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e What 1s a shock wave?

 How does a shock wave form?

* Wave types

* Shock Waves — Compression & Release
* Shock Wave Reflections

The course will mainly focus on solids




Sandia
National i [ 7..
Laboratories

* Most materials will transmit

dpP
sound at a speed that increases “Nap
with increasing pressure and/or
density above a minimum o 231
pressure amplitude Ar 2070 >4

Water, sea 1,531

* Above the minimum pressure Aluminum 6,420

amplitude, the disturbance or A e i

compression wave will steepen
until it propagates as a jump or
discontinuous disturbance

Pressure

Shock front

Cz+ Uy

which is considered a shock v /_T /J
wave /ﬁ—’ ot ul—> Shock VQlOClty
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* The speed of this compression
wave 1s ¢ + u (c 1s the sound “\dp
speed and u 1s the velocity of

: - | Material | Speed (mis) __
the material at a point of e =
interest) Air (20 C) 343

Water, sea 1,531
* The speed of the shock wave Aluminum 6.420
after formation is U R Mj:"s"tee; ‘5‘;:2

Pressure

Shock front

Crtu

Crt Uy
/ﬁ_) / ¢t lh&—-) K]ock VQlOClty
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hat is a Shock wave?

* The shock wave produces a
jump 1in pressure (P), density
(p), particle velocity (u), energy
(E), temperature (T), and
entropy (S)

0 material at rest

v N & TD Y
IQ

=4

(=)
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Examples of How a Shock Wave can F

* Lighting bolt
* Meteor impact

* Pulsed power

e Accidental or deliberate
impacts

e Accidental or deliberate
explosions

* Supersonic flow (air flow
around jet airplanes)

 FEtc.
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Types of Shock Waves

* Compressive
o Steady

o Attenuating

e Release
o Edge
o Rarefaction

e Collision

o Compressive
o Rarefaction

o Spall
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Compressive Waves

* Occur when pressure is suddenly applied to a
material boundary (surface)

‘ initial ﬂyer VelOCity material at reSt)(),poauan()s]—(')aS() I. jump ilP:pau:EaTaS

target
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Compressive \Wave

* Aluminum flyer impacting a
Copper target

Pressure at 0.00 us

150 ~
— 2.54-cm (1-in) Al flyer (1.2 km/s) Flyer Velocity=1.2, ks ——>

— 4.0-cm (1.575-in) Cu target ’
— Upon impact, shock wave ‘E T
propagates into Al flyer and Cu g, |

target at the same P and u, S © o

§ 50
Al flyer Cu target
0 | PR S S S S [ N |
-4 2 0 2 4 6
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Impact Compresses The Material —=

« Aluminum flyer impacting a Copper target

Shock (compression) Wave Propagation

Pressure at 0.25 us Pressure at 1.25 us
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Pressure at 3.00 us

T ———

100 -

100 - 100 -

< — <
= IS E
(&] O (&
Mg, ~ oy,
c c c
> > >
je) i) je)
S “—— o} - o} “«—
2] a (7]
(2] 7)) %]
[0} [ (0]
S — P —
o o o

50

50 -

[6)]
o




- e

Sandia
National
Laboratories

| —
/ C
DETS 4 D
1

-

i

Decompression of The Material ——=

150

Shock wave arrives at Al flye
surface producing a right-

release wave

€

L 100

>

©

9}

o

= |

wn

3

& 50
0

Pressure at 4.35 us

Pressure at 3.75 us

1 R =& o T 1 TR
- 1150 - 1
er free- ] [
going—p
- 100 - 1
Al flyer free-surface moves in Ri g release wave propagates
the opposite direction of the €¢— r—V i er towards the interface
right-going release wave pressing the material
L 4 50 L N
. A 1 | 1 . 0 i | . 1
-4 -2 0 2 4 6 -4 -2 0 2 4 6
X (cm) X (cm)

*  When the shock wave reaches a free-surface, the free-surface starts to move in a direction away from

the interface

* This creates a release, relief, or rarefaction (to rarify) wave that starts to a decompress the material
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Pressure at 4.35 us
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Pressure at 6.71 us

150 -

Al right-going release vwfve arrives at
interface producing a right-going release
wave in the Cu

100

Gdyn/cm?)

rface
moves in'this
direction

50

>
j
=
[¢]
@
[72]
o

Pressure

Shock pulse width

1150

opposite d

7100

interface moves in the

| right-going release wave

Pressure at 7.50 us

irection of the Cu

f I

target decom
material

ng release wave moves into

pressing the
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Decompression of the Material =

150

100

50

Pressure at 8.60 us

T

Shock wave arrives
surface producing a
wav

T T T

150

100

50

Pressure at 9.31 us

| left-going release wave
Cu target decompre
material

Cu target free-surface moves in

opposite direction of left-

going release wave
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Al Flyer Impacting Cu Target =

Pressure at 0.00 us
Al Flyer impacting Cu Plate

Pressure (psi) Pressure at 0.00 us
: T 7 T T T
10° 150 - J
10°
10° e
‘\C’ 100 4
10° =)
U
o
>
(7]
@
a 50 - |
-10°
-10* 0 oy, R
-4 -2 0 2 4 6

10° X (cm)
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mock Waves With Explosi

* Pressure in material is generated from high pressure detonation products

* Pressure decreases as detonation products expands

* The Release/relief/rarefaction wave 1s dependent on how rapidly the detonation
products expands

—

Pressure (psi)

) Pressure at 0.00 us
Primasheet 1000 impacting Cu Plate

) Pressure at 3.00 us
Primasheet 1000 impacting Cu Plate

Pressure at 8.00 us
Primasheet 1000 impacting Cu Plate

Pressure at 13.00 us
Primasheet 1000 igpacting Cu Plate

10°
| 10°

g 1 X A
5 1 5} x 44 5 ; |
L E J.]OA
0 0
S — B
a 5+ f 5 8
S L
> -10 § -10 - 10 - 10 -
[ -10°
-15 | -15 - -15 | -15 ©
: -10°
-20 -20 20 ! S S P

-5 -10 -5 0 5 10 15

-15 -10 -5 0 5 10

15
X (cm)

-15 -10 -5 0 5 10 15

-5 -10 -5 0 5 10 15
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Creating Shock Waves With Explosives

, Pressure at 0.00 us
Primasheet 1000 impacting Cu Plate

Pressure (psi)

10°

10°

Y (cm)




Pressure (Gdyn/cm?)

250

200 -

150

100 -

50 -
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Primasheet 1000 (P1000) explosively loading Copper target - s\?f

2.54-cm (1-in) thick P1000 eVl
4.0-cm (1.575-in) Cu target .
<—— Detonation products are rapidly expanding radially outward ;5

0
-5 -10 -5 0 5 10 15

Pressure at 0.00 us Pressure at 1.00 us Pressure at 3.83 us . Press‘ure at‘4.‘40 us

. P1000  Copper ‘
-2 0 2 4 6 -4 -2 0 2 4 6 -4 -2 0 2 4 6 -

vvvvvvv i 1 T T T T T

+—rt———>
2.54"Cm 4.0-Cm | — ——

I - I ! I | |

N
(o]

X (cm) X (Cm) X (Cm)
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- Pressure at 4.00 us Pressure at 6.01 us Pressure at 8.01 us Pressure at 10.01 us Pressure at 12.00 us
T T Tl T ST R T | B T B O L T T T T T
200 - ]

150 ¢

100 |

Pressure (Gdyn/cm®)

50 |

X (cm)

Detonation products are
expanding rapidly

The relief (rarefaction) wave from the explosive/steel interface collides with the relief (rarefaction) wave from the
free surface generating a tensile loading that’s amplitude produces a spall plane
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Pressure at 0.00 us

T

250 ————

200 - ]
150 - |

100 - |

Pressure (Gdyn/cm®)

50 - .
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Shock Wave Impedance Matching

* Benefits of understanding shock wave
impedance matching

o Determining the peak stress of a material subjected
to an impact or explosive load

o Determine the influence of the peak stress of a shock

wave as it propagates through multiple layers
(composite systems) of materials in contact with

each other

o Aid in developing tools, applications, and/or
techniques that enhance or mitigate a shock wave
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Shock Wave Impedance Matching

* Impedance matching of interest

o Impact of two materials
o Interaction of a shock wave at a boundary
o Interaction of two shock waves

o Interaction of two release waves
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Shock Wave Impedance Matching

e What is shock wave

| Z.=p, U
. u OCu SCu
impedance? o ///\//
o A measure of a material to '
resist compression 30
o A measure of a material’s ] Z =p U
ags So| S l N
ability to generate pressure & - 4 \ Oa S
under a given loading
conditions o
P=popUu =/u , /=pU0
po s D p’ po s 0o 5 10 15 20
PiGPa,
[ Cu Impedance Al Impedam:e]
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Shock Impedance Matching: Impac

The shock impedance Z,; and Z¢, represent the slope of the Rayleigh line for the P — u,

Left-going Richt-go:
16 Hugoniot in Cu 1ght-going
p Hugoniot in Al
et ——————————————t——
Pressure at 0.00 us ) 7_7Ijrgs§ure at 0.25 us 7 144
150 150 -
—> [ 12
1.2 km/s
Ng 10 5 100 - , 104 Z,=p, U
E 0 E 7 Al 0, sy
g «—rt——» 3 <« s \
= 2.54-cm 4.0-cm @ < 8-
5 5
S 50 S 50 !
o o . -
Shock Waye Propagation =~ ¢
4 —
Cutarget Al flyer
O L 1 L L L L 1 L L 1 L 0 1 L 1
4 2 0 2 4 6 4 2 0 2 4 6 5
X (cm) X (cm)
0 T T T T
0 0.2 04 0.6 0.84;
A =)
Cu Al =

® CopperFlyer-Aluminum Interface CopperFlyer (L — Hugoniol) Aluminum (R — Hugoniof)
Al Rayleigh line Cu Rayleigh line
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Pressure at 0.00 us

150
—p»
1.2 km/s
£
< 100
>
°
o} +—rt—>
Y 2.54-cm 4.0-cm
a 50 -
Al flyer  Cu target
0 P L 1 T T
-4 -2 0 2 4
X (cm)

150

100

Pressure (Gdyn/cm?)

a
o

Pressure at 0.25 us

«— >
Shock Wave Propagation
4 2 o 2 a4
X (cm)

Z,= poA,UsA,
8 / /
F/ Left-‘gm.ng
o / Hugoniot in Al
4 \
Right-going!
2 Hugoniot in Cu
/ 1
|
0 T : T T T T !
0 0.2 0.4 0.6 0.8 1 1.2
“ () “r
® AluminumFlyer-Copper Interface AluminumFlyer (L — Hugoniof) —— Copper (R — Hugoniof)

Cu Rayleigh line

Al Rayleigh line




Pressure (Gdyn/cm?)

120

100

80 -

60 -

40

20 -

Shock Impedance Matching: Impa
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Pressure at 0.00 us

—>
1.2 km/s

4+“—r—>
2.54-cm 4.0-cm

Al flyer Al target

-2 0 2 4
X (cm)

Z

Al

120

100 -

Pressure (Gdyn/cm?)

20 -

=7

Al

80 -

60 -

40 |

Pressure at 0.25 us

Shock Wave Propagation
L ‘\ Il 1 L
4 2 0 2 4
X (cm)

Symmetric impact

04~~~ TTTTTTTTTTTTTT TR "

" ZAI = pOA,UsA, E ZA[ - pOAIUSAI

: O\

4 i
' Left-going /
+ Hugoniot

24 |

Right-going |
Hugoniot E u =u, /2
0 T T ‘I T T 1
0 0.2 0.4 0.6 0.8 1 12
u( kTm ] MF

®  Aluminum-Aluminum Flyer Interface
AluminumFlyer (R — Hugoniof)

Aluminum (L — Hugonio)
Al Rayleigh line
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Shock Waves at an Interface~—=

Pressuri at 0.00 us Pressure at 1.00 us Right-going
150 150 Hugoniot in Cu
1.2km/s 1—p /
= - 1 / ZAI < ZCu
i E 16
L 100 - 9 2
£ z 1m P, e Shock wave traveling from low
jel
(D . . . .
5 . 14 impedance into high impedance
g 50 & 50 124 . .
<+—____ Right-going
P1 T e s it ; Hugoniot in Al
o, GAFRATcur | s . :
1 1 1 L1 1 .
4 2 0 2 4 6 °% T2 o 2 4 6 = 3 : : Left-going
- 1 . .
X (cm) Pressure at 2.20 us X (cm) / E : PO Hugoniot in Al
150 |r 4 | 1
‘ 6 / | :
1 1
\ 1
1 1
= ' |
) | “‘ | :
< 100 - ) ; i
5 | :
S 2 i !
] ! !
=1 | I
ﬁ : VU= ul
o 50 - 0 T T 1 T T y T 1
I 0 0.2 0.4 0.6 0.8 1 1.2
k
u, u(5) u=2u,
| @® Aluminu-Copper Shock Wave Interface @  Aluminu-Aluminu Impact Interface
o L1 . . fe e s e flz = Aluminu (L — Hugoniof) ——— Copper (R — Hugoniol)
-4 2 0 2 4 6 Aluminu (R — Hugoniof)
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Shock Waves at an

Pressure at 0.00 us
Al Flyer impacting Al Disc Shock into Cu Plate

-

-
Interface™—=

Pressure (psi) . Pre‘ss‘ure ‘altVO.O(‘) l‘JS‘ -
150 - 1
g
- 3
g Y
5
7 I
o
a 50 1
o | L | L | | -
-4 -2 0 2 4 6
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Shock Waves at an Interface—=

Pressure at 0.00 us Pressure at 1.00 us

. e Shock wave traveling from high
2%0 2%0 impedance into low impedance
1.2 km/s 1| —p ] ] Z Z
200 ] ~ 200 a” L Right-going
£ IS . .
S S ] Hugoniot in Cu
- t [ =
3 150 | 3 150 P see sme s s S Smeseiais S
e g, I 254 :
I Right-goin
2 100 - 2 100 | ght-goimng
o o | Hugoniot in Al
, 20 i
50 - 1 50 - | /
1 1
1
CuFiCuT  AIT :
o L il : i 0 : ‘ ‘ _
4 2 0 2 4 6 4 2 0 2 4 6 PfBleswcsasrsangbasasass I Teteos
4 i )
X (cm) Pressure at 2.80 us X (cm) £ ! : ett .gOI.Ilg
. ‘ ‘ : +\_Hugoniot in Cu
250 ! |
[ 10 i 1
, - |
! ! 1
200 ! 1
& r 1 |
S | 5- | |
& 150 | [ |
S [ : 1
o . |
=3 1 1
@ 100 - : Uu=u, i
o 0 T T T T T \
. [ 0 0.2 0.4 0.6 0.8 | 1.2
L ¢ km u
50 (%) 2 u=2u,
[ ® Copper-Aluminum Shock Wave Interface @ Copper-Copper Impact Interface
5 Aluminum (R — Hugoniol) Copper (L — Hugoniof)
4 5 0 2 4 6 Copper (R — Hugoniol)
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Shock Waves at an Interface —=

Pressure at 0.00 us
Cu Flyer impacting Cu Disc Shock into Al Plate

Pressure (psi) Pressure at 0.00 us

"wl106 250 -
5 11 ]
0 : 1 B e . 200 ¢ )
L 4 10 NE ]
T 5 ] ; € ]
S ; 10 & 150 | d
> i - 9} ]
-10 ¢ ] o
L =
i § 100 - 1
-15:* =
_20 | AL | | | 50 -
15 10 -5 0 5 10
X (cm)
0 b 00 | | |
-4 . 0 9 4 6
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Shock Waves at an Interfac

Pressure at 0.00 us

350 ——

300 -
250 -
200 -

150 |

Pressure (Gdyn/cm?)

100 -

50 -

On‘wn\‘.‘\l

4 P 0 P 4 6
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Collision of Shock Waves —=

P,=35.0GPa> P +P,=31.0GPa
40
Rarefaction Rarefaction
(release) Wave / (release) wave . P,=35.0GPa
two shock waves (same pressure arnphtude) Right-going reflected 5] \ Left-}glmri(g reflected
propagating toward each other in mild steel shock wave ., TOULWave
! /
P
LY
! L R=ISSGPa | R=15sGPa
I : |
I | N 10 4 i
: I : : T N ' :
Rarefaction I / Rarefaction i Tah-poing ™S { ~~ Right-going E
(release) wave I (release) wave ' Hugoniot S s Hugoniot
I ! ! :
I -04 -03 -0.2 -0.1 0 0.1 0.2 0.3 04
I u, = 0.385km/s u, = 0kmjs o2 u, =0.385km/s
x s
two shock waves (same pressure amplitude) bl e e e e e oo e R

collide in mild steel
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Collision of Shock Waves —=

Pressure at 0.50 us Pressure at 3.30 us
Pressure at 0.00 us 400 400
400 , , ‘
300 300 |
L <
°Q
r c
>
bel
L S 200 200 -
[0
300 - 1 2
w
A~ 9
[aV] o
e 100 1100 ©
&
C L
> " ‘ . 1B
O r 2.54-cm 7.62-cm 2.54-cm ] . 9=
5 0 5 5 0 5
O 200 >+ >« > |
=i 1.0-in 3.0-in 1.0-in X fom) Xifom)
9 v . . Pressure at 4.00 us Pressure at 7.50 us Pressure at 12.00 us
5 400 400 : 400 —————7—————
& L
wn
(O] | [
o 800 - | 300 - | 300
< [
100 - o = 1 2
S = ) ; attenuatj
I by = € 200 200 Uation | 200
I § § g { f 2 P=15.5GPa
= = g
L 175} w2 =4
< « [\ % I
=) b= 100 - - 100 100
L R= R= ‘
o | NSRS S £
-5 0 5 0 - 0 0
5 0 5 5 0 5
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Collision of Shock Waves

Pressure at 12.00 us Pressure at 12.10 us
i0—7=-—7:rr——————+———7 40—
P =35.0GPa
300 - 1300 F |
C\lE b r b
o
[
>
3 ] i |
S 200 ¢ - 200 - .
= P=15.5GPa ’ “ ’
wn
wn
o
= | | I
100 100
0 0
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Collision of Rarefaction Waves—=

P

« Material mass velocity, u,, is decelerating
and starting to have velocity in the

. . . . . Right-going Left-going . . .
X . ht- =
opposite direction. It is decompressing Rarefaction Rarcfaction S D P IO
(release) (release) (relcase) Pl

wave

» If the tensile pressure is large enough the wave
material will spall

wave \ / wave
u
P

N e

40 -
1
__________________________ ., il
30 P Rarefaction
(release)
Right-going ’ Left-going wave
Rarefaction Rarefaction
(release) _ (release) . X .
wave {'; 20 / wave Right-going Left-going
= Rarefaction Rarefaction
(release) P (release)
wave \ / wave
. A ;
10+ : /I¥> u, "
n+2
Right-going __y, Left-going
T T T T T T T T tension wave tension wave
-038 Z06 -0.4 -02 0 02 0.4 0.6 0.8
i) YN .
] S —mem gl "[TJ Left.g()lng
Right-goin tension wave
tensionwave | el aaaa
-10- -pP

[ L-Release Wave Cu R-Release Wave Cu L-Tensile Wave Cu R-Tensile Wave Cul
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Pressure at 12.10 us Pressure at 14.00 us Pressure at 19.75 us

400 | 400 : 400 [ , —— -

300 300 - - 300
s |
c |
>
o 4
S 200 | 200 - ]
[l d
5
@
o
a

100 100

0 0
X (cm) X (cm) X (cm)

Pressure at 27.90 us Pressure at 28.76 us Pressure at 29.50 us

Pressure (Gdyn/cm?)
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Spall Planes (cont)

Pressure at 0.00 us Pressure at 3.12 us Pressure at 3.88 us
250 - 250 . | | ‘ 250 pummm— e ————
200 200 - - 200 -
] i Steel free-surface is
‘\TE\ 150 e 1 180 ] 150§ =P moving in this direction
<\CJ N . ' f : decompressing the steel
g 100y g B + 100 100 - ]
) : B
g E
S 50 5 9 - 50 50 -
7] =l 5
‘B
o 0 0 0
-50 - —_ 4 -50 -50 8
ot
)
-100 | qoo [ - MEESSS . ... ] qoo N W0 ..
- 0 .
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Spall Planes (cont)

555 Pressure at 3.88 us Pressure at 4.23 us Pressure at 5.00 us
[ T T T A ) ) T T T T I . T T & . ’ ] ¥ T i ; j I T I T I ¥ ¥ Y ¥ | i i i T ¥ ' b T Y ‘,‘ b I ¥ u J
: T r
L i L |
200 - 1 T ] I 1
L J |
[ | [ | l
< 150 - 1 F A 1 .
£ I 10 ] \
o — 1t ] I
2 i 1 0 , ,
> 100 1 [ 1T ) ]
= * : |
o ] I
3 [ 1 -
(7] [
(7] |
9 | |
o

| [ y 1 T ]

| - 4 ‘ Y |
7| s i GRS 1 N s s 4

] ! 7

] ] I ]

] " ]

] I ]

L L L | L L L L L L L | 1 ) L | ! ' L L L L L
4 -2 0

4 -2 0 2 4 6 - 2 4 6 -4 2 4 6

X (cm) X (cm) X (cm) » =« = tensile load

= = = spall plane

The relief (rarefaction) wave from the explosive/steel interface collides with the relief (rarefaction) wave from the
free surface generating a tensile loading that’s amplitude is large enough to produce a spall plane
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Spall Planes (cont)

Pressure at 5.00 us Pressure at 5.00 us

00— 20— 71—
200 - | 200 -

< 150 : 1 < 150 - spall plane

° » o f “

= c L

& 100 - . 2 100 -

S [ I A S :

o | ! 1 o i

5 50 ! ) 5 50 ¢

77} I »n [

[77] [ 1 N

o I o

o 0 o
-50 1
-100 100 L e

-4 -2 0 2 4 6
X (cm) » =« = tensile load
---- Spall plane

spall plane
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Collision of Shock Waves —=

_ P,=65.07GPa> P+ P,=55.5GPa
Rarefactlon Rarefaction
(release) Wave / (release) wave " P,=65.07GPa

two shock waves (same pressure arnphtude) Right-going reflected Left-going reflected
propagating toward each other in mild steel ShOCklane shocklwave
P
| P =27.75GPa
I : :
| ; 0 ;
| | T T |
. I . : i , . :
Rarefaction I / Rarefaction i Left-going Right-going E
(release) wave I (release) wave : Hugoniot Hugoniot :
I —(;.6 ' —(;.4 ' —(;.2 (I) 072 ' Ot4 ' 0?6 ‘
| u, =0.638km/s u3:0km/s u[ﬂ] uI:O.638km/S
I X @® Shock Wave Mild Steel 27.75 GPa @  Shock Collision Mild Steel 65.07 GPa R-Hugoniot L-Hugoniot
— L-Reflected Shock Wave — R-Reflected Shock Wave

two shock waves (same pressure amplitude)
collide in mild steel
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Collision of Shock Waves —=

Rarefaction Rarefaction 70
(release) wave / (release) wave
Reflected right-going

two shock waves (same pressure amphtude) Hugoniot in Steel
propagating toward each other in mild steel

P, =65.07GPa

Reflected left-going
Hugoniot in Steel

P

P,=27.75GPa --------q=------- P =27.75GPa

Left-going
Hugoniot,in Steel

Rarefaction Rarefaction . R T i ] - .
- -1U, = N - u=2siu

(release) wave o (release) wave 2 u=2u, - 0 u,;=0.638km/s 1 :

u, Okm/ s u[ fm ]

s /

@® Shock Wave Mlld Sleel 27.75 GPa @ Shock Collision Mild Steel 65.07 GPa—— Mild steel R-Hugoniot
Mild steel L-F
x P,=65.07GPa> P+ P,=55.5GPa

two shock waves (same pressure amplitude)
collide in mild steel




