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SURFACE PROPERTIES OF SHOCKED LEAD 

R. Couch, L. Shaw, R. Barlett, L. Steinmetz, W. Behrendt and C. F i r p o  

Lawrence Livermore National Laboratory, Univers i t y  o f  Cal i fornia,  
P.O. Box 808, Livermore, Cal i fornia 94550, U.S.A. 

Resum6 - Les exper iences hydrodynamiques necess i t en t  souvent des obser-  
va t i ons  opt iques des sur faces choquees. Cependant l ' i n t e r p r e t a t i o n  des 
r e s u l t a t s  peu t  G t re  rendue d i f f i c i l e  pa r  des phenomenes q u i  mod i f i en t  
l ' appa rence  des sur faces.  Nous avons 6 l a r g i  nos etudes s u r  l ' g j e c t i o n  de 
ma t i e re  a des s t r u c t u r e s  de choc p l u s  complexes. De p l u s  nous avons u t i -  
l i s e  des f e u i l l e s  minces e t  une atmosphPre con t rb l6e  pour chercher 
m e t t r e  en evidence un comportement heterogene de l a  su r face .  Des mesures 
q u a n t i t a t i v e s  de l a  masse P jec tee  o n t  e t 6  r e a l i s e e s  a l ' a i d e  de rayons X 
pa r  t r ansm iss ion  e t  l a  photograph ie  u l t r a - r a p i d e  a  f o u r n i  des donnees 
q u a l i t a t i v e s .  Nos r e s u l  t a t s  mont rent  que l a  q u a n t i t e  de m a t i e r e  P jec tee  
depend de l a  s t r u c t u r e  du choc. On a  observg de nombreux e f f e t s  s i n g u l i e r s  
que l ' o n  suppose dus a l a  p r e p a r a t i o n  de l a  sur face,  a une f u s i o n  par -  
t i e l l e  e t  a l ' e c a i l l a g e .  

Abs t rac t  - Hydrodynamic exper iments o f t e n  r e q u i r e  o p t i c a l  obse rva t i on  o f  
Ff i i7ckedsurf  aces. However, phenomena t h a t  a l t e r  s u r f  ace appearance can 
obscure t h e  i n t e r p r e t a t i o n  o f  da ta . .  We have extended ou r  s tud ies  o f  
m a t e r i a l  e j e c t i o n  t o  i n c l u d e  more compl ica ted shock s t r u c t u r e s .  I n  
add i t i on ,  we have used bo th  t h i n  f o i l s  and an imposed atmosphere as ways o f  
sampl ing t h e  su r face  i n  search f o r  nonhomogeneous behav ior .  Q u a n t i t a t i v e  
measures o f  mass e j e c t i o n  were obta ined us ing  x- ray  t r ansm iss ion  ana l ys i s ,  
and high-speed photography p rov ided  q u a l i t a t i v e  data.  Our r e s u l t s  i n d i c a t e  
t h a t  t h e  amount o f  mass e j e c t e d  i s  a  f u n c t i o n  o f  shock s t r u c t u r e .  Many 
heterogeneous e f f e c t s  are  observed t h a t  a r e  presumed t o  be r e l a t e d  t o  
su r face  p repa ra t i on ,  p a r t i a l  me l t i ng ,  and s p a l l .  

I - INTRODUCTION -- 
The response o f  m a t e r i a l  sur faces t o  s t rong  shock waves i s  no t  w e l l  understood, 
however, many hydrodynamic exper iments a re  s e n s i t i v e  t o  t h e  p r o p e r t i e s  o f  a  shocked 
sur face.  Where o p t i c a l  examinat ion i s  requ i red ,  such as i n  s t reak  o r  f r am ing  
camera reco rds  o r  i n  i n t e r f e r o m e t r i c  ve loc ime t r y ,  t h e  data  can be compromised o r  
obscured by phenomena t h a t  a l t e r  sur face appearance such as p a r t i c l e  e j e c t i o n  and 
growth o f  su r face  p e r t u r b a t i o n s .  

Several  s tud ies  have i n v e s t i g a t e d  prompt shock e j e c t i o n  from t h e  sur faces of 
va r i ous  m a t e r i a l s .  The work of Asay /1 /  and Asay and B e r t h o l f  /2 /  produced a  
c o n s i s t e n t  p i c t u r e  i n  which e j e c t a  was d i r e c t l y  r e l a t e d  t o  sur face d e f e c t  volume, 
more o r  l e s s  independent of m a t e r i a l .  O f  p a r t i c u l a r  i n t e r e s t  was a  d i s c o n t i n u i t y  
o f  behav ior  observed when l ead  was shocked t o  pressures  where m e l t i n g  was expected 
t o  occur.  When t h e  m e l t  t r a n s i t i o n  was crossed, a  dramat ic  i nc rease  i n  e j e c t a  
occurred, and i t  became d i f f i c u l t  t o  d e f i n e  a  p r e c i s e  p o s i t i o n  f o r  t h e  f r e e  
sur face.  The work o f  A n d r i o t  e t  a l .  e l abo ra ted  on t h i s  work and i n d i c a t e d  t h a t  
me l t i ng ,  p a r t i c u l a r l y  as a  microscop ic  phenomena, may p l a y  an even more impor tant  
r o l e  i n  sur face phenomena /3,4/.  
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Previous s tudies assumed homogeniety o f  the  surface response on a macroscopic 
scale. The work o f  Perry ind icates heterogeneous response o f  mate r ia l s  t o  low 
st ress waves, where t h e  wavelength o f  the  observed per turbat ions was approximately 
the s i ze  o f  the mate r ia l  gra ins /5/. One ob jec t i ve  o f  our e f f o r t  was t o  look f o r  
the development o f  macroscopic per turbat ions whi le  concurrent ly  lea rn ing  something 
o f  t h e  s t a t e  o f  the  f r e e  surface masked by the  e jecta.  Our work i s  the  f i r s t  step 
i n  an extension o f  these studies, i n  which emphasis i s  placed on ob ta in ing  a 
c o r r e l a t i o n  between observed surface e f f e c t s  and phenomena r e l a t e d  t o  shock 
s t ructure,  melt ing, and meta l lu rg ica l  proper t ies.  We chose lead as an appropriate 
mate r ia l  f o r  t h i s  study because of the  ease w i t h  which i t  can be shocked i n t o  a 
molten s t a t e  and because i t s  inherent low st rength should accentuate tendencies f o r  
surface per turbat ions t o  form. 

I 1  - EXPERIMENTAL METHODS AND RESULTS 

Experiments were c a r r i e d  out on the  101-mm gun a t  Lawrence Livermore National 
Laboratory, and we achieved f l y e r  v e l o c i t i e s  up t o  2 mm/us. Diagnostics 
consisted o f  m u l t i p l e  radiographic images and mul t i f rame high-speed photography. 
Dual orthogonal, ZOO-keV x-ray transmission measurements provided a q u a n t i t a t i v e  
measure o f  e j e c t a  mass and ve loc i t y .  The o p t i c a l  images were obtained w i t h  an 
eight-frame, image converter (IC) camera system /6/. The con f igu ra t ion  consis ted 
of four  independent, two-frame cameras, w i t h  f o u r  frames each dedicated t o  f r o n t a l  
and s ide views o f  the  shocked surface as a f u n c t i o n  o f  time. D i f f e r e n t  shock 
s t ructures were obtained by using composite f l y e r s  t o  subject the t a r g e t  t o  
m u l t i p l e  shocks. For example, by p lac ing  a gap between the two components o f  the  
f l y e r ,  we could generate c o n t r o l l e d  spa11 scenarios i n  the ta rge t .  

A schematic o f  a t y p i c a l  experimental setup i s  shown i n  F ig.  1. I n  a l l  cases t h e  
ta rge ts  were 3-mm-thick Pb (0.7% Ca) disks'. The sta in less-steel  p l a t e  was requi red 

IC camera IC cam& 

Fig. 1 - Schematic o f  experimental conf igurat ion.  



t o  keep t h e  l e a d  t a r g e t  f r om bowing when an atmosphere was app l i ed .  When a  gap less  
f l y e r  was des i red,  we reduced t h e  c o n f i g u r a t i o n  t o  a s imple  sandwich o f  t h e  
r e q u i r e d  m a t e r i a l s .  The su r face  f i n i s h  was i n  a l l  cases produced by  machining and 
was determined by a  con tac t  s t y l u s  dev i ce  t h a t  produced a  b u r n i s h  mark as i t  moved 
across t h e  sur face.  T h i s  mark appears i n  many of  t h e  photographs. Some t a r g e t s  
were x-rayed and sub jec ted t o  m e t a l l u r g i c a l  a n a l y s i s  i n  search o f  macroscopic 
i r r e g u l a r i t i e s ;  we found n o t h i n g  s i g n i f i c a n t .  

Tab le  1  c o n t a i n s  a  l i s t  o f  exper iments designed t o  i n v e s t i g a t e  t h e  r o l e  t h a t  
i n i t i a l  sur face-defec t  volume p l a y s  i n  t h e  case of m u l t i p l e  shocks. A l l  d a t a  were 
taken  i n  vacuum us ing  t h e  i n d i c a t e d  f l y e r s .  The e j e c t a  mass measurements a r e  
expected t o  have an abso lu te  accuracy o f  o n l y  about a  f a c t o r  of two. The r e l a t i v e  
accuracy shou ld  be much b e t t e r .  The main d i f f i c u l t y  a r i s e s  f rom de te rm in ing  
e x a c t l y  where t h e  e j e c t a  ends and t h e  f r e e  su r face  beg ins  i n  t h e  x - ray  t r ansm iss ion  
data.  The s i n g l e  shock d a t a  a r e  i n  e s s e n t i a l  agreement w i t h  t h e  p r e d i c t i o n s  o f  
Asay and B e r t h o l f  /21.  We have concluded t h a t  t h e  shock s t r u c t u r e  does p l a y  a  
s i g n i f i c a n t  r o l e  i n  determin ing e j e c t a  mass, and t h a t  as one goes f u r t h e r  away f rom 
a pure  s i n g l e  shock loading, t h e  i n i t i a l  sur face-defec t  volume becomes l e s s  
impor tant .  

The degree o f  homogeniety o f  t h e  e j e c t a  was i n v e s t i g a t e d  by a t t emp t i ng  t o  sweep up 
t h e  f i n e  p a r t i c u l a t e s  i n  hope o f  see ing l a r g e r  s t r u c t u r e s ,  i f  they  ex i s ted .  T h i s  
was done i n  two ways. The f i r s t  i n v o l v e d  p l a c i n g  an atmosphere over  t h e  shocked 
surface. The o t h e r  employed a  t h i n  p i ckup  f o i l  i n  a  vacuum environment. I n  b o t h  
ins tances,  photograph ic  reco rds  were t h e  d i a g n o s t i c .  

The atmospher ic shots  were performed w i t h  s tee l -backed l ead  t a r g e t s .  The t a r g e t s  
were c i r c u l a r l y  machined t o  t h e  f i n e  and coarse f i n i s h e s  r e f e r r e d  t o  i n  Table 1. A  
p ressu re  o f  1.5 atm was a  conven ient  p o i n t  a t  wh ich  t o  work; above t h i s ,  t a r g e t  
bowing became s i g n i f i c a n t  and t h e  i n t e g r i t y  o f  t h e  gas housing became u n r e l i a b l e .  
F igu res  2a-d show f r o n t a l  v iews of t h e  evo lved l e a d  su r faces  seve ra l  microseconds 
a f t e r  impact f o r  f i n e -  and coa rse - f i n i shed  surfaces, b o t h  i n  vacuum and i n  an 
atmosphere. F igu res  3a-d show t h e  same d a t a  f r om a s i d e  view. I n  a l l  cases t h e  
f l y e r s  were an A l /Ta combinat ion  a t  a  v e l o c i t y  o f  2  mm/ps. 

The homogeneous spray e m i t t e d  f rom bo th  t h e  f i n e  and coarse sur faces i n  t h e  vacuum 
sho ts  obscured any microscop ic  s t r u c t u r e  t h a t  m igh t  be present .  There i s  ev idence 

Table 1  - Summary of e j e c t a  mass measurements. 

Pressure jump-of f  Ca l cu la ted  v e l o c i t y  o f  E j e c t 2  
F l y e r  ( k b a r )  f r e e  su r face  (mm/us) ~ i n i s h ~  (mg/cm ) 

S t a i n l e s s  S t e e l  480 2.2 F i n e  1  

S t a i n l e s s  S t e e l  480 2.2 Coarse 10 

S t a i n l e s s  Stee l /Ta 480 2.2/2.5 F ine  4 

S t a i n l e s s  S t e e l  /Ta 480 2.2/2.5 Coarse 12 

A1 /Ta 280 1.4/2.4 F ine  16 

A1 /Ta 280 1.4/2.4 Coarse 21 

NOTE: F l y e r  v e l o c i t y  z 2 mm/ps. 
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of la rge  wavelength res idua l  per turbat ions,  presumably a r i s i n g  from the  i n i t i a l  
machining process because o f  t h e i r  c i r c u l a r  symmetry. 

The coarse-machined samples i n  t h e  atmosphere shots d i d  no t  i n t e r a c t  w i t h  the  gas 
i n  a  simple way, and the  e j e c t a  was not  un i fo rm ly  swept up. The f r o n t a l  view 
ind ica tes  a  very mot t led surface, whi le  the  s ide view shows prominent spikes o f  
mate r ia l  due e i t h e r  t o  complicated f low i n  the i n t e r f a c e  reglon o r  t o  a  
d i s t r i b u t i o n  o f  r e l a t i v e l y  massive p a r t i c u l a t e s .  The f i n e - f i n i s h  shot i n  
atmosphere a lso c l e a r l y  ind ica tes  features imposed by the  machining process as w e l l  
as random st ructures.  

The features v i s i b l e  when an atmosphere was imposed on a  f ine-sur face f i n i s h  
suggested t h a t  t h e  technique could be used t o  look f o r  more complicated 
in te rac t ions .  Very l i t t l e  i s  known o f  spa11 i n  weak o r  molten mater ia ls .  
Presumably such mater ia ls ,  when d r i v e n  i n t o  tension, w i l l  cav i ta te .  We were 

F ig.  2 - Fron ta l  views o f  shocked lead surfaces (Al/Ta f l y e r  a t  2.0 mm/ps) w i t h  a  
15-ns exposure: (a)  coarse f i n i s h  i n  vacuum a t  7.8 !JS a f t e r  shock breakout, ( b )  
f i n e  f i n i s h  i n  vacuum a t  7.8 us, ( c )  coarse f i n i s h  i n  atmosphere a t  5.2 ps, and 
(d)  f i n e  f i n i s h  i n  atmosphere a t  7.8 p. 



Fig. 3 - Side views of shocked lead surfaces (Al/Ta flyer at 2.0 mm/us) with a 
15-ns exposure: (a) coarse finish in vacuum at 7.8 us, (b) fine finish in vacuum 
at 7.8 p, (c) coarse finish in atmosphere at 5.2 us, and (d) fine finish in 
atmosphere at 7.8 p. 

interested in determining if such an internal spall layer, when closed by a 
following stress wave, could generate surface perturbations. By using a sabot with 
a gap between the two flyers, we varied the position of the spall layer in the 
target. 

Figures 4a-b show frontal and side views of an impact in atmosphere using a flyer 
consisting of 0.5-cm A1/0.07-cm void/0.5-cm steel. Figures 5a-b show data for a 
similar shot except the A1 impactor was only 0.2-cm thick. Both shots used a fine- 
surface finish. The latter experiment would place the spa1 1 layer closer to the 
observation surface. In fact, very large perturbations to the surface were 
observed. The side view clearly indicates isolated plumes of material ejected. 
Presumably, this dramatic effect is because of the spall layer closing. Figure 4 
reveals a number of interesting phenomena, but not the gross perturbations of 
Fig. 5. Either the effect was damped out by occurring deeper in the target, or 
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Fig. 4 - Views o f  shocked lead surfaces ( f l y e r  was 0.5-cm A1/0.07-cm void/0.5-cm 
s ta in less  s tee l  a t  2.0 mm/p.) w i t h  a  15-ns exposure: (a) f r o n t a l  view a t  7.8 us 
a f t e r  jump-off and (b)  s ide view a t  10.3 p. 

Fig. 5 - Views o f  shocked lead surfaces ( f l y e r  was 0.2-cm A1/0.07-cm void/0.5-cm 
s ta in less  s tee l  a t  2.0 mm/ps) w i t h  a  15-ns exposure: ( a )  f r o n t a l  view a t  
10.3 us a f te r  jump-off and (b) s ide view a t  10.3 p. 

some s i g n i f i c a n t  fea tu re  o f  the shock and t a r g e t  i n t e r a c t i o n  was d i f f e r e n t  i n  the  
two experiments. 

The shot t h a t  produced the la rge  ~ e r t u r b a t i o n s  was redone i n  a  vacuum using an 
aluminized mylar f o i l  (13-um t h i c k )  as a  momentum f i l t e r  t o  see i f  these 
per turbat ions would be reproduced, and i f  so, obta in an est imate o f  the mass 
associated w i th  them. Half  the ta rge t  was covered by the f o i l ,  which stood o f f  
0.75 cm from the  o r i g i n a l  f r e e  surface. Figures 6a-c show the resu l t s .  I n  
Fig. 6a, the  f o i l  i s  c l e a r l y  being penetrated by i s o l a t e d  chunks o f  mate r ia l  before 
s i g n i f i c a n t  motion o f  the f o i l  occurs. The s ide view (F ig.  6c) ind icates t h a t  t h i s  



1 crn 1 cm 

1 crn 

Fig. 6 - I n t e r a c t i o n  o f  e j e c t a  w i t h  t h i n  f o i l  mounted 0.75 cm f rom o r i g i n a l  f ree  
surface ( lo-ns exposure): (a)  f r o n t a l  view a t  3.9 us a f t e r  jump-off, (b )  f r o n t a l  
view a t  5.2 us, and (c) s ide  view a t  5;2 m. 

mater ia l  was no t  s i g n i f i c a n t l y  slowed down by the f o i l .  F igure 6b shows the  f o i l  
a t  about the t ime t h e  main body o f  the  t a r g e t  impacts i t .  Impr in ts  of c i r c u l a r  
grooves are ev ident  on t h e  f o i l .  The t a r g e t  p lus  e j e c t a  s t i l l  r e t a i n s  in format ion 
about i t s  i n i t i a l  c o n d i t i o n  even a f t e r  t h i s  complicated shock h i s t o r y .  

Shock pressure was a lso found t o  have a  dramatic e f f e c t  on sur face appearance. At 
2 ~ I ~ / D S ,  the Al/Ta composite f l y e r  b r ings  t h e  t a r g e t  t o  i n c i p i e n t  mel t  on the  
f i r s t  shock, and w e l l  beyond it on the  second. I n  such a  regime, t h e  t a r g e t  l o s t  
near l y  a l l  i t s  r e f l e c t i v i t y ,  and photographic record ing o f  surface fea tu res  became 
extremely d i f f i c u l t .  

At  a  f l y e r  v e l o c i t y  of 1.5 mm/ps, the lead i s  not  expected t o  me l t  even on the  
second shock. Very f i n e  p o i n t s  o f  h igh  r e f l e c t i v i t y  develop, which i n  t ime grow 
and coalesce i n t o  ever l a r g e r  s t ruc tu res  (Fig. 7 ) .  This image should be compared 
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Fig. 7 - Lead shocked t o  near bulk-melt  condi t ions (Al/Ta f l y e r  a t  1.5 mm/p, 
11.6 us a f t e r  jump-off). Exposure t ime was 15 ns. 

w i t h  Fig. Zd, which i s  the-same experiment a t  2 mm/us. The areas o f  h igh  
r e f l e c t i v i t y  are presumed t o  be molten regions which, under the  in f luence  o f  
surface tension, form r e l a t i v e l y  smooth surfaces. A s i m i l a r  experiment was 
performed a t  a v e l o c i t y  o f  0.9 mm/@. I n  t h i s  case, the e f f e c t  was even more 
pronounced, w i t h  the  e n t i r e  surface becoming h i g h l y  r e f l e c t i v e .  Both shots were 
performed i n  an atmosphere. 

I 1 1  - CONCLUSIONS 

r Throughout these experiments, t h e  shocked surfaces o f t e n  exh ib i ted  features 
associated w i t h  the  i n i t i a l  machining process. It was no t  poss ib le  t o  c o n s i s t e n t l y  
c o r r e l a t e  these w i t h  v a r i a t i o n s  i n  depth o f  the  machine grooves. It i s  suspected 
t h a t  sub t le  changes i n  surface meta l lurgy t h a t  are induced by t h e  i n t e r a c t i o n  of  
the  surface w i t h  the  c u t t i n g  t o o l  are the cause o f  these per turbat ions.  

r Shock s t r u c t u r e  played an important r o l e  i n  determining the  character  and amount 
of mass ejected. The e j e c t a  i s  no t  necessar i ly  homogeneous on a macroscopic scale. 

r The r o l e  t h a t  me l t ing  p lays i n  surface appearance i s  character ized by extremely 
heterogeneous behavior. 
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