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Isentropic CompressionExperiments (ICE)
access states of matter at large compression

and low temperature
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Z Is a large pulsed power machine that can produce
high pressures for material studies

Target

i —

Chamber

Capacitor storage

11.5MJ
22 MA

350 GPa very planar pressure load
ramped over 100’s of nanoseconds
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The ICE Technique On Z Has Enabled Diverse Investigations

Co-workers
Doug Adolf — SNL
Jim Asay —SNL
Mel Baer — SNL
Jean-Paul Davis — SNL
Clint Hall — SNL
Marcus Knudson — SNL
Ray Lemke — SNL

Bill Anderson — LANL
Frank Cherne — LANL
Rusty Gray — LANL
Carl Greeff - LANL
Rob Hixson — LANL
Dan Hooks — LANL
Paulo Rigg — LANL
Doug Tasker — LANL
John Vorthman - LANL
Anna Zurek — LANL

Jerry Forbes — LLNL
David Reisman — LLNL

Steve Rothman - AWE

Material Investigations
Compression isentropes of metals
Compression isentropes of dielectrics
Optical properties of sapphire
Twinning dynamics of uranium alloys
Structural phase changes in crystalline solids
Melting and freezing under compression
Highly compressed states of unreacted explosives
Composite materials

Analysis Problem Areas
Absolute calibration of standards
Interface perturbations
Shock formation
Interferometry

- ramp compression
- shock forming in windows
Uniqueness of results
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1-D SHOCK AND RAMP COMPRESSION EXPERIMENTS ARE QUITE DIFFERENT

F S W
| »TOINTERFEROMETER
] <\

u(t) Strategy:

N U(u) = P=p,Uu u(t)

D S W

///////,,,TOINTERFEROMETER
\

///////,,,TOINTERFEROMETER
\

J(t) Typically: £1 ns timing,
100’s ns ramp loading,
100’s um thicknesses,
100’s GPa pressures,
Strategy: velecities few km/s

v
~*

+ defined arrival times
 steady waves
 absolute standards

* interfaces manageable
« flyer reverberations o.k.

» undefined arrival times

» unsteady waves in sample (and shocks)
* shock formation in window

* no standards yet

* interfaces require large corrections

» drive reverberations not o.k.
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Ramp wave results are path dependent

SHOCK

ot

distance

Particle
velocity

o = p,Uu

V:Vo(l—l)
U

 Measure u, U

* o, V independent
of processes in
shock front

RAMP

Sk

distance

o = pojCL(u)du

du
V:Vo(l—ch(u)]

* Measure u, C, (u)

* ¢, V depend on
details of preceding
compression path

Particle
velocity
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TO INTERFEROMETER

| > TOINTERFEROMETER “Backward” procedure takes
NE— VISAR information from the
measurement plane and, using
the equations of motion and a
test P(V) isentrope, integrates
backward in space, to a

Drive plate Sample Window or Vacuum region where reflections were
not present --- giving P(0,t).

J(t) |

time 4

\

Motion of all samples derive
from the same p(0,t). This
constrains p(V) --- sometimes
uniquely and sometimes
approximately.
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OUTLINE

Does a windowed VISAR work the same way for ramp waves as for shock waves?
Yes, for all practical purposes
How does one correct for free (or windowed) surface perturbations?
Integrate the equations backward in space to an unaffected region
Can we measure index of refraction of a window with ramp waves?
Yes, by measuring Doppler shift and velocity simultaneously
How do we treat hysteretic sample materials? e.g., elastic-plastic?
Get pressure load from a “standard” and match forward calculations
to experiments
How about when a shock forms in the window?
Do Doppler shift calculations on the fly in a forward hydro calculation
What can we learn on the back of an envelope?
- experiments at very high strains (compressible; high P, phase change,. . .)
* difficult to design
- pillows and other layered impactors
* small tilt is the driver
- A-B comparison screening experiments
windowless seems the best
Conclusion
- ICE is a powerful experimental technique
- some of our favorite shock wave assumptions are invalid for ramps
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VISAR: steady wave in the window

Amplitude - u t

P
— |
S W | " Doppler shifted light
] - u(x-Ut)
/\T » distance - x

-

Distance - x

4
u(t)=(VISAR Eq.) / (1+dv/vy)

Compression wave in the
Window affects the Doppler

uy = the VISAR  optical correction shift and must be corrected for.
apparent velocity  for window (after Barker, 1970)
uy = -dZ/dt The apparent VISAR Vel.ocity 1S
simply related to the optical path
of the compressed window
SPECIAL CASE
if n=a+bp
then (1+0v/vg)=a
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VISAR Correction Calculated for LiF

m

1.29
1.48 128 1
. . s
Index of Refraction for LiF @ (g 1274 . — ramp
1.46 1 <
n= 1.286 + 0.0412p - \——shock
1.26 +
1.44 4 When n = a +bp + cp?
c 1.25 } } } }
142 + 0 0.5 1 1.5 2 2.5
interface velocity (km/s)
1.40 +
1.38 : : { Calculated VISAR Correction for LiF
2.5 3.0 3.5 4.0 4.5 130 o U
lcc o
P (g/cc) 1.29 - g 0 2.
a=1.286 O
Index data is well £
. ,§ 1.28 4
represented by linear :
o 1.27 4
fitof n—p ’
1.26 - T
. . 2.5 3.0 3.5 4.0 4.5
LiF Windows densiy (919
Measurements: Chhabildas & Wise
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Unsteady wave in the window

v
v

A
X
\ 4
A

Cyt
Z(t)= In(x, t)dx +ny (L —Cyt)

xo(2)

duy, dn
—=n— p_ <
du dp
SPECIAL CASE FOR UNSTEADY WAVES Same as steady waves!
if n=a+bp Forn=a+bp, ais different
for steady and for unsteady
then (1+ov/vg)=a waves

D. B. Hayes, Unsteady Compression Waves in Interferometer Windows, J. Appl. Phys. 89 (2001) p6484
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OUTLINE

How does one correct for free (or windowed) surface perturbations?
Integrate the equations backward in space to an unaffected region
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For shocks, u;, i, = Us/2 to third order in strain
(For a 720 kbar shock, u;, ¢, = Ug/2 to ~ 0.3%)

For ramps, u;, i, and Ug can be quite disparate

4 /‘M’,
/
3 | | —expt. Ufs/2 e /
calc. Ufs/2 i W)

") — calc. in situ
£2
~ aluminum @ 720 kbar
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backward method allows free surface corrections for unsteady waves

Common hydrocode
for the “forward” solution

i.e., WONDY
aG—X =— @ momentum
ox Po ot
% = a—V mass
ox Po ot -

oy=0,F) material response

partition space / integrate time
<+—-provide left side stress history
«calculate free surface history —»

N3 ddd

ﬁ?k advance time—>

distance ——
(partition space)

|
B>
>

Method for the
“backward” solution

partition time / integrate space

l«—* find stress history back at the
loading surface

* provide VISAR history
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OUTLINE

Can we measure index of refraction of a window with ramp waves?
Yes, by measuring Doppler shift and velocity simultaneously
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Continuous index of refraction in sapphire

kml/s

using the unsteady VISAR equation: % /
— 1 20 S
0 20
Use 1 & 3 (backward): P(0,t), Pg, (V) ¢ o
—, 2 Use 2 or 4 (forward) with p(0,t):u(t) © . o
Use 2 or 4 (uncorrected VISAR): uy(t) " /
3
— dﬂ — 75— @ :n(p) 0 ‘ :
d p d 0.7 0.8 0.9 1.0 1.1 1.2 0
u P ns 0.00 0.05 ~ 010
— 4 engineering strain
1.79
1.2
0.08-mm 0.12-mm
1.0 ¢ c 1.78 - o
0.8 | \ .‘g
:"'-E 1.77
0.6 [ appare : ——1.2mm 532-nm
3 —— 0.8mm 532-nm
0.4 £ 1.76 ¢ Barker633-nm | |
\ d ---- Gladstone-Dale
0.2 | actual o Setchell 532-nm
X Jones
0.0 1.75 ‘ ‘ : ;
0.0 0.2 0.4 0.6 0.8 3.9 4 4.1 4.2 4.3 4.4
time (us) density g/cm3
D. B. Hayes, C. A. Hall, J. R. Asay and M. D. Knudson, Continuous Index of Refraction Measurements _
ALYOA, to 20 GPa in Z-Cut Sapphire, J. Appl. Phys. 944 (15Aug 2003) ,p. 2331 Sandia
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OUTLINE

How do we treat hysteretic sample materials? e.g., elastic-plastic.
Get pressure load from a “standard” and match forward calculations
to experiments
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elastic-plastic, rate-dependent and other hysteretic
materials do not have unique backward solutions

|

Column 2

[ two different pressure loads
(dyne/cm?2,s)

P2
T

0 250 500 750 1000 |
Column *2.9 |

-/ produce the same VISAR record
T (cm/s)

Column 2
I=

1
0 230 200 7al 1000 |

only hyperbolic problems are well posed: p’'(V)<0; p”(V)>0
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RChe ™  compression waves in solids

E h N produce shear stresses (1)

e, SRR . .

A - iIn UGNDb dramatically
¥

reduces that shear stress

> c,—C
S - ST < S </ SO P S
200,m T=ue—u®m; 7 , elastic — plastic
Y
"L" <— von — Mises yielding
— j 2
. £
Z % twinning is time dependent
— ‘= ="" | s0 compression waves are
= % t dp
unstea
=1 =£F :
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U-Nb(6-wt)% was heavily pre-rolled to pre-twin the sample

and thus suppress that mode of stress-relaxation

—

e—

B

30 r

pre-strained/static

* no twinning stress relaxation
« elastic/plastic; Y ~ 10kbar

o * Tt SMall
. pre-strained; 55 kbar experiment
pre-strained
2I:I_Con‘tr'ol L °NO preCUI:SOf'
g * sharp arrival
T , * stress relaxation
s | bt - sharper release
* qof |
| pre-strained analysis
| * 1. INCreased to ~Skbar
. L. * Y increased to 10 kbar
0 2 B o ; : 0
— .. °*Plastic strain <1%
2
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COLD-ROLLING DIMINISHES THE FREE SURFACE VELOCITY
IN SHOCK EXPERIMENTS (but still no precursor)

—Y=0 cold-rolled  baseline

—+— Y =6 kbar 0.2 |
0.06 + —— guartz ]

0.00 0.01 0.02 0.03 0.04 0.05
cmips a

—
» Los Alamos
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ramp wave compression from Sandia’s Z machine load
UG6Nb fast enough to produce measurable shear stresses

sapphire
window

oo East Panel Final Assembl
sample ast Panel Final Assembly

150 . ]

*=g .

[ 10ad to 130 kbar in ~ 200ns

100}
s0p

0 : . .

et 400 B0 800 1000

» Los Alamos
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Despite the rather large error bars, Z-derived stress-volume
measurements show very plausible strength effects

10 10 Cold-rolled U-6Nb)
Baseline U-6Nb i
8 T 87
© | (v} L
o o Pt
O+ p -~ ©6T P
B .1 2 |
q’_, 4 + 24 T
5[ BT
2 11 =3/4(cx-p)t1 std. dev. 2 41 =3/4(cx-p)*1 std. dev.
0 | I 0 1 : 1 ]
0.052 0.054 0.056 0.058 0.052 0.054 0.056 0.058
specific volume - m*/Mg specific volume - m* /Mg

D. B. Hayes, G. T. Gray IIL, R. S. Hixson,A. K. Zurek, J. E. Vorthman, W. W. Anderson, SHEAR STRESS RELAXATION IN
SHOCK-LOADED U-Nb(6-wt%)_Shock Compression of Condensed Matter-2005, American Institute of Physics 2004.

D. B. Hayes, G. T. Gray III, R. S. Hixson, C. A. Hall!, M. E. Byers and J. E. Vorthman , submitted to Int. J. Plasticity, March 2007 fé'z; Alamos
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OUTLINE

How about when a shock forms in the window?
Do Doppler shift calculations on the fly in a forward hydro calculation
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Cathode Anode

/wihifow ALUMINUM AT 185 GPa
O]

° © <\ At higher pressures, it becomes difficult to
ol & get shockless profiles at multiple thicknesses
g < VISAR ;
® T~
© | 5 [ VISAR PROFILES
-

e
g, 8 [ § 2
1
. . L . .

0 100 200 300 400 500
Time (ns)
* mixed ramp and shock requires
backward/forward analysis technique
 shock growth in the window violates
VISAR assumptions
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When shocks form in a window, backward-going waves form
violating two of the three fundamental VISAR assumptions

SINGLE WAVELET OVERTAKING

PRESSURE

}A/(ZS'ZH)/(ZS"'ZH) oP
_ “«
oP —» P~
2 Z:Z,/(Zs+Z,)) 5P

L —1» aluminum «<—— LiF window

20
*e12

PRESSURE

DISTANCE

Stress
-
[

THE REAL PROBLEM

T it
: \
0.0 . .

u] 100 200 300 400
K-Lagrangian *e3

DISTANCE
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Velocity (km/s)

Velocity (km/s)
IS

N

Analyze The Apparent Velocities
(no window correction)

* Pressure :first guess p from simple backward
P’(0,8)=p(0,t)[1 + a(t - to) + B(t - t;)2], t >t,

+ Calculate “shocked” experiment using
forward code with p’(0,t) as left hand
boundary condition.

« Calculated the apparent VISAR velocity
(Doppler shift) in WONDY using:
u, = -dZ/dt and n = 1.286 + 0.0412p

*Minimize RMS between experimental and calculation
apparent velocities adjusting C, S, t;, a, B

200

pressure histories
first guess p(0,t) s |
two final p’(0,t)’s

100

Stress (GPa)

50

0 100 200 300 400

Time (ns)
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“handbook” and experimental isentropes

Py (g/em?)

200 r
Hugoniot ”//////7
150 i
/ 7/
—_ 4
a / /4
S /A
100 | e ——
Y
|-
» Y
7
50 4
/
&
0 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5
1-VIV,
M ¢ of the C ion Isent f Reference 2.703
easurement of the Compression Isentrope for B P
6061-T6 Aluminum to 185 GPa and 46% i 4
Volumetric Strain Using Pulsed Magnetic Loading North0603/1603 2.703
D. B. Hayes, C. A. Hall, J. R. Asay and M. D. Knudson South0601/1401 2.703
J. Appl. Phys. 96 (November 2004) South0603/1601 2.703
Expt.RMS: 4 GPa 2.703

isentropes

L measured

handbook
C(cm/us) S Y
0.5288 1.3756 2.14
0.5558 1.3394 2.14
0.5561 1.3289 2.14
0.5497 1.3602 2.14
0.5471 1.3501 2.14
0.5522 1.3446 2.14
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OUTLINE

What can we learn on the back of an envelope?
experiments at very high strains (compressible; high P, phase change,. . .)
* difficult to design
- pillows and other layered impactors
* small tilt is the driver
- A-B comparison screening experiments
windowless seems the best
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Samples must be VERY thin to do experiments
at large compression (pressure)

& - ns ramps greater than ~1Mbar overtake in ~ 1.4 £ —um

N
Sx = Cogto ~ C, 5t
Siope=1IC — C—
T L
{ 4 since
Y
R C,
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km/s

1.2

1.0

0.8

0.6

04

0.2

0.0

20

GPa

10 A

T T T
0.7 0.8 0.9 1.0 1.1 1.2

The Low “Equivalent Tilt” of Z Experiments

allowed accurate P-V measurements (~ +1%)

on the isentrope of sapphire and copper

0.08-mm 0.12-mm
30 /
20 A
apparel
©
o
(O]
\actual 10 A
0.0 0.2 0.4 0.6 0.8
ti 0 T T
ime (us) 0.00 0.05 0.10
engineering strain
c 1.78 1 o
0 A /!
= %
K4
2 177 4 i
6 1%
: o ——1.2mm 532-nm
% —— 0.8mm 532-nm
£ & Barker 633-nm
1.76 —
----Gladstone-Dale
o Setchell 532-nm
X Jones
1.75 T T T
3.9 4 41 4.2 4.3 44

density g/lcm®

0.15

Gas guns with pillow impactors

must match that equivalent tilt

Udt=LO
%

T

A

U ~ I mm/us — “impact”
velocity

ot ~ 1 ns — timing

L ~ 10 mm — sample separation
® ~ 0.1 mrad. equivalent tilt
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0.6

Thin samples that ring up give results that
are very sensitive to timing accuracy

05

—— Mthin+bns

0.4

——— Mthins10micron
Mehin

03

0.2

(e

0.6

300 um HMX (010) single crystal

o L2

s LosAlamos
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For shocks, impedance matching is often good because the
principal measurement is time. But . . .

load — i\ | b —

., <
Py e—
27,
= 1
V%) p121+22 (1)
27 YAV 4 /
py=py—f—ap Lt _tpe L @
Z,+ 27, (z,+2,) (1+¢) Z

6]93 _ 6¢ 1- ¢ 3
— |= 3)
P3 ¢ J\1+¢
When the sample is impedance matched to the window, the amplitude
measurement is completely insensitive to material property variations!
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Conclusions

Several assumptions commonly used in analyzing shock
compression experiments are invalid for ramp
compression:

- analyses are stress-strain path dependent

* interface correction are mandatory

* VISAR analyses can differ

* results can be non-unique

Nonetheless, ramp compression experiments:
- give data not otherwise available
* yield continuous vs. point data
- are very sensitive to phase changes and other
phenomena not available in shock experiments
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