Center Element

SAND2018- 3596 PE

Spall and e

Fragmentation ;. . AW

Tracy Vogl er (Shell of Spall Fragments)
Department 8256, Mechanics of Materials
Sandia National Laboratories, Livermore CA

- H.a’"ﬁ
Y .‘ ,’
T gon S

-

b)
AN pm
Sandia National Laboratories is a multimission laboratory managed and operated by Sandia
7 W A | DQ’Q;‘ Natior)a.I Technology and Enginegring Solutions of Sandia LLC, a wholly own,ed Natiﬂnal
! ///’ v AV .=-ﬂ subsidiary of Honeywell International Inc. for the U.S. Department of Energy’s .
National Nuclear Security Administration National Nuclear Security Administration under contract DE-NA0003525. I.abﬂratﬂﬂes



%' P Notons

Laboratories

- Brief Introduction to Shock Physics
- Spall
- Fragmentation

- Closure and Acknowledgements



Shock Physics at Sandia o

Laboratories

Shock Wave and High Pressure Phenomena

James R. Asay

Lalit C. Chhabildas
R. Jeffery Lawrence
Mary Ann Sweeney

Impactful

Times

Memories of 60 Years of Shock
Wave Research at Sandia National
Laboratories

@ Springer




_
my Do We Need To Know the Behavior___ _
of Materials Under Extreme Conditions 2|t

« weapons applications (warheads,
armor, etc.)

 explosives behavior and applications

 inertial confinement
fusion

PreXshot
\ Z830 Z837

»
* solar probe
~ 100 pm particles * planetary science
- up to 300 km/s velocities (P~360 GPa,

- P~ 100 TPa, T, ~10° K T~7000 K)
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equation of state (EOS) gp;;f:;rrf;%?ggzrzic
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Knudson, M. D., M. P. Desjarlais and D. H.
Also: strength, damage, spall, Dolan (2008). "Shock-wave exploration of
com p a Cti on the high-pressure phases of carbon."

Science 322: 1822-1825.
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- A “discontinuous” wave that moves at a fixed velocity (if
steady)

- wave front moves at speed U, (shock velocity)
- shocked material moves at speed u,, (particle or mass velocity)
- uniaxial strain condition (g ,=¢,=¢,,~¢,,=¢,,=0)

shocked unshocked . States ahead and behind shock
material material : i
assumed to be in thermodynamic

0,=0, p_, equilibrium
Oy Ps E E, v=0, - well defined temperature in each state
— described by equilibrium

‘i gg thermodynamics
- Shock compression is adiabatic
- often very fast process (< 1 ns)
. - irreversible (i.e. NOT isentropic)

(fixed wrt unshocked material) - temperature typically increases
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}..' Conservation Equations and the -
Shock Hugoniot i) Naonal

Five variables: o, u,, U, p, and E

Three conservation relationships (Rankine-Hugoniot jump
conditions)

- By measuring two variables (typically a,, u,, or Uy), the other three
can be determined '

conservation of o1

mass: poUs=p (Us-uy) Rayleigh
momentum: o, = p, U u, / lines
energy: E- E=0.50,(V,-V) | Hugoniot N\

V = p'1

material loads along the Rayleigh line, so the Hugoniot is a
collection of end states, not a material response curve
the Hugoniot is not a complete equation of state (EOS)!




Techniques for Shock Loading () iuk,
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magnetic launch

rres
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Velocity Interferometry
(VISAR & PDV)

Line-VISAR Time-Resolved
Spectroscopy
(Visible & IR)

L {

position

Flash X-ra High-Speed Photography ~ Fressure
Gauges

e

Advanced Diagnostics: pRad, synchrotron (DCS), etc.
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- spall 1s dynamic tensile failure of a material due to
interactions of waves

- failure 1nitiates at internal flaws (triple points, voids,
inclusions, etc.) rather than surface flaws

- spall strengths are typically much higher than tensile
strengths measured 1n quasi-static experiments

. spall experiments typically involve plate impact
experiments with dimensions of 1:2 for impactor and
target

Vv
——
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- 1mpactor hits stationary target att =0

free surface

Target

free surface

compression

tension
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The Canonical Spall Experiment

h
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- 1mpactor hits stationary target att =0

- shocks travel into impactor and target

t

free surface

Impactor :

Target

free surface

compression

tension
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- Impactor hits stationary target att =0 impactor | Target
. shocks travel into impactor and target ° s,
. shock in impactor reflects from free §I

surface as release (unloading) wave
(rarefaction fan)

free surface

free surface
w
o 2
o
(®)
=
Q
s
(@]
(@]
Q

T compression

tension
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- 1mpactor hits stationary target att =0
- shocks travel into impactor and target

- shock in impactor reflects from free
surface as release (unloading) wave
(rarefaction fan)

- same thing happens in target

t

free surface

Target

|
|
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release |
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compression

tension
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- Impactor hits stationary target att =0 impactor | Target
. shocks travel into impactor and target °

- shock in impactor reflects from free
surface as release (unloading) wave
(rarefaction fan)

- same thing happens in target

- release waves intersect at mid-plane
and cause tensile stresses to build

free surface
free surface

T compression

tension |_|
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- 1mpactor hits stationary target att =0

! |
Impactor : Target
|

. shocks travel into impactor and target °

- shock in impactor reflects from free
surface as release (unloading) wave
(rarefaction fan)

- same thing happens in target

- release waves intersect at mid-plane
and cause tensile stresses to build

free surface
free surface

- 1f stresses are large enough, sample c
fails in tension and spall plane forms | |compression

tension V V
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- impactor hits stationary target at t =0 impactor Tar:get i
. shocks travel into impactor and target ° 3 ‘cj;' |
. shock in impactor reflects from free 2 G !

surface as release (unloading) wave
(rarefaction fan)

- same thing happens in target

- release waves intersect at mid-plane
and cause tensile stresses to build

free surface
free surface

- 1f stresses are large enough, sample c
fails in tension and spall plane forms | |compression

tension

- sample separates at spall plane;

waves continue to “ring” in spalled  u |
sample I :
|
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© Williams et al., 2013 Holtcamp et al., SCCM 2004
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- velocity measured at free surface of target using 10

VISAR or PDV
- acoustic approximation for spall strength: 1000
1
O-Sp = EpOCOAufS 800

05" Cu

- complications include elastic-plastic behavior
and wave interactions

600

0 0.5 1 1.5
Time from Shock Breakout(us)
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}" Other Configurations: HE Drive, @ﬁaagdnal
Laser Spall, Projectile Impact

0 m—— Fl
FIGURE 4. Abel inverted volume densities of 4 Copper
at 32.3 us (top) and 60.9 us (bottom) after detonator
initiation. Each image is 50 mm (Horiz) by 30 mm
(Vert).
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- spall strength increases with strain rate (o, « £™)

- 1nitial shock amplitude affects spall strength due to defects/damage
and increased temperature; “failure front” in brittle materials

- spall strength falls off near melt

Zaretsky & Kanel, JAP 2013
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’clean” materials have higher spall strengths; single
crystals have highest

- microstructure and flaw distribution can influence spall

- wave shape (i.e. loading history) and orientation
(normal vs. sweeping) affect spall

—
Q{ . s - Fiae L i x
-ic-u' -;“ c) 3 GPa Trangulas : : Q
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brittle materials

metals osp (GPa)
| o,(GPa) BeO 0.08 Yaziv et al. 1986

Al alloy 0.8-1.6 B4C 0.6-0.8 _
Cu 0.8-1.6 SiC 0.5-1.1 e 1
Mg 0.8 TiB2 0-0.5
Ti-6-4 4.1 WC 1.0-2.0 Dandekar 2004
U 2.4 sapphire (elast) 2-2.5 Kanel et al. 2009
Ta 4.6 diamond 3-16 Abrosimov et al. 2015
W 0.4-0.66 liquids
= -
304 SS 2.1
4330V steel 4.8

Tarabay et al., page 142



Recovery Studies Natioral

¢) 8 GPa Ramp

recovery is almost never as soft as you would like!
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Micromechanisms of Spall
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Brittle Spall
\ \

/

Crack
Length

Xe

o Brittle Fracture
\ 7,
WA \/

Near
Atomistic

:>—'/

/\\ \\/
Lo

Crack-Process

Ductile Spall

Crack-Opening
Displacement
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Foulk & Vogler, IJF 2010 Becker et al., JAP 2007
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Modeling Spall at the Continuum Leve@monal
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Tuler & Butcher, IJFM 1968

A
. %Jj <O'(X,T) — 00) dr

o O-O

SRI

N = Noexp[(o = 0,.)0,]
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Durand & Soulard, JAP 2012

Morris et al., EM 2016

4.0 ps 6.7 ps

10

0

Distance (mm)

-10

(c) T=30ps
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- breakage of a body into many pieces (J. Bishop -
’pervasive fracture”) under dynamic loading
. quantities of interest are typically:

fragment size/mass distribution
-velocity

- relevant from very small (atomic nuclei) to very
large (the universe) length scales

- often, modeling of fragmentation involves the
search for scaling laws to capture sub-grid physics

- different physics (e.g. brittle fracture, surface-
tension dominated breakup) leads to different
scaling laws



WEAPONS SAFEGUARDS

e Conventional munitions e Accidents

* Range safety » Reactor Safety

ENERGY SHIELDING

* In Situ Oil Shale Recovery * Orbital debris
* Enhance Oil and Gas Extraction * Behind armor debris



Fragmentation: Examples
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“Big Bang!!!”

T JERLUTE A
20> D C-Au
\‘\ 3He (70 MeV/Nucleon
_t \2 ® 4y Impact Energy)
o 10 \
o] \
£ : \ 6i =
5 Li
< 5( ? ®’Li'B
2 [Randon QM5
© Fragmentation®™’
=) \
E B \
S AN
) Greiner and M
1| Stocker (1985) ~ ®°Be .
0 10

. 106 ' ' ' ' Mass in Nucleons

E oy

S 105 '\\

= " Brown, Karpp,

X

8 * and Grady,

9 1p# V% 1983

2 N

s / >

£ 103 [ Homogeneous

3 and Random \

Fragmentation \i
102 1 | 1 <
0 5 10 15 20 25

Absolute Luminosity (~ Mass)

15
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Kun et al., PRL 2004

Zhang & Ravi-Chandar, JPD 2009
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Professor of Theoretical Physics at Bristol College(1939)

\

Scientific Advisor to Commanding General
of Anti-Aircraft Command (40-42)

\

Head of Mathematical Research on
Armament at Woolwich Arsenal,

Fort Halstead (42-45) w/ G. |. Taylor. R. Hill,
E. H. Lee, H. Bishop, and others ...

v

Nobel Laureate in Physics

¥

Knight of the British Realm
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cumulative distribution:

F() = 1 — 1/ n Fragments of 1) janay, 1936

Variable length /

Total Line Length of L n-1 Fractures

Mott & Linfoot, 1943

cumulative distribution:
F(m) = 1 — e~(m/m?"/?

generalized results of Lineau motivated
by observed mass distributions from
fragmenting munitions

N L
r
(a) (b)
——F é i%
!
—




The Mott-Linfoot Distribution
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Mott Plot

E AerMet 100 Steel
p
» —(m/ u)
-*] —
.g 100 N (m) =N €
2 As Received
= p=5.2gm, =085
)
ED / Heat Treated
s 10 ¢ p=2.6gm,p=0.67
m N
1 L L L L L ’
0 5 10 15 20 25 30

Mass (grams)




Fragmentation of Rings (1) A et
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Radial

/

\

Fractures

Regions Stretching at Radius - »

Constant Strain Rate

Regions Stress-Relieved
After Mott-Wave Passage

Mott

Expansion
Velocity - u

- consider uniformly expanding ring

(or long rod)

failure initiates at certain locations
and occurs instantaneously

Mott considered rigid-plastic
material, but elastic-plastic
response is similar

unloading waves propagate as
2Yt

X = —t
pE

unloading waves unload material
so it can no longer fail
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- Mott considered the probability of
fracture A(¢) to be:

A(e)=A,
O=5()"

o

A(e)=AeY®

unloading waves unload material
so it can no longer fail
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Mott Fragment Size (1943) \\
« Cylinder Fragmentation ﬁlﬁtalgt?on — ‘ék%\

o Fracture Statistics Based \

\Activition \'\
rn (o - TP

é Mott Potential
p Waves Fracture
V Sites

Grady Fragment Size (1982)

o More General Fragmentation
- Energy Based

= M(ﬂ)

pE

1/3
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Brittle Fragmentation Distribution () i

Laboratories

Schuhmann (1940) Mass-Size Distribution

Cumulative Mass %
Fraction Finer >
" n :
(x) X <
1 - 2
c Q
'% Mo lu (/)]
© Schuhmann
u_ -
0 Size Scale Schuhmann Plot
L 100 E
= Schuhmann w [ @ 865o0r926m/s
o Index >~ [ = 793 0r 814 m/s
(o] ! B
= S |
0 © M (x)=13.4x""2
Log Size B4C Armor z; 10 £
V993 APP Package - g E M (x) = 5 375072
WC-Co core ‘, K
[—j _________ ...;’:}/' i Boron Carbide
— L4 ‘ [N | 1 1 L1 1 111
vihq Yo.1 10 10

(Moynihan et al., 2002)

Fragment Size
(mm)
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Span of Length Scales
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e Horizon Criterion

A < 2ct

« Energy Criterion (SE + KE 2 FE)

P
120'0

 Dynamic Loading
P = pc’et
« Fragmentation Resistance
I'(e,T,A)

o Failure Stress (Energy)

P, ()

2 pc’

3

Ct

Nonequilibrium
Failure Criterion

Fragment
Energy

N Driving
Fragmentation
Energy

2 o) (o)
(I > /
A )
Resisting

Time or Correlation Distance

Entry Fragment Size
A. =2P, | pce

Exit Fragment Size

2 2
2, =12pc’T/ P;
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Energy Depletion — — = Fragmentation
Exit Length Scale — —~ y)
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F~— Physics of
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In N ;t Length Scale Intermediate
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Asymptotics

(Energy)
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e spall is internal fracture caused by the interactions of
waves

material (type, flaws/impurities, microstructure, etc.)
- loading (amplitude, strain rate, shape, direction, etc.)

e fragmentation is dynamic breakup into many pieces
- rings, cylinders, sphere impact, etc.
- often approached through scaling laws

- scaling different for flaw-driven, energy driven, and brittle
cases
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