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The elast ic  and s t rength pa rame te r s  of iron and copper were  determined experimental ly 
at high shock-wave compress ion  p r e s su re s  of 1-2 Mbar. The attenuation of shock waves 
crea ted  by the impact of thin plates in blocks of the investigated mater ia ls  was recorded  
in the experiments .  The Poisson ra t ios ,  bulk moduli, shear  moduli, and yield s trength Y 
for iron at 1.11 and 1.85 Mbar and for copper at 1.22 Mbar were determined f rom the 
experimental ly observed amplitudes and velocites of the unloading shock waves.  The 
shape of the curve of the change of the yield s trength of copper with an increase of p r e s -  
sures  to states of shock-wave compress ion  causing melting was determined on the basis 
of the resul ts  obtained and data of other invest igators .  The curve has a maximum at 
P ~  800 kbar corresponding to Y =280 k g / m m  2. The yield strengths for iron are  located 
on the ascending branch of the curve Y(P) and are  numerical ly  equal to !10 k g / m m  2 at 
1.11 Mbar and 270 k g / m m  2 at 1.85 Mbar.  The measured  values of Y exceed the yield 
strengths of uncompressed  metals  by a factor  of 5-7. The authors also recorded  a 
substantial increase  of Po i s son ' s  ra t ios  with increase  of p re s su res  in the investigated 
metals .  

This ar t ic le  presents  the resul ts  of a determination of the s t rength and elast ici ty of copper and mild 
steel (0.2%C) behind the front  of s t rong shock waves.  To obtain the necessa ry  experimental  information 
on the elast ici ty and s t rength of solids at high shock-wave p r e s su re s ,  we conducted observations of the ex-  
pansion of the specimens af ter  their  shock-wave compress ion.  As was shown for the f i rs t  t ime exper i -  
mentaIly in [1], unloading of shock-wave compressed  metals  occurs  in two stages.  In the f i r s t  stage it is 
accomplished by one-dimensional  elast ic  waves,  and in the second stage - the field of transit ion of the ma-  
ter ia l  to a plast ic state - by plastic three-dimensional  deformation waves propagating with smal le r  ve loc-  
i t ies.  By means of the same method as in [1], which is based on a study of the attenuation of 'waves created 
by the impact of thin plates,  in subsequent studies the amplitudes of the unloading elast ic waves were de- 
te rmined and the cr i t ical  shear  s t r e s se s  were  es t imated in aluminum [2-6] in the p res su re  range f rom 300 
to 680 kbar and in copper [6] at p r e s s u r e s  of 340 and 860 kbar. In the investigation to be presented the 
s t rength and elast ic  cha rac te r i s t i c s  of copper and iron are  found at even higher p re s su re s ,  1-3 Mbar. 

The elastoplast ic  model of the medium used and the schemes of shock-wave loading and unloading 
necessa ry  for interpret ing the resul ts  obtained are  presented in the f i r s t  section of the ar t icle .  Experi-  
mental data are  given in the second section. The third  section is devoted to their  subsequent t rea tment  
and discussion.  

1. Schemes of One-Dimensional  Elastoplastic Deformation. In a macroscopic  considerat ion a sub- 
stance during passage of shock waves experiences one-dimensional  deformation in the direction of t ravel  
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"TABLE 1 

:Metal I D. ] U. ~ : : r  t S eries km/ km/ 
/ sec see 

II Fo 7.075[ 2.00 ] t . t t0  
III Cu 6.90 [ t.98 1.220 

e/ i / 1 . /  
Fig. i 

I 
P/Po 

T. 
I =J~" % o K Al%, ' kb ar km/s ec I 

1.5031 4400 210+35 3.67:J:0.I0 9.75J~-0.2 
I. 3941 2500 80:~20 4.13+0.10 8.32-{-0.15 

2300 1.402] I00:J:20 4.40_~:0. t0 7'81~:0.15 

of the wave front .  The deformat ions  a r e  equal to ze ro  
in perpendicular  d i rect ions  lying in the plane of the wave 
front.  Expansion of a substance  in plane unloading waves  
has the s ame  c h a r a c t e r .  

In e las t ic  phases  of c o m p r e s s i o n  and expansion the 
re la t ion  between the s t r e s s  components  and ave rage  p r e s -  
su re  in the p re sence  of one-dimensional  deformat ion is 
es tab l i shed  by the re la t ionships  

dp~ ~ p,,, 3p = p,, -f- 2p~ (1.1) 

which follow directly f r o m  t tooke,s  law. Here  Pn is c o m -  
p r e s s i v e  s t r e s s  in the direct ion of s t ra in ;  the PT a re  the 
c o m p r e s s i v e  s t r e s s e s  in perpendicu la r  direct ions;  p is 
the "hydros ta t ic"  p r e s s u r e ;  a is P o i s s o n ' s  ra t io .  

In the p las t ic  s tate  the va lues  of the components  sa t is fy  the p las t ic i ty  condition 

p~, - -  p.t = ! Y (P, T) (1.2) 

which takes  into account the dependence of the y ie ld  s t rength  Y both o n p r e s s u r e  and on t e m p e r a t u r e  T. 

The behavior  of e las toplas t ic  m a t e r i a l s  during shock-wave  compres s ion  and subsequent  expansion 
according to [7, 8] is shown schemat ica l ly  in the d i a g r a m s  of Fig. 1. The s t r e s s  components  Pn and p~ a re  
laid out along the axes  in Fig. l a .  The inclined solid l ines of the d iag ram r e p r e s e n t  sect ions  of the boun- 
dary su r faces  sat isfying Eq. (1.2). Since the yie ld  s t rength  depends on t e m p e r a t u r e ,  the shape of the boun- 
dary su r faces  is different  for  different  the rmodynamic  p r o c e s s e s .  Fo r  s ta tes  s i tuated near  the adiabat ic  
curve  the interval  between the boundary su r faces  at  f i r s t  i nc r ea se s  with ampli tude of the shock wave under 
the effect  of p r e s s u r e s ,  and then dec rea se s  as the t e m p e r a t u r e  of shock-wave compres s ion  i n c r e a s e s , v a n -  
ishing upon mel t ing of the substance .  

According to t radi t ional  concepts ,  at shock-wave  compres s ion  p r e s s u r e s  exceeding the Hugoniot e l a s -  
t ic  l imi t  the c h a r a c t e r i s t i c s  of the med ium co r r e spond  to s ta tes  of the upper  boundary sur face  of p las t ic  
flow. Under these  conditions the behavior  of the medium with r e s p e c t  to the d i rec t ion of fu r the r  d e f o r m a -  
tion is a s y m m e t r i c .  Fo r  "posi t ive"  deformat ions  coinciding in sign with the preceding  deformat ion  of the 
shock pas sage  the cha r ac t e r i s t i c  point of the s ta te  moves  away f r o m  the origin of the coordinates ,  re ta ining 
i ts  posit ion on the sur face  of p las t ic  flow (line 1-2). In the case  of "negat ive"  deformat ion  of expansion an 
e las t ic  unloading s tage is r ea l i zed  along isent rope 1-3, which is completed with a r r i v a l  of the c h a r a c t e r -  
is t ic  point on the lower  boundary sur face .  On the bas is  of Eqs.  (1.1) and (1.2) the max imum ampli tude of 
the unloading shock wave is 

�9 2 t - - Z y  
P ~ - - P s = ~ P ~ =  ~ (1.3) 

An a l te rna t ive  hypothesis  is that  hydros ta t ic  s ta tes  located along the b i sec to r  of a r ight  angle, along 
the midline of the e las t ic  zone, occur  behind the shock front  as a resu l t  of re laxa t ion  p r o c e s s e s  taking place 
at the front .  This  hypothesis ,  requi r ing  exper imenta l  substantiat ion,  r educes  the m a x i m u m  ampli tude of 
the unloading e las t ic  waves  by half in compar i son  with (1.3). 

The re la t ive  posit ion of the e las t ic  and "p las t ic"  i sen t ropes  and the Hugoniot adiabat ic  curve  a r e  shown 
schemat ica l ly  in Fig. lb .  The normal  component  Pn is plotted along the y axis and the natural  logar i thms  
of the ra t io  of the cu r ren t  value of density p to its initial value P0 a re  laid out along the x axis .  In these  
va r i ab l e s  the s lopes of the curves  cha rac t e r i ze  the bulk moduli ( r ec ip roca l s  of compress ib i l i ty )  of the m e -  
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dium. Three curves  important  for fur ther  considerat ion in tersect  state 1 of shock-wave compress ion:  
isentrope 1-2(Ps) with bulk modulus 

Ks = pCs 2 (1.4) 

curve 1-3 of one-dimensional  elast ic  expansion (pse), having modulus 

Ke = pCe 2 = ~ K s  (1.5) 

and the shock adiabatic curve PH(P). Its modulus KH=dPn/d  In p according to [9, 10] is re lated with (1.4) 
by a thermodynamic  identity 

�9 2Ks = T [(1 + 2T -1 --  ppo -t) Krz + Pn] (1.6) 

In Eqs. (1.4)-(1.6) CS is the plast ic  sound velocity,  i .e . ,  the propagation velocity of weak volume dis-  
turbances;  C e is the propagation veloci ty of one-dimensional  elast ic  deformations,  or the elast ic sound ve -  
locity; Y is the Gruneisen gamma,  equal to the ra t io  of thermal  p res su re  to thermal  energy density. 

Experiments on shock-wave compress ion  of solid and porous specimens of investigated mater ia ls  
yield the necessa ry  information both on the Gruneisen gamma and on the slopes of the dynamic adiabatic 
curves .  If in wave veloci ty D versus  mass  velocity U coordinates the shock adiabatic curve is given on 
some segment  by the l inear  relat ion 

its modulus is 

D = Co + Z U  (1.7) 

Ku = P (D + ~.U) (D -- U) 2 Cot (1.8) 

For  known K H and y Eq. (1.6) can be used for  calculating the isentropic bulk modulus KS. We note 
that it can be found also on the basis of the sound velocity CS, as was done in [1]. 

The sea rch  for the modulus of one-dimensional  elast ic  deformation Ke, Po i s son ' s  rat io (r, and dy- 
namic yield s t rength Y, as follows f rom Eqs. (1.3) and (1.5), requires  independent additional experimental  
measurements  of the propagation veloci t ies  Ce and amplitudes Apn of the unloading elast ic waves.  

2. Experimental  Method and Results .  To determine C e and Apn we used the "overtaking unloading 
method" i l l ,which is based on a study of attenuation in the investigated mater ia l  of the shock waves ar is ing 
upon impact of thin plates.  In the s imples t  var iant  of the method the striking plates and specimens are  
made of the same mater ia l .  

As we see f rom the path x ve r sus  t ime t d iagram (Fig. 2), shock waves OC and OAA'BD propagate 
f rom the site of collision O along the specimen and s t r iker .  At the moment of a r r iva l  of the shock wave 
on the r ea r  surface of the s t r iker  a centered elastoplast ic  unloading wave occurs  at point C which over -  
takes the shock wave and causes its attentuation. The ar r iva l  of the front of the unloading elast ic  wave at 
the t ra jec tory  of the shock wave occurs  at  distance 

I --]- M 
le = ~ A (2.1)  

where A is the thickness of the str iking plate and M = (D--U)/Ce is the Mach number for the elast ic  wave. 
Equation (2.1) permi ts ,  having revealed  the place of overtaking, finding M and consequently the velocity 
of the elast ic  wave Ce for known values of velocit ies D and U. In turn the amplitude Apn of the unloading 
elast ic  wave is found f rom the decrease  of p r e s su re s  on the unloaded section of the t ra jec tory  A'B.  
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Numerous experiments  were  ca r r i ed  out for an ex-  
perimental  determination of d is tance-varying amplitudes of 
shock waves on specimens - obstacles of different thickness.  
The amplitude of the wave at a given distance f rom the col -  
l ision surface,  as in [1], was found f rom the velocity of athin 
(0.15 mm) aluminum plate placed on the free surface of the 
obstacle.  As an analysis  of the propagation of shock waves 
and unloading waves along the plate showed, the velocity of 
the plate charac te r i zes  the state of the shock front at a dis-  
tance of about 0.2 mm f rom its boundary with the specimen.  
The t imes and consequently the veloci t ies  of the plates were  
recorded  on a high-speed moving-image camera  on the basis 
of the duration of the glow of the shock wave in the air  gap. 
The glow arose  at the instant of movement of the plate and 
stopped when it s t ruck a Plexiglas obstacle installed at a dis-  
tance of 6-8 mm f rom the investigated specimen.  The con- 
vers ion  f rom the t ravel  velocity of the aluminum plates to 
the mass  velocit ies behind the shock front was accomplished 
by means of special calibration experiments  in which we mea-  
sured the velocity of the plates acquired under the effect of 
shock waves of known amplitude. 

In all, we conducted three ser ies  of experiments ,  each of which consisted of 20-25 experiments .  The 
resul ts  of the experiments  are  presented in Figs.  3-5 as a function of the path of attenuation r e fe r r ed  to 
the thickness of the str iking plate, which in all experiments  was 1.5 mm. Data published ea r l i e r  in [1] are  
marked  by t r iangles  in Fig. 3. The f i r s t  two graphs i l lustrate the resul ts  obtained on steel specimens at 
initial p r e s su re s  of 1.85 and 1.11 Mbar, and the third graph the data of measurements  taken on copper at 
a collision p re s su re  of 1.22 Mbar. On each attenuation curve we clear ly see the place of a r r iva l  (marked 
by an arrow) of the unloading wave at the t ra jec tory  of the shock wave and the decrease  of the mass  ve -  
locity caused by it. The attenuation curves  calculated in a hydrostat ic  approximation without considerat ion 
of s trength effects and longitudinal expansion waves are  shown by a dashed line in the graphs.  

To change f rom mass  veloci t ies  to shock-wave p res su res ,  we used the laws of conservat ion and the 
D - U  relations [11] (the values of velocit ies here and henceforth are  given in km/sec)  

D = 3.85 -~ i.615U (2.2) 

D = 3.95 + i.50U (2.3) 

which general ize the resul ts  of numerous previously published experiments  (see re fe rences  in [8]). 

The resul ts  of treating the experimental  data are  presented in Table 1. Here for each se r ies  of ex-  
per iments  a re  given the initial pa rame te r s  of the shock waves,  i.e., their  wave D and mass  U velocit ies,  
p r e s su re s  Pn, relat ive compress ions  of the mater ia l  P/Po, est imated tempera tures  T, p r e s s u r e  drops Ap n 
in the unloading elast ic  wave obtained in experiments ,  relat ive distances of the f i r s t  overtakings le/A, and 
the veloci t ies  of the elast ic  waves Ce calculated f rom Eq. (2.1). 

3. Elastoplasttc P a r a m e t e r s  of Iron and Copper at Higher P r e s s u r e s  and Tempera tu res  of Shock- i 
Wave Compress ion.  The next step necessary  for reaching the final goals of the investigation was to de- 
termine the bulk moduli KS by Eq. (1.6). The Gruneisen pa ramete r s  figuring in Eq. (1.6) were  found by 
two methods - f rom the experimental  data on the compressibi l i ty  of solid and porous specimens [11, 12] 
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velocity by the overtaking unloading method. 

and f rom the equations of state of iron and copper f rom [13]. 
The values of 7 used for the initial states of shock-wave com-  
press ion  are  given in Table 2. The slopes of KH of the shock 
adiabatic curves  for their  unloaded states calculated by Eq. 
(1.8) with the use of pa ramete r s  C o and k f rom (2.2) and(2.3) 
a re  given there  also. The calculated moduli KS are  com-  
pared in Table 2 with the moduli of one-dimensional  elast ic 
compress ion  Ke =pCe 2 found f rom the values of Ce in Table 1 
and shear  moduli G =3/4(Ke-Ks). The table presents  Po is -  
son ' s  ra t io  ~ and yield s t rength Y calculated by (1.5) and (1.3) 
and f rom the experimental  values of Ap n. Along with the val -  
ues of K S the table contains, in parentheses ,  the bu[kmoduli  
found experimental ly in [1] by measur ing the plastic sound 
To eliminate the distort ing effect of the leading elast ic  wave 

in [1], the states of the shock wave were  r eco rded  in the region of s t rongat tenuat ion,  at sections of its t r a -  
jectory remote  f rom the place of the f i r s t  overtaking. 

We will examine more  thoroughly the effect of p r e s su re s  and tempera tures  on the elast ic  cha rac t e r -  
is t ics  of a metal  with re fe rence  to copper ,  which does not experience phase t ransi t ions.  

In Fig. 6 the values of the investigated pa ramete r s  are  presented as a function of shock-wave com-  
press ion  p r e s s u r e s .  The moduli KS, Ke, and G are  given in a logar i thmic scale and Po i s son ' s  rat io ~ in 
a l inear .  The bulk modulus in the sol id-s ta te  region represen t s  a monotonically increasing function of p r e s -  
sure .  Its values calculated by Eq. (1.6) agree  sat isfactor i ly  with the data in [1] (dotted line). For  the mod-" 
ulus of one-dimensional  deformation Ke we know its initial value, value at p =400 kbar f rom [1] (triangle), 
and value at p = 1.200 Mbar (circle) found in this investigation. The convergence of moduli KS and Ke in- 
dicates,  as follows f rom Eq. (1.5), a considerable increase  of Po isson ' s  rat io f rom 0.34 to 0.40 with in- 
c rease  of p re s su re .  A slower increase  of the shear  modulus G in compar ison with K S and Ke is a con- 
sequence of this effect. 

At a p r e s su re  of 2.05 Mbar melting occurs  in shock-compressed  copper, according to [i4]. As for any 
fluid, here the effective values are  G = 0, (r= 0.5, and Ke = KS as a consequence of the decrease  of yield strength 
to zero .  The sections of the curves  interpolated to these values shown in Fig. 6 by a dot-dash line c o r r e -  
spond to states with thermal  relaxation t imes of tangential s t r e s s e s  comparable  with the charac te r i s t i c  
deformation t imes .  The probable t rue values of the elast ic  pa ramete r s  undistorted by relaxation phenomena 
are  given in Fig. 6 by dashed curves .  

The evolution of the s t rength charac te r i s t i c s  of the investigated metals  is shown in Fig. 7 as functions 
Apn(p n) and Y(Pn). In addition to the data of the present  study (circles) Fig. 7 also shows the resul ts  of 
measurements  obtained in [6] (squares).* 

The experimental  values of &Pn and Y are  located on both sides of the maximum at p,,, 800 kbar.  The 
approximately drawn descending branches of these functions touch the x axis at a melting p ressu re  of 2.05 
Mbar. The data for iron (crosses)  lie on the ascending branches  of their  curves .  

We will es t imate  for the value a =2/3 Y/Pn the degree of the nonhydrostatic cha rac te r  of the states 
occurr ing  behind the shock front. For  iron a =17o at Pn=1.85 Mbar and a =0.7% at Pn= l .1  Mbar. F o r c o p -  

*In [6] the change by means o f  Eq. (1.3) f rom the experimental  Ap n to Y was done at a constant ~=0.34.  
The values of Y shown in Fig. 7 for 340 and 860 kbar were calculated on the basis of increased ~ c o r r e -  
sponding to the graph in Fig. 6. The converted Y are  respect ively 24 and 35% less than the values published 
in [61. 
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per  ~ =0.8~0 at pn=1.22 Mbar. These slight deviations never the less  have a considerable effect  on expan- 
sion p roces se s  of shock-compressed  metals  - as the resu l t s  of this study showed, the re la t ive  dec rease  
of Ap n of shock-wave compress ion  p r e s s u r e s  in the leading unloading elast ic  wave reaches  10%. In ab- 
solute value the r eco rded  dynamic yield s trengths exceed the i r  values  for  normal  conditions by a fac tor  
of 5-7. 
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