SAND2014-17712PE

Dynamic material strength measurement at Sandia
National Laboratories

C.S. Alexander
Sandia National Laboratories

The Sixth Meeting of Research Consortium on High-pressure Research
Kumamoto University
September 25, 2014

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned subsidiary of
Lockheed Martin company, for the U.S. Department of Energy’s National Nuclear Security Administration under contract r]1 Sandia National Laboratories
DE-AC04-94AL85000.




Acknowledgements

Jim Asay °
Justin Brown °
Lalit Chhabildas °
Jean-Paul Davis .
Bill Reinhart °
Tracy Vogler =

Heidi Anderson
Aaron Bowers
Nicole Cofer
Randy Hickman
Keith Hodge
Jesse Lynch
John Martinez
Rocky Palomino
Andy Shay

Tom Thornhill

Sandia National Laboratories



A historical perspective of strength
measurement under shock loading

Comparison between Hugoniot
and hydrostat
* Prone to large uncertainties
* 1-2% in measurement of
shock state
 1-2% in EOS which

A

stress

«&, 7 Shock Hydrostat d(f,-termlnes hydrostat
(high temperature isotherm) ° D|ﬁ:erence Of tWO Iarge
Hydrostat numbers i
(room temperature isotherm) S Tempel‘atu re COH‘eC'[IOﬂS

« Extrapolation of DAC data to
—> give hydrostat
el » Useful when only loading data is
available

theoretical isantrops

e —— G.R. Fowles, J Appl Phys 32 1475-87 (1961)
' ' . —plglm®) T.J. Vogler, J Appl Phys 106 053530 (2009)
(Sesame 3700)
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A historical perspective of strength
measurement under shock loading

Measurement of release response
for improved uncertainties
« Measurement of Au during release
provides improved resolution
compared to stress difference
« 1-2% in Au
Plastic Release  »  During release material states go
from upper to lower yield surfaces
Shock Hydrostat . : o
(high temperature isotherm) ® ASSUMES von Mises yield criterion
Hydrostat « Assumes isotropic hardening
(room temperature isotherm) « Assumes mean stress is at
> hydrostat
A « Assumes that the shock state lies
on the upper yield surface

stress Y=(3/4)(c,-0))

Elastic Release

J.R. Asay and J. Lipkin, J Appl Phys 49 4242-7 (1978) @ Sandia National Laboratonios




A historical perspective of strength
measurement under shock loading

The self-consistent technique
Measured wave profiles are used to
determine wave speed as a function
of strain or particle velocity
 Integrate differential form of the
conservation equations:

G=P+(4/3)7

T o=P—(4/3)1 do. = pycduy,  de, = d Ifl’ ‘
strain 3 oo C -.
_ 14 To get e + T = —Ip” /1 (c — c)de,
[ e
Skl \ £  With release data only, maintain
2L & all assumptions
» STl .
§ 10 F N - Elastic release from upper (+1,.) to
£ I t=- | amitial lower (-t.) yield surface
‘S ' State o _
g 8 Ir - / . uh(szCBZ)du ! O |mp||eS Th_rc
§; | Plasticrelease wave ‘Zpouaig - Y:2 TC — TC+Th s A’Cu
L | L | L
61.0 14 1.8 2.2

Particle Velocity (w)
J.R. Asay and J. Lipkin, J Appl Phys 49 4242-7 (1978) (7] Sandia National Laboratories




A historical perspective of strength
measurement under shock loading

stress

t & The self-consistent technique
« Addition of reloading data allows
AT =TTy, removal of assumptions about

G=P+(4/3)T

/ shock state
P T=T, ST,

shock state
* Reloading experiments are more
technically challenging due to high

AR impedance backing
strain * Integrating conservation equations

w0 gives:
» 3 -r:l 9 . 1
E T + Th = __,f}” / [('— . (‘Eﬁ}d:".‘* (Unload|ng)
= 30 4" Ja
&
3 3 2 2y :
"§ 20 1 Te —Th = EF}IJ- r (¢” —cp)de, (reloading)
E L J -h
§ 1o
Z « Solve for t,and 1,

"oz 0.|3 | 0.|4 | 0.|5 | 0!6 | 0.|7 | 0.I8 | 0.|9 | 10 2 EXpIiCitIy determine yleld surfaces

scaled time (us) and location of shock state

J.R. Asay and J. Lipkin, J Appl Phys 49 4242-7 (1978) @ Sandia Nationalilabodtines



A historical perspective of strength
measurement under shock loading

Direct measurement of 6, and o,

» Using lateral stress gauges allows
for a direct measure of 6,

» Longitudinal stress is determined
with additional gauges or other
techniques

* Generally limited to lower stress
(<25 GPa)

« Calibration and interpretation of
gauge data can be difficult

« Samples must be sectioned to
allow gauge placement

« Electrical insulation can be
problematic in metals

Y:(Gx'cy)

Fly
Plg

Gauge | Gauge 2

J. Millett and N. Bourne, Scripta mater. 42 681-5 (2000)
Z. Rosenberg, SCCM 1999, 1033-7 (2000) A
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A historical perspective of strength
measurement under shock loading

Direct measurement of 6, and o,

eRoECTILE PLATE | AR Fosewcors - Oblique impact experiments
s ST _}j';j'_;_.w.;.n.a._jiii:f:ﬁznns generate both compression and
| ' - ou shear waves
S } * Longitudinal and shear wave
f / T\ embuecrie speeds are measured directly
A AENCLLRNY W Uvanaie « Bulk response is determined
L] mteren A NN\ o cumrens - Difference between longitudinal
. L:—“:m vacuuw craueen and bulk response is attributed to
strength

 Ability of glue bonds and friction to
transmit shear stress limits
experiments to lower shear stress
levels

A.S. Abou-Sayed, R.J. Clifton, L. Hermann, Exp Mech 16 127-32 (1976) Sandia Natiorial Laliotinics




A historical perspective of strength
measurement under shock loading

Shocked !mplosion backlighter X'raV d I ff I aCtI on

Ambient

heams on capsule “—uniaxial | * Shift of Laue spots determine
‘~'—‘E5"°C'fe°' lattice aspect ratio
' Ambient . Combine with o, and DFT
| — . .
mote o R 5 mm simulations to get strength
. pinhole - (a) 106 GPa
BBXRD (cutaway view) c
VISAR beam "‘I"‘b
VISAR axis along [100] a =
P.A. Rigg and Y.M. Gupta, Phys. Rev B 63 094112 (2001)
Comley et. al, Phys. Rev. Lett. 110 115501 (2013)
T —— Vanadium (9 Rayleigh-Taylor instability growth
pos 1l 6% g « Growth of perturbation is
) s \\ measured
(S // 2 « Simulations are used to infer
pinhole DSEIYL 54D .
strength by matching growth rate
With material strength No strength

to experiment

(b) 45nslssu ; 65-:3 75n53 §~§ns 3

J.F. Barnes et. al, J Appl Phys 45 727-32 (1974)
Park et. al, Phys. Rev. Lett. 104 135504 (2010)
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Stress

A historical perspective of strength
measurement under shock loading

Magnetically Applied Pressure-Shear
(MAPS)

« Secondary applied magnetic field results in

longitudinal
force () x B) \ A
shear force i
\ /anwl
(JxB,) \ _sample
self-induced .);}@:_(;()g_g ® = ._’®.);®;(l external
magnetic 299 98 8 magnetic
field (B) | \ field (B,)
l driver
current 2
density (J) \ backing
support
Driver Sample Anvil
/ —
o, hS
/ \
// l;»
TD= 1/"3 Ydriver(cx) I \
N \
/ \
MHD 7\ —shear Tc= 1/V3 Y ympiel S \\
. ~
Ma'gnet-lc_\_> \\Ramp l .
Diffusion § ~ ~ ~

Propagation Distance

Longitudinal Velocity (m/s)

Transverse Velocity (m/s)

shear wave generation during pulsed power
driven compression experiments
Shear wave provides direct probe of strength

500

400 +;

300

200 -

100 -

Pressure determined
from longitudinal
velocity

\

transmitted pressure Shear wave

magnitude is
truncated by sample
shear strength

input shear

™~

Strength determined

from transverse
transmitted shearyelocity
24 26 2.8

20

1.8 22

Time ( us)

h
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Aluminum (6061-T6): A case study in strength
measurement

Aluminum is a common Huang, Asay, Reinhart, Vogler,
[ ] [ ] [ ) . Al d ) B D R ICE
englneerlng materlal Chhabildas, others exander, Brown avis (ICE)

1 1 H
i i H
£ I\ P\ e e vm——————le >

*Material strength in shock 8000 - - , _ _
1ndu.ced sohd-h‘quld T Hagoniot /|
coexistence regions has not AN

. 6000 .
been studied -
*Solid-liquid coexistenceis 5 . me""\“e
expected to influence g
Strength E solid phase T

] 2000 | —
Phase boundaries have 'sentrer
some uncertainty (~5 GPa) s
[ [ J O | 1 |

depending on theoretical 0 50 100 150 200
approach used Pressure (GPa)

|[1] Sandia National Laboratories




a g uminum (6061-T6): Many excellent examples

rength measurement techniques

Stress Difference
Self-Consistent

| Maps

Oblique Impact

8000

iot

6000

4000

Temperature (K)

2000

0 50 100 150 200
Pressure (GPa)

gas guns, 2-stage 3-stage Z

6 Nig0eis , (71 Sandia Nationl Laboratres




Experimental design: gun tests

1 1 Low or High
’ Symmetrlc.: lmpaCt . Impedance Backing
— 0-10 kmm/s impact velocity
— Single-Stage pressures: to ~20 GPa
— Two-Stage pressures: to ~90 GPa

Lithinm
Fluoride
Wintdow

— Three-Stage Pressures: to ~ 160 GPa VISAR
- Diagnostics '
— High sensitivity, ultra-clean VISAR L Electrical Self
interferometer Shorting Pins
— CTH simulations used to determine 3rd
stage ﬂyer VGlOClty Abluminum Ahiminum
Flyer Target
 Previous difficulties i
indow/VISAR

— Separation of impactor and backing
during projectile launch

— Window materials

— Impact velocity limitations (~7km/s)

Graded Densily
Impuactor

111! Sandia National Laboratories




Wave speeds are determined by
Lagrangian analysis of wave profile data

« Symmetric impact experiments allow
shock and release wave speeds to be
determined knowing only time of impact
(and recorded wave profiles)

* Impact time must be determined with
high accuracy

Impactor Target

impactplane
M-

A
L
A\
W
I\
A\
AN
\\
\\
X
AY
\\\ .
AY
- == A}
N A\
v A
A A%
A AY
LY
ATERY
Yoy
Vo
Voo
oy
) \
A} A
\Y AY
window interface

Time

_—_ = = =

1,2-stage shots:
* Measure time of impact with electrical
Position and optical probes

Free surface or backing material

(o2}

Three:Stage
Expertinents 3-stage shots:

* Measure u,
* VISAR data with window impedance
correction
* Y impact velocity (symmetric
impact)
a BTORn. ® Y « Use Al EOS to determine shock velocity

01 02 03 04 05 06 07 08 <+ Shock breakoutis used as fiducial
arbitrary time (us)

a1
T T

Two-Stage
Experiments

S
L

J

window velocity (km/s)
|

[N
T 1

NT o
N
\&
g
X
&
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Representative wave profile data and wave
speed information at 62 GPa

6 16 T T T T T
b ' ' ' ' ' ' ' Imitial shocked state QE reload
& 2.0 1= 1 ‘/UR plasticreload wave i
E QE unload T=+T,
5 | | B ,
O
S 2o . ;’ Jo Uz ﬁ\
= i
o |§
3 =
E Lo § % Unloading & reloading
@ I | é (~ 62 GPa)
10
gl 1y = _ _
"0z 03 04 05 06 07 08 09 10 unloading e CICE IR
scaled time ( is) 8 ! I | I . I \ | .
15 2.0 2.5 3.0 35 4.0
Low or High particle velocity (km/s)
Impedance Backing Lithinm 3 £i
Fluorid ., . .
m’::im,f T+ Th = —E,ﬂn (- — cg)de, (unloading)

Aluminum
Electrical Self
Shorting Pins

o B
3 E: 3 3

Te = Th = 7P / (¢” — cp)de, (reloading)

Y=2 1. = (t.+1)+H(t.-7) = 1.3 GPa

m
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Comparison of shock and bulk wave speeds
provides clear evidence of mixed phase region

Eulerian wave speed curve ¢ ® A
Bulk wave speed curve =— M

L
e

A A,

©
e T =°

O
X

é—Yu
® McQueen
A B Present work

Mixed
phase

2

Furnish
Asay et al

60 80
Shock Stress, GPa

100 120 140 160 180

* Finite flow strength persists
for shock states up to ~145

GPa

*\Wave speed transitions to
bulk over mixed phase region

*\WWave speeds equal to bulk
indicative of full melt

= = =
o ) ~
T T

Lagrangianwave speed (km/s)
o
I

3 Un
| Plasticrelease wave ‘Z”OJ
uq

7

| L 1

6
1.0

1.4 1.8 2.2
Particle Velocity (w)
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Loss of strength observed through mixed
phase region under shock loading

4 - @ Huang and Asay, JAP, 2005 (shock,

release/reload)
35 ¢ Huang and Asay, JAP, 2007 (shock,
. | release/reload)
A Reinhart et al., unpublished (shock, SG
— _ release/reload)
© 3
D. M Lorentz et al., PoP, 2005 (ramp, RT)
~— 2.5 |
& Brown, unpublished
B
2
<
E_) 118 GPa
et
(7, 1.5
: h
0.5 ;
161 GPa
0 I T T A

0 50 100 150
Pressure (GPa)
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-~ Pulsed power drive allows for isentropic
Sl (ramp) compression

N
n
1

[
(=]
T

4

[

—_

n
T

6 mm LiF ﬁi Hi 6 mm LiF

%00 2500 2900 3000 T%:gtl)e?éloso) 3300 3400 3500 3600 o5 053 25 3 35 4
Particle Velocity (km/s)

Lagrangian Wavespeed (km/s)

VISAR
diagnostics

longitudinal
force (J x B)

117 GPa peak compression
» Design ensured steepening ramp wave did not

self-induced 0”0 "0 ®_ 0,0, result in shock formation

;‘i‘eﬁg"(g‘)'c « Similar Lagrangian analysis to find wave
speeds

current p

density (J)

(1) sandia National Laboratories




Comparison with isentropic loading data

Illustrates effect of shock heating

4

o
w Ul

N
&

Strength (GPa)
FRREEC o

o

# Huang and Asay, JAP, 2005
(shock, release/reload)

¢ Huang and Asay, JAP, 2007
(shock, release/reload)

A Reinhart et al., unpublished (s
release/reload)

e Vogler et al., IJP, 2009 (ramp)

BLorentz et al., PoP, 2005 (ram
RT)

@ Brown, unpublished

@ Alexander, JAP, 2010 (ram

© Asay, unpublished (ramp

hock,

5G

p,

| ok
100 150

Pressure (GPa)

200

h

250
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Summary

* Strength can be measured using a variety of
techniques

°* No one technique is superior. Each has advantages
and disadvantages

° In shock compressed aluminum, strength and wave
speed data clearly indicate a mixed phase region
between ~115-160 GPa

* Strength continues to increase above 115 GPa under
ramp compression

f.(:‘“l

(1) Sandia National Laboratories

|



