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; . Outline

1. Rayleigh-Taylor instability in materials with strength

2. Experimental schemes for measuring strength via RT growth
3. Finite-element MHD simulations (ALEGRA)
4. Constraints and approach for experiment design using simulations

5. Parameter studies for RT growth in realizable samples
* Aluminum-gold
e Aluminum-copper
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_
1. RT instability with strength:
= definition of and model for material strength.

Strength is the ability of a material to sustain shear stresses

G A
Characterized by the yield stress : s
stress at which deformation YT P\
becomes irreversible. &v\\o
o

v

A material’s yield stress varies with conditions:

Y:fT,s,é,S,...)

Steinberg and Guinan™ have produced a reliable model for yield stress:

Yeo = Yo [L+ B (er +2)" |1+ An% — B(T — 300)

Tabulated: ¥ B g n A B
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1. RT instability with strength:
material strength slows RT growth in plastic flow.

Colvin et al. (2003)* consider plastic flow of an isotropic solid: analogous
to viscous fluid flow, with

Vet = L “Effective lattice viscosity”
V6p €|
An analysis similar to Mikaelian’s** produces a dispersion relation, yielding:
A AIur.ninum-6061, p =20 GPa,
v = Ve k? L—— g‘; tanh(kh) — 1 \ ¢=10°s",h =356 pum
Vegr k- \ | | — 001
’g‘ ! Y'=0.1
. g1’ = 4 —¥Y'=05
T](t) — 7](0)6 o 021\ Y=1.0 |
E - ¥'=2.0
= —_— .
Increased Y leads to decreased y and = =
altered sensitivity to k. o>
o
— Basis for strength measurement technique 0 . . ,
0 50 100 150 200

s
that does not rely on shock loading: y <= Y Partbation wavelandth ]
@ Sandia *J. D. Colvin et al, J. Appl. Phys. 93(9), May, 2003
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“. Experimental schemes for strength via RT:
laser-driven experiments

Lorenz et al. (2005)* measured strength enhancement in Al-6061 at
20 GPa using the OMEGA laser and xray backlighting.

: 6.5 kJ A ']
OMEGA/ plasma piston 47 keV 1ne >l liquid |
Prmax = 20 GPa camera o T 4r
émax= 1x106 51 “WYvnn, i varying A
st =~30ns < e 2

E
A =40 um \ S
Mo ='L7l“n drive 4.6 um epoxy 356 umAl  diagnostic o ]
beams beams 30 60 90 120 150

Time (ns)
4 T

« Ramp compression wave created by “plasma piston” 1250

200
« RT growth measured using variations in optical depth

(deqy) aunssald

« Simulations: variable strength hardening parameter, 4

Strength Enhancement, Y / Y,

« 38% increase in strength at high pressure relative to
nominal tabulated data

@ Sandia Time (ns)
National _
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“. Experimental schemes for strength via RT:
magnetically driven experiment

Experiments are planned for pulsed-power facilities at Sandia using
strong currents rather than laser energy deposition as a driver.

VISAR 3

Veloce device* ® A " Veloce
I, =2.5MA ® probes

Pmax = 10 GPa B —

Emax = D%10° s @ ‘

o =2 us ®

A =500 um ~1 mm conducting ~200 pm test - - -

T]O ~ 100 Hm material material 0 500 1000 1500

Time (ns)

« Ramp compression wave from magnetic pressure

« RT growth measured at free surface by optical

velocimetry (VISAR) E 2.5]
3 of
« Simulations: variable S-G parameters 4, n, 8 | _
1 Al / Copper |
- Start with feasibility-study design for Veloce 0 00 000 1500

Time (ns)

Sandia
@ National _
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purpose and scope of the present study
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‘ 3. Finite-element MHD simulations:
T

Mature simulation capability for magnetically-accelerated media exists
at Sandia: ALEGRA (“ALE General Research Application”)

Purpose of the present study: use simulations in ALEGRA to design a
“pilot” experiment on Veloce:

* Determine what RT growth rates are possible

* |dentify ideal candidate “test” materials

» Characterize sensitivity of RT growth to strength properties

* Propose analytical techniques

« Address potential issues: release wave, realizable geometries,
interface/free-surface coupling

 Verify applicability of Colvin model for this experiment

Sandia
National _
Laboratories 70t 16



' 3. Finite-element MHD simulations:

code and results for Lorenz problem
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finite-element code developed at SNL since 1990:

Operator-split: magnetic diffusion, Lagrangian step, remap
Modern artificial viscosity, interface tracking, remeshing, and solvers
Constitutive models for wide array of physics (EOS, strength, conductivity, fracture, etc.)

Constrained transport to enforce divergence-free B field.
Extensively validated using magnetically-accelerated flyer-plate experiments

ALEGRA is a arbitrary Lagrangian-Eulerian multimaterial, multiphysics

ALEGRA simulations can reproduce the results of the laser-driven
experiments of Lorenz et al, to within experimental error ranges:

4F

Growth Factor

@ Sand
Natio
Labor
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Lorenz, et al
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3. Finite-element MHD simulations:

problem setup

Aluminum-1100

Simulation parameters

« 2D Eulerian, uniform Cartesian mesh

+ Time-dependent B-field BC at left

» Elastic-, stress-wave propagation direction: +x
» Periodic boundaries in y

* Material models: @ 6me EOS, LMD conductivities, Steinberg-Guinan strength
W

* Test materials: V Pb

Steinberg-Guinan model is modified artificially to find yield-stress
dependence of RT growth:

YSG = Yo [1 +@5[ + 5@[1 + ?7?/3 — B (T p— 300)

Sande B=0 x B n=mn Xng A=A x A
@ P 3 =124 n =1.0,1.5,1/ng A =1,5,10 0 of 16



' 3. Finite-element MHD simulations:

sample results

ALEGRA results for Al-1100 / gold sample:

(nominal strength parameters)

Current magnitude

1=1.03804e-10

X (mm)

Growth rates:

« Colvin theory: y=2.85 us-'
(Max p, ambient Y')

« Al/Au interface: y=2.80 us'

* Free surface: y=8.43 us-’

@ Sandia
National
Laboratories
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* A =500 um perturbation wavelength
* 1 = 140 um test material thickness
* 1, = 100 um perturbation amplitude

Yield stress (GFa)

1 |
3| © Interface :
Free surface E

5 ! %
G2 Fit: ~ex '
& r~exp(y 1) !
_'_C_. i 1
z | |
o 1f o o o ° 1
35 —
I I

n/ne ! I ,_“coasting’
—

1 |
of : :

200 400 600 800

0.081

o
o
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0.041

0.021

Time (ns)

1000

200 400 800 800
Time (ns)

1000
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ﬂ Issues and constraints in experiment design:
magnetic diffusion and interface growth speeds

Current magnitude

Heating associated with
magnetic diffusion:

- Diffusion front propagates much | o
more slowly than stress wave, due y >
to high conductivity of aluminum. ; .
| e
empqarcl’rure -

« Does not reach interface until long
after RT growth has occurred.

Peak-trough velocity difference at
free surface:

N
Lo ]
o

&6
[
(=)

 Easily measurable using VISAR. 500t

1007

==

Surface velocity difference (m/s)

Sandia 200 400 800 800 1000
@ National Time (ns)
Laboratories 11 of 16
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4. Issues and constraints in experiment design:

interface-surface coupling and high pressure

Coupling of interface growth to f\'6/5 'gu

free surface: F=0O9UNS

h=0.284

 |f sample material is too thick, inertia

will suppress RT growth at free

surface.
* Thickness constraint: 1< A/2

h=0.42 h=0.84

Maintenance of high pressure:

o

 |f sample is too thin, release wave
will reduce pressure too soon.

» “Coasting” phase (constant growth
rate) ensues, implyingy = 0

l

Conflicting constraints

3 ° Interface
Free surface

iy

9>
L]

N

ooooo

Pressure (GPa)
Growth factor

—_
—_

[=

0- L 1
200 40 600 800 1000 200 40 . 600 800 1000
— Measure yonly before Time (ns) Time (ns)

Sandia .
@ National onset of coasting
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g Issues and constraints in experiment design:
yield-stress sensitivity

Materials and geometries must be chosen in order to maximize the
sensitivity of the RT growth rate to the yield stress — use Colvin theory:

Al/Cu, 10 GPa Al/Au, 10 GPa

25 l I I — ~ I I I I ~
. Copper v oo 40 Gold =001}
— Y —VY'=0.5 — J —VY'=0.5
@ 15 Y10 | @ 30 Y210 |
© —VY'=2.0 © —VY'=2.0
g 10 === Fluid g 20 === Fluid
o o
) )
~ s} — 10} e
o o — -

0 ' ' 0 ' ' '
0 500 1000 1500 0 100 200 300 400
Perturbation wavelenath {um) Perturbation wavelenath {um)

@ Sandia
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5. Parameter study:
aluminum / gold samples
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Al / Au parameter study
« Wavelength: A = 200, 400, 600 um

Vary Steinberg-Guinan hardening parameters:
* Pressure hardening: A’=1,5,10

« Thickness: h=A1/2 « Strain hardening (exponent): »’=1.0, 1.5, 1/n,
 Amplitude: n,=h/2=211/4  Strain hardening (coefficient): p’=1, 2, 4
35 | 1 6 Ay ;
° n=10 || : AN ° n=1.0
AY
3« n=15 || i o1 @5' N n=15 |
S ° n'=2.58] i : = . ° n'=2.56
025 I I — 4t . N
ke | Fit: ~exp(y 1) 4 2 8 AN ~~~Colvin
£ /A s S
E 2 Al/Au =3 T
5,4 z-zooumi | 2| T
o : 7
1-oooooooo°°| : 1_ &
| , . . . . .
200 400 600 800 100 200 300 400 500 600 700
Time (ns) Wavelenath {um)

« Strain-hardening exponent has greatest effect on yield strength and RT growth.
« Growth rate variability, even at 200 um, is only a few percent.
« Factor of 2 or more difference between the ALEGRA result and Colvin

prediction.

@ Sandia
National
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Al / Cu parameter study
- Wavelength: 1 = 300, 600, 900 um

e Thickness: h=A4/3
 Amplitude: n,=h/2=1/6
25

&)

\

5. Parameter study:
aluminum / copper samples
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Vary Steinberg-Guinan hardening parameters:
* Pressure hardening:
« Strain hardening (exponent): »’=1.0, 1.5, 1/n,
 Strain hardening (coefficient): p’=1, 2, 4

A4°=1,5,10

Growth factor

200 400

Time (ns)

3

Growth rate (1/us)

ho
4,

N

—
4,

—
T

o
4,

N ——-Colvin||

ol B‘ 1
=2
-] B‘=4

.
~
W
b ™

400 800
Wavelenath (um)

800 1000

« Strain-hardening exponent and coefficient both have significant effect on yield

strength and RT growth.

» Growth rate variability at 300 um is >10% over the range in .
sandia * Much better agreement between Colvin theory and ALEGRA result for this case.

National _
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; Concluding observations

Experimental scheme proposed and scoping calculations for proof-of-
principle experiment performed.

Usefulness of ALEGRA for simulating this problem proven.
Optimal materials and geometries identified for experiment design.

Applicability of Colvin theory for this problem explored.

Several future directions suggested by the current results (in progress).

Sandia
National _
Laboratories 16 of 16
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Extra slides
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Analysis of Colvin, et al

Mikaelian:

| ' - - \ l 2 ¥
D[I p—%m-—k-;n |Dﬂ-’—;pmp-+k—m’]

1 ]

I 2 7 7 'l k=
) “+2kcvy—gkAd| 1— )=0,
+ k2 gﬂ Dp——.E sy —ylw — Y +2kvy gk-lllll E!tanh(kr, 0.
Y Y i
1‘ M 2 1 k;‘ : kf='[(p3_p:l)gI.(::)]I.2
-k \p——(D"=k°)(W+2—DuDW=0, (3)
oy Y
Colvin:
d[[ v '- £ _p\|dwe_1d @ o]
—_— — — — / te |wi(z)
az |P| Ty @ v | a: yd:pla_:: Jw)

Ja dp |kG
— ——|—{w(z)—k%p
y dz |y

+k°
2k* d  dw(z)
+ "Doo T~

1——| k“"u(“i

y =" " dz yo+2k*vy,+k- tanh(kh)-(kG/p—Aa)=0.
— e Y
Sandia Kk=2pve | k|2_2Y /3 ’ Vep="= 7
National _ _ _ V6p|e i
Laboratories Newtonian fluid Von Mises plasticity criterion

(26)

(7)
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fundamental pro’s and con’s

z “ Experimental schemes for strength via RT:

Disadvantages: Advantages:
* No closed-form relationship * No shocks are involved
» Acceleration is not constant * No need for impedance-matched
window.
Disadvantaqes of MHD drive; Advantaqes of MHD drive:
« Magnetic diffusion and Joule » Pulse length, control
heating

» Velocimetry rather than radiography.
» Fabrication issues

» Cost and complexity
» Free-surface growth

Sandia
National _
Laboratories 19 of 16
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g Issues and constraints in experiment design:
yield-stress sensitivity

Materials and geometries must be chosen in order to maximize the
sensitivity of the RT growth rate to the yield stress — use Colvin theory:

Al/Cu, 10 GPa Al/V, 10 GPa
25n T T 25 T - .
| Copper —Y=001 Vanadium —¥'=0.01
@20.{ v'=0.1 || @20 ¥'=0.1
= ! — VY205 = —Y'=05
@ ¥'=1.0 | @ I ¥'=1.0 |
[ 15 —Y'=2.0 © 15 Very low o —V¥=2.0
= ==~ Fluid £, | - =~ Fluid
5 10 5 10
[®)] [®)]
E 5 - E 5 = ST o e e |
0 t L 0 A .
0 500 1000 1500 0 500 1000 1500
Perturbation wavelenath {(um) Partiirhatinn wavalanath fiimh
Al/Pb, 10 GPa Al/Au, 10 GPa
\ ' 1 1 T T T
50F —VY'=0.01H 1 —Y¥'=0.01[|
’g{ I Lead Y'=0.1 z %0 I; Gold Y'=0.1
= 40 —v=05 | = y —Y'=05
o Very low Y V=10 2 30 V=10 |
© 30 T ¥'=2.0 | © —¥'=2.0
= ==~ Fluid < g -=-Fluid |}
2 20 =
) ) 1ol |
0 — |k = i
. L L L O 'l 'l L
ﬁgﬁgﬁm 0 100 200 300 400 0 100 200 300 400
laboratories Perturbation wavelenath {um) Perturbation wavelenath (um)
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5. Parameter study:

aluminum / gold samples

Al / Au parameter study Vary Steinberg-Guinan hardening parameters:
« Wavelength: A =200, 400, 600 um * Pressure hardening: A°=1,5,10
« Thickness: h=A1/2 « Strain hardening (exponent): n’=1.0, 1.5, 1/n,
 Amplitude: n,=h/2=211/4  Strain hardening (coefficient): p’=1, 2, 4
—n=1.0 | | i —n'-1.0 | | i
g 3 i %0.2- i i
2 2 | e
S 1f = 0 ' i
o Al / Au Al ~ |
0 2=200pm 1\ . i
'500 400 500 800 800 400 500 800
Time (ns) Time (ns)
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5. Parameter study:

aluminum / copper samples

Al / Cu parameter study Vary S-G hardening parameters:
« Wavelength: A = 300, 600, 900 um * Pressure hardening: A=1,5,10
« Thickness: h=A1/3 « Strain hardening (exponent): » = 1.0, 1.5, 1/n,
 Amplitude: n,=h/2=1/6  Strain hardening (coefficient): =1, 2, 4
2.5 i I I I
— B=1 I I — B=1 I I
212 Yy o | v 1
o — I al SN I I
(05;15- B=4 I %0.4' B=4 i :
{0 | |
o 0.5 Al/Cu ! S | i
0 7=300 um | i i
] , 1
200 400 600 800 800 400 600 800
Time (ns) Time (ns)
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6. Additional issues:
realizable interface geometry and impedance-matched window

t=1.00211e-07

Al-6061/ W

Further tests have indicated that:

« Use of non-sinusoidal interface shapes may be
useful. —

Density

1=1.80025e-06

« A“window” panel may be added behind the
sample material without suppressing the RT
growth.

1=5.01552¢-08

Al-1100/Au

—No window

101

— 200-um window

Density
1=8.50145e-07

~—800-um window

Pressure (GPa)
L5

Density
t=1.20021e-06 0

200 400 800 800 1000 1200
Time (ns)
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Summary and conclusions

Experimental scheme proposed and scoping calculations for proof-

of-principle experiment performed.
« Experiments that expose yield stress are possible on Veloce.
» Free-surface/interior coupling imposes maximum sample thickness constraint.
« No obvious means for relating interior-interface and free-surface RT growth.
« ALEGRA useful as analytical tool — reproduces Lorenz et al results.

Optimal materials and geometries identified for experiment design.

« Tungsten, vanadium, and lead eliminated as sample materials.

« Gold and copper studied as candidates, and copper shown to have greatest
sensitivity of RT growth to yield strength.

« Shorter wavelengths shown to have greater sensitivity to yield strength.

Effectiveness of Colvin theory evaluated.
» Prediction of greater sensitivity at shorter wavelength confirmed.
» Accurate prediction in some cases; error as large as factor of 2 in others.

Future directions for this work:

 Verification.

« Consequences of increasing current by order of magnitude.
@ sandia * EXplore possibility of using a window.

Natonal _« Find relationship between interior-interface and free-surface RT growth.
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Outline and content

-_

. RT instability in materials with strength
What is strength?
Steinberg-Guinan model
Development of Colvin formula — 1
Development of Colvin formula — 2
Suppression of RT growth as indication of strength

2. Laser-driven experiments
S ‘ « Setup
* Results
Concept for magnetically driven experiments
‘ Veloce
Targets

* Advantages and disadvantages
+ Constraints

¢ W

4. MHD simulation capability: ALEGRA

8 I + Code
* Lorenz simulations

9 I « Concept for experiment and problem setup
« Sample results

Issues to consider in experiment design

* Magnetic diffusion/Joule heating

« Coupling of interface growth to free surface growth
* Timing of growth versus release

+ Sensitivity to strength

@ Sandia
National
Laboratories
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Approach to design/scoping simulations

Candidate materials
Exposed variables in S-G model
Evaluate sensitivities, feasibility

Test results

1D stress wave tests
Exploration: eliminate W, V
Sample animated results: Al/Au
Parameter study: Al/Au
Parameter study: Al/Cu

Additional issues

Grooved interface
Strength of driver
Liquid window

In progress!

Conclusions:

Pilot experiment is possible: VISAR-measurable
velocity differences.

Sensitivity is low for Veloce-level currents

Data extraction will depend on simulations
Simulations currently do not match theoretical
predictions
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3D view of setup
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