touch of genius -- and a lot of courage = to"
maoye in the opposite direction.”

Albert Einstein
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The fusion reaction creates high temperature
plasmas which are then transported to a power

generd tor
Fusion Hot FAuid
reactions - — ~
occurin ,
hot plasma |

fuel

Turbine
Generator

Fost neutrons|
from fusion
reactions

heat the



Al

C

"))

D

In 1995 Vecchio studied the different material behavior of
tantalum and tantalum alloys under laser compression

Optical micrographs of (a) annealed
unalloyed-Ta, (b) annealed Ta-10W, (c)
unalloyed-Ta shock loaded to 20 GPa, and
(d) Ta-10W shock loaded to 20 GPa. Note
the presence of deformation twins
(arrows) introduced by the shock
deformation. The wavy background
structure observed in the Ta-10W

—_— i T samples is due to tungsten compositional
k- fluctuations in the annealed plate
material which result in differential
etching behavior.

The propensity for long, straight screw
dislocations, irrespective of the loading

_ condition, supports the theory of strong Peierls
N stress control on defect generation and defect
storage.

G.T. GRAY lll and K. S. VECCHIO, Influence of Peak Pressure and Temperature on the Structure/Property Response of Shock-Loaded Ta =
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Laser driven implosions can be either direct or
indirect depending on the experiment
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By 2010 two novel methods became established to
produce ramp compression from pulsed lasers
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