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Conductor damage has been examined when the cur ren t  is switched off at var ious  s tages 
in e lec t r ica l  explosion. If the switching is fa i r ly  rapid,  kink instability growth is accom-  
panied by formation of vapor  bubbles at the kinks within the volume of the liquid metal .  
La ter  switching resu l t s  in vapor  bubbles uniformly distr ibuted along the conductor.  Cumu- 
lative ejection occurs  under cer tain conditions. A qualitative interpreta t ion is given. 

1. There  is conside.rable debate [1-6] on the nature of the forces  causing conductor  damage in e lec-  
t r ica l  explosion, because r e s e a r c h  on the subject is complicated by the simultaneous occur rence  of severa l  
different effects,  such as s t rong electr ic  and magnetic fields, environmental  actions, differences in s t ruc -  
tura l  and nonuniformity in the conductors ,  e lec t r i ca l  supply conditions , and so on. It is therefore  of interest  
to examine damage when the effects of some of the fac tors  can be eliminated. 

If the cu r ren t  is switched suddenly, the mode of damage is dependent on the switching stage [6-8]. 
On the other hand, the initial heating rate is not dependent on when the cur ren t  is interrupted, so one can 
examine var ious  fea tures  of the damage mechanism by switching the cu r ren t  at var ious  stages,  since this 
leaves one of the major  fac tors  unchanged, namely the energy  supply rate.  Also, when the cur ren t  is in ter -  
rupted, the subsequent damage occurs  at a zero  e lectromagnet ic  field f rom the cur rent ,  so the only magneto-  
hydrodynamic instabili t ies that can develop are  those that a rose  while the cur ren t  was flowing. Published 
evidence [6-8] on current  interrupt ion shows that is impossible  to t rea t  the observat ions  (in our view) as 
developing magnetohydrodynamic instabil i t ies of pinch type. 

We have examined the conductor  damage with a constant  initial heating rate and cu r r en t  interruption 
at a ce r ta in  stage. These conditions were obtained by tripping the cur ren t  at var ious  stages in the explo- 
sion. 

2. The energy  s tore  was a capaci tor  bank type K41I-7 of total capaci tance C =60 ~F charge  to U 0 = 
10 kV. The maximum s tored energy was 2.95 kJ, while the inductance and res is tance  of the discharge c i r -  
cuit  (neglecting the wire) were 1 ~H and 1.5" 10 -2 ohm respect ively,  with a natural period of T =50 ~see 
and a maximum shor t -c i rcu i t  cu r ren t  of 70 kA at U 0 =10 kV. 

The conductor  damage was examined by optical recording  using an SFR-2M c a m e r a  with a s imul-  
taneous cu r ren t  measurement .  A special  optical a t tachment  to the SFR-2M provided images of the wires  
on a 1:4 scale on the film. The light source  was an ISPT-6000 flash lamp. The cur ren t  in the discharge 
c i rcui t  was measured  with a Rogowski loop. The optical recordings  and cu r ren t  measurements  were 
linked in t ime using an FEU-51 photomultiplier by the method descr ibed in [9]. The photomultiplier  signal 
was extracted with a nar row m i r r o r  set up within the SFR-2M between the focal surface and the lens insert.  
The e lec t r ica l  signal f rom the photomultiplier  and Rogowski loop were passed to an S1-17 double beam 
oscil loscope.  Then the fi lm recording  showed a nar row unexposed part ,  which cor responded  to the beam 
deflection on the osci l loscope.  The setting accu racy  was then one exposure.  The position of the marke r  
signal on the osc i l logram was readi ly  adjusted via the synchronizer  in the SFR-2M. 

The cur ren t - swi tch ing  element  was an a c c e s s o r y  wire of smal le r  d iameter  d l in the discharge c i rcui t  
in se r ies  with the main wire of d iameter  d 0. One could adjust d 1 within cer ta in  l imits  to switch the cur ren t  
in the main wire. The two wires  exploded vir tual ly  simultaneously when d l and do were equal. 
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Fig. 1 

We used copper  wires of diameter  0.5 mm and length 50 mm with 
explosion in a i r  at normal  p ressure ;  the a c c e s s o r y  wires  were copper  
ones of length 130 mm and d iameters  f rom 0.455 to 0.500 mm, by steps 
of 0.005 mm. The length of the a c c e s s o r y  wire and the minimum diam- 
eter  were chosen f rom considerations of preventing secondary b reak-  
down on explosion. 

The initial heating rate was kept constant by performing all ex-  
per iments  at the same initial voltage of 7.0 kV. 

Figure 1 shows the cur ren t  as a function of t ime for two limiting cases :  curve 1 cor responds  to the 
ear l ies t  cur ren t  interruption (d/ =0.455 mm), while curve 2 cor responds  to no interruption (d/ =0.5 mm); 
and both cases  the main wire had d o =0.5 mm. Figure 1 shows that the a c c e s s o r y  wire with d I < doproduces 
not only ear l ie r  cur ren t  interruption but also some reduction in the cur ren t  amplitude. 

3. The following dimensionless coefficient can be used to charac te r ize  the cur ren t  interruption: 

tl to 

AQt AQz = t i~(t)dt, AQo =lio(t)dt k =  - ~ j ,  
0 o 

where AQ/ is the amount of e lect r ic i ty  flowing in the discharge c i rcui t  when the cu r ren t  is interrupted 
and AQ 0 is the same without interruption (curve 2 in Fig. 1); i l, t l, i 0 and t o are  the corresponding cur ren t s  
and switching instants.  

We var ied k f rom 0.77 (d/ =0.455 mm) to 1 (d/ =d0=0.5 mm); we found that there  were five ranges 
of k in each of which the damage had charac te r i s t i c  features.  Typical recordings  for each range in k are  
seen in the cur ren t  osef l lograms in Fig. 2. The marks  on the osc i l lograms  cor respond  to the instants 
when the shadow pictures  were recording,  and the t imes  in ~see are  stated there;  the t ime origin coincides 
with the s tar t  of the cur ren t  pulse, and the length of wire used in the recording  was 15 ram. The osci l lo-  
g ram scales  were as  follows: ver t ical  18.54 kA/dib, horizontal 100 ~sec /d ib  for  par t s  a and b, or  10 
~sec /d ib  fo.r e, d, and e. 

The shape of the ose i l lograms in par ts  a and b of Fig. 2 requi res  a special explanation. As the wires  
were damaged relat ively slowly under these conditions, it was necessa ry  to r eco rd  the cur ren t  with a large 
t ime scale (100 #see/dib)  in order  to encompass the s tar t  of the cur ren t  and the charac te r i s t i c  damage 
stages. However, the k for these conditions were deduced f rom special ose i l lograms  recorded  at 10 

sec/dib.  

Figure 2a cor responds  to k of 0.77-0.83; there were no visible changes in the wire at the instant of 
cur ren t  interruption, but 6-8 ~see af terwards appreciable kinks appeared, which were more  or  less  uni- 
formly  distributed along the axis (more careful  examination showed that the kinks began to appear  at 1-3 
~sec af ter  the switching). The kinks increased in amplitude at 10-20 m/see ,  and this speed remained con-  
stant throughout the record ing  t ime of about 500 #sec. Immediately af ter  the kinks had formed,  the wire 
volume began to increase  explosively at those points; the value af ter  200 # sec was 30 t imes  the initial value, 
for  example. 

The density in these par ts  can be est imated f rom the mass  and volume, and the resul t  is much less  
than the density of copper  at its boiling point, which indicates that the wire takes the fo rm of a colloidal 
foam [10], namely a liquid metal  with vapor inclusion. Subsequently, the bubbles burst  out and the colloid 
gives way to an aerosol  containing liquid droplets.  The mean diameter  then falls sharply and one has a 
thin chain of liquid droplets.  The mass  remaining af ter  the burst ing is less by a factor  1.5-2 and the initial 
value, so 30-50% of the mass  is t r ans fo rmed  to vapor.  

The amplitudes of the kinks decrease  as k increases  within each range, while there  is an increase in 
the uniformity of expansion in all parts ,  as well as in the rate of expansion and number of bubbles. 

Figure 2b cor responds  to k of 0.83-0.89; the damage occurs  much more  rapidly and is complete with- 
in about 150 ~sec.  As in the previous case,  the appearance of the wire is vir tual ly  unaltered at the instant 
of interruption, except that the d iameter  has increased somewhat and that a vapor layer  has begun to 
leave the surface. The slight kinks visible at the instant of switching are  subsequently completely  e l imi -  
nated by the rapid bulk expansion. The wire d iameter  increases  at the constant  speed of about 50 m/see ,  
and exceeds by a factor  5 the initial value at 40 ~sec af ter  interruption. F r o m  about 70 ~sec onwards a 
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Fig. 2 

large number  of small  gaps appear  throughout the volume of the expanding wire,  and some 30 ~ see later  
these products  represen t  essent ia l ly  a rapidly expanding aerosol  in which the gaps between the droplets  
are  filled by vapor.  

Figure 2c co r responds  to k of 0~ There  is some kinking at the switching instant together  with 
an increase  in wire diameter ,  which is uniformly surrounded by a small  vapor layer .  After switching, the 
wire expands rapidly at a constant speed of about 100 m/ see ,  while the vapor  layer  also expands and be-  
comes  denser .  The expansion rate of the vapor in the concave par ts  is substantial ly different f rom that in 
the convex par ts ;  the value in the f i rs t  is 2-3 t imes  l a rge r  than the mean and is about 300-500 m/see .  Al -  
though the kinks present  at the switching instant are  subsequently rapidly eliminated by the fast  expansion, 
this difference in the vapour expansion speeds pers i s t s .  As a result ,  the vapor  layer  acqui res  a wave 
s t ructure ,  and the c r e s t s  of the waves co r respond  to the concave par t s  of the previous kinks. 

For  20-25 ~sec af ter  cu r ren t  switching, the wire d iameter  increases  uniformly on the length; then 
the mater ia l  begins to be redistr ibuted,  and nar row jets of mater ia l  appear  at the points cor responding  to 
the concave sides of the previous  kinks, these being perpendicular  to the axes. These jets rapidly grow and 
the entire mater ia l  gradually becomes concentra ted  in them, and after  about 80 ~ see (the end of the r e c o r d -  
ing), the damage products  f rom the wire are  seen as isolated nar row patches extended perpendicular  to the 
original  wire axis. The number of these condensations co r responds  to the number of half-waves in the wire 
kinking at the switching instant. 

Figure 2d cor responds  to k of 0.97-0.99; in this range the density of the vapor sheath becomes  so 
great  that it is impossible to see the wire within 3-5 ~see of the switching. However, during the switching 
and for  2-3 ~ sec af te rwards  it is c l ea r  that consolidated mater ia l  exists  within the vapor  sheath, and that 
the boundaries of this expand at about 103 m/see .  Simultaneously, the vapor sheath expands at about 2 - 103 
m / s e e  and becomes  denser.  

Figure 2e co r responds  to k of 0.99-1. The damage picture is not substantially different, except that 
bright spots appear  at isolated points on the wire at the instant cor responding  to the charac te r i s t i c  kink. 
on the t ra i l ing edge of the cur ren t  pulse (Fig. 1), whose intensity fal ls  rapidly when the cu r ren t  is in ter -  
rupted~ 
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4. 
together :  

1) 

2) 

3) 

We consider  that  the kinks produced at k of 0.77-0.83 (Fig. 2a) a r i s e  f rom three  f ac to r s  acting 

Impuls ive  e l ec t romagne t i c  fo rces  [3]; 

A la rge  axial  p r e s s u r e  in the wire  due to the rapid  heating (about 108 deg / s ee  [6]); 

Nonuniform distr ibution of the internal  s t r e s s e s  along the wire  axis  on account  of nonunifo~rm 
heating (the heating nonuniformity is c l ea r  f r o m  the substant ia l  dif ference In bulk expansion). 

The rapid  kinking occu r s  as  a rule  in pa r t s  of the wire that then show bulk evapora t ion  and ae roso l  
production, so it would appear  that  the third of the above f ac to r s  is pr inc ipal ly  respons ib le  for  the instabili ty.  
The subsequent growth of the kinks is due to the iner t ia l  hydrodynamic flow of the molten m a t e r i a l .  

Rapid kinking in exploding wi re s  usual ly occu r s  when the energy  input l ies  below the threshold  [3] ; 
this  value is [3] somewhat  g r e a t e r  than the mel t ing energy  but substant ia l ly  l ess  than the evapora t ion  energy.  
All the same ,  the rapid  kinking was accompanied  by a bulk evapora t ion  in the expe r imen t s  with k of 0.77- 
0.83; it is poss ib le  for  vapor  to be produced although the meta l  has not been heated to the evapora t ion  point 
if the ene rgy  is unevenly dis t r ibuted within the volume on account of s t ruc tu ra l  nonuniformity such as  in- 
clusions,  mic roscop ic  cavi t ies ,  etc.  As a resul t ,  some points in the wire  can acquire  higher t e m p e r a t u r e s ,  
which lead to e a r l i e r  mel t ing and evaporat ion.  Microscopic  vapor  bubbles a r e  produced in the liquid even 
while the cu r r en t  is st i l l  flowing, and the subsequent expansion occu r s  in r e sponse  to the p r e s s u r e  of the 
vapor  as  the t e m p e r a t u r e s  equalize.  

If the cu r r en t  is switched at a l a t e r  s tage (k of 0.83-0.89, Fig. 2b), the number  of superhea ted  points 
is substant ia l ly  l a rge r ,  and the dis tr ibut ion along the length becomes  more  uniform. These  points would 
appea r  to be evapora t ion  cen te r s ,  so the subsequent bubbles a r e  fo rmed  and expand and u l t imate ly  produce 
the ae roso l  uni formly  along the wire.  The rapid  volume expansion means  that the kinks a r i s ing  during the 
cu r r en t  flow do not subsequently develop. 

While the wire  has a colloidal foam form,  there  a r e  stil l  l aye r s  of liquid between the individual vapor  
bubbles; even a smal l  cu r ren t  flowing through such a s t ruc tu re  could cause  rapid  explosion of the individual 
l aye r s  to give the t r a n s v e r s e  s t ruc tu re  s i m i l a r  to that obse rved  in e l ec t r i ca l  explosion above the threshold  
[3]. T r a n s v e r s e  s t r i ae  of this  fo rm have been obse rved  in exploding tungsten w i r e s  [11] and were  due to 
emerg ing  bubbles.  

At k > 0.89 the densi ty  of the vapor  bubbles becomes  so great ,  and the s i zes  of them so smal l ,  that the 
individual bubbles cannot be seen (Fig. 2 ,c-e) .  We do not propose  to d iscuss  here  the s t r ia t ion  mechan i sm 
found at k of 0.89-0.97, and we m e r e l y  note that the p r o c e s s  involves cumulat ion of the expanding ma te r i a l  
at the initial kinking points (see [12] for  details) .  The s t rong f lashes  f rom isolated points when the cu r r en t  
is not in ter rupted (Fig. 2e) a r i s e  f r o m  smal l  a r c s  resu l t ing  f rom ci rcui t  interruption.  

Bulk evapora t ion  thus p lays  an important  par t  in wire  damage;  even at input ene rg ie s  below the 
threshold ,  the uneven volume distr ibution means  that bulk evapora t ion  t r a n s f o r m s  the wire f i r s t  to a colloidal  
foam and then to an aeroso l .  Against  this genera l  background, there  may be pa r t i cu l a r  f ea tu res  such as 
kink development  (if the bulk evapora t ion  is weak) or  s t r ia t ion  (if evapora t ion  is v e r y  rapid). 
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