
5.  I n e q u a l i t i e s  f o r  an  E q u a t i o n  o f  S t a t e  o f  t h e  F o r m  E ( v ,  D, A ,  S) 

It is of in te res t  to r e fo rmu la t e  the inequali t ies  (1.7)-(1.9) for  an equation of state E =E(v,  D, A, S), which 
is f requent ly  used  in applicat ions [A =1/3  (d~ + dl+ d~)]. However,  the re laxa t ion  of tangent ia l  s t r e s s e s  as a 
resu l t  of p las t ic  deformat ions ,  c h a r a c t e r i z e d  by a re laxa t ion  t ime  v, occu r s  more  rapidly  the l a r g e r  the value 
of the tangent ia l  s t r e s s e s ,  i .e. ,  the l a r g e r  the values  of  D and A. As a r e su l t  of the essen t i a l ly  nonl inear  
c h a r a c t e r  of the dependence of ~- on the tangent ia l  s t r e s s e s  [1], in actual  p r o c e s s e s  

{dj] ,,-k ld.z[ 4- [d,I << 1, D < <  1, [AI << l .  

Under these  conditions by neglect ing the t e r m s  containing d i as fac tors ,  inequali t ies (1.7)-(1.9) can be 
wri t ten in the f o r m  

r = ED > O, c ~ = v ~ E ~  + (2/3) E~ > 0, ] 
l = vE~s < O, T = E s  > O, g = - -  ED < 0, l (5.1) 
q = - -  2ED + 2vE~o A- v 2 E ~  -? (4/3) Ea < 0, a ~ = v 2 E ~  > O. 

The inequali t ies 

E D > 0, E ~  > O, E~ s < O, EVD < 0, E~v~ < 0, E A < 0, 

which are  sa t i s f ied  for  interpolat ion fo rmulas  of the equations of s tate  E(v,  D, S) given in [3], a re  sufficient 
to ensu re  that (5.1) are  sa t i s f ied .  

The author thanks S. K. Godunov and E. I. Romenski i  for  t he i r  in teres t  in the work.  
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S H O C K  A D I A B A T S  O F  A L K A L I  H A L I D E  C R Y S T A L S  

V .  A.  Z h d a n o v  a n d  V .  V .  P o l y a k o v  UDC 539.21 

Nonpa rame t r i c  calculat ion of shock adiabats  makes  it possible  to re la te  s h o c k - c o m p r e s s i o n  p a r a m e t e r s  
of a m a t e r i a l  d i rec t ly  de te rminable  in exper iment  with p a r a m e t e r s  cha rac t e r i z ing  the ma te r i a l  on an a tomic  
level .  Es tab l i shment  of  such a re la t ionship  is a n e c e s s a r y  s tep in p r e l i m i n a r y  calculat ion of s h o c k - c o m p r e s -  
sion p a r a m e t e r s ,  which are  of  g rea t  s ignif icance in planning expe r imen t s  and in p rob l ems  involving cons t ruc -  
t ion with m a t e r i a l s  having given op t imum p r o p e r t i e s .  

Nonpa rame t r i c  calculat ion of shock adiabats  of alkali  halide c ry s t a l s  is of in teres t  because these  c r y s -  
t a l s  have been studied expe r imen ta l ly  in g rea t  detail,  allowing expe r imen ta l  ver i f ica t ion  of ca lcula t ions .  At 
the same t ime ,  if we cons ider  that  many inorganic ma te r i a l s ,  including s i ta l l s ,  g l a s se s ,  c e r a m i c s ,  and some 
explos ives ,  have ionic o r  p redominant ly  ionic bonds, study of alkali  halide c r y s t a l s  is n e c e s s a r y  t o b e a b l e  
to consider  the behav ior  of these  m a t e r i a l s  under s h o c k - c o m p r e s s i o n  conditions.  

The shock adiabat PF(V) can be ca lcula ted  with the fo rmula  [1] 

ex (v) + ~ (v) IEo -- v (V)llV (i) 
Pr (V) : l + 7 (v) Ii --  Vo/Vl/2 ' 

Tomsk .  T r a n s l a t e d  f r o m  Zhurual  Pr ikladnoi  Mekhaniki i Tekhnicheskoi  Fiziki,  No. 5, pp. 123-128, Sep- 
t e m b e r - O c t o b e r ,  1976. Original  ar t ic le  submit ted  SePtember  18, 1975. 
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T A B L E  1 

Phase B1 , 

v. Ek&t/ V- Px, kbar Vr,kbar 
mole 

Phase B2 

E~ Px, v-e* keal /  kbar Pr, 
v mole 

kbar 

LiBr 

NaBr 

KBr 

RbF 

RbCI 

RbBr 

T A B L E  2 

Chemical 

compound 

Lil3r 
NaBr 
KBr 
RbF 
RbCI 
RbBr 

tA2 1.1 40 47 
t.20 2.8 75 85 
t.28 5.4 t t9 136 
t.36 9.2 t77 205 
t.56 22 346 434 
t.80 42 6t8 896 

t.13 1.3 29 33 
i.26 5.2 78 87 
t.42 i3 t57 t84 
t.50 t9 2t2 259 
1.60 26 282 365 
t.69 36 369 5t4 

t . t2 t . t  21 26 
t . t7 2;5 38 44 
i.23 4.6 60 6.9 

t.06 0.4 15 2l 
t . t2 1.6 43 50 
t . t9 3.6 79 90 
1.27 6.8 126 t45 

t.t4 1.4 26 39 
t.19 3.0 44 49 
t.26 5.4 66 75 

1.37 7.8 86 90 
L46 i0 t37 158 
1.55 t4 204 256 
t.66 19 288 396 
i.77 26 395 602 
t.89 35 532 9t8 

t.39 6.3 57 64 
t.47 8.8 90 1t0 
t.64 t6 180 260 
1.74 22 246 392 
i.84 30 326 587 
t.95 39 425 896 

t.3t 3.8 22 24 
t.37 5.t 41 5i 
1.45 7.3 67 89 
t.52 t0 98 t42 
t.60 t4 t38 2t9 
t.69 t9 t87 333 
t.79 25 248 511 

1.30 4.4 36 39 
i.37 6,3 76 92 
1.46 9.2 128 t7t 
t.55 13 t94 288 
1.64 t9 28t 469 
t .75 26 ~hq6 752 

1.33 4.2 28 3t 
1.40 5.6 48 59 
t.47 8.t 75 .98 
1.55 t t  107 153 
i.63 15 t49 232 
t .72 21 200 348 
1.82 28 265 530 

v., cmS/g 

calcula- experimen- 
tion taldata [5] 

0.255 0.9.89 

0.325 0.312 
0.342 0.363 
0.254 0.259 
0.343 0.355 
0.284 0.298 

roe, cm3/g 

calcula- 
tion 

0.250 
0.319 
0.335 
0,249 
0.336 
0 278 

calcula- 
tion 

t.38 
t.58 
1.75 
t.7i 
t.73 
t.86 

20 
44 
76 

122 
189 
287 
442 

?(vo) 
experimen- 
tal data 
[7-9] 

t.94 
t.65 
t.50 
t,40 
t.39 
t,42 

w h e r e  U(V) i s  t h e  b i n d i n g  e n e r g y  o f  t h e  d e f o r m e d  l a t t i c e ;  Px(V)  i s  t h e  p r e s s u r e  at  z e r o  i s o t h e r m ;  y (V) i s  t h e  

G r i i n e i s e n  c o e f f i c i e n t ;  a n d  V 0 a n d  E 0 a r e  t h e  v o l u m e  a n d  i n t e r n a l  e n e r g y  o f  f r e e  c r y s t a l  w i t h  l a t t i c e  B1 a t  r o o m  

t e m p e r a t u r e .  A s t a t i s t i c a l  a p p r o x i m a t i o n  o f  t h e  q u a n t u m  t h e o r y  o f  s o l i d s  m a k e s  i t  p o s s i b l e  t o  c a l c u l a t e  t h e  

f u n c t i o n s  U(V) a n d  Px(V)  w i t h o u t  u s e  o f  e x p e r i m e n t a l  d a t a  [2], In  t h i s  a p p r o x i m a t i o n ,  w h i c h  i s  a q u a s t c l a s s i c a l  

f o r m  o f  t h e  H a r t r e e - - F o c k  m e t h o d ,  t h e  c r y s t a l R n e  l a t t i c e  b i n d i n g  e n e r g y  f u n c t i o n  i s  e x p r e s s e d  in t e r m s  o f  t h e  

e l e c t r o n  d i s t r i b u t i o n  d e n s i t y  f u n c t i o n  in  t h e  c r y s t a l  a n d  s t r u c t u r a l  e l e m e n t s .  F o r  i o n i c  c r y s t a l s ,  we  c h o o s e  

a s  t h e  s t r u c t u r a l  e l e m e n t s  f r e e  i o n s ,  a s s u m i n g  t h a t  t h e  e l e c t r o n  d i s t r i b u t i o n  d e n s i t y  in  i o n s  d o e s  n o t  c h a n g e  

u p o n  t h e i r  u n i f i c a t i o n  i n t o  a l a t t i c e ,  w h i c h ,  a s  c a l c u l a t i o n s  f o r  a l k a l i  h a l i d e  c r y s t a l s  r e v e a l ,  i s  a g o o d  a p p r o x i -  
m a t i o n .  W e  o b t a i n  t h e  b i n d i n g  e n e r g y  f u n c t i o n  in  t h e  f o r m  [3] 

e, ~ "  z , z  b e ' ~ '  Z"Pb (r) e' " P~ (rlPb (r') t {/t [p, + Pbl - -  R[ p, l  R [phil dr, Y ----- ~ iRa---~--~b I [ r _ _ R i  dr .~- -~- i t__r,  I drdr' + -~  

7 0 0  



TABLE 3 

Chemi- Param.l Exptl. 
calcom-~mrs,a~Calc, d a t a  Calc. 
pound [km~ec l [14] 

LiBr 

NaBr 

KBr 

RbF 

RbC1 

RbBr 

a 2,58 
b t,40 

a 2,59 
b 1,43 
a 2,34 
b i,53 
a 2,62 
b 1,53 
a 2,47 
b i,50 

a 2,09 
b 1,60 

2,6 
t,4 

2,6 
1,3 

m 

m 

i,5" 
t,6" 
t,4' 
t,6" 

1,89" 
t,5i* 
t,93" 
1,53" 
i,69' 
1,62" 

2,i2" 
t,62" 
i,74" 
t,6t* 

t,44" 
i,67" 

Pr, Mbar / / 

"21 o~ / o /  

' / / . /  0~8i L i, Br 

o,4q o I B 2  B//BI J . 
81 

C, } l / x /  ~ ~  . j ,  ,... 
F,C !~4 1,8 VocIv 

o 

sec  L 81 8 r  

( 

4 m2 
A5 

~r4 

2 
o 4 ,~ u, km/sec 

Fig. 1 Fig. 2 

where Z a and R a are the charge and rad ius -vec to r  of the a- th  nucleus; Pa(r) is thee lec t rondis t r ibu t iondens i ty  
function in the a- th  ion; the nonlinear opera to r  R is defined by the equation 

)7[/} = • p/~ + ~j413 
x h = 3 5 / 3 n ~ / 3 h 2 / t O m ,  u e . . . .  34/~e2]4n~/3 .  

The e lec t ron densities Pa(r) are const ructed f rom wave functions, found by solution of the H a r t r e e - F o c k  equa- 
tion for isolated ions. On the basis of the binding energy function obtained in the s tat is t ical  approximation [4] 
we constructed shock adiabats of NaC1, which proved to be in good agreement  with experiment,  confirming the 
validity of the model and approximations upon which the nonparametr ie  calculation is based. 

In the present  study we will pe r fo rm analogou~ calculations for LiBr ,  NaBr, KBr, RbF, RbC1, and RbBr 
c rys ta l s .  Nonparametr ic  equations of state were obtained for these c rys ta l s  in phases B1 (NaC1 lattice) and 
B2 (CsC1 lattice), which were proved valid by comparison with experiment in the static p ressu re  region. Shock 
adiabats of the B1 lattice were calculated with Eq. (1) using calculated values of V 0 and Eo; calculations for the 
B2 lattice were pe r fo rmed  with Eq. (1) with the same initial state pa rame te r s  and values of U(V), Px(V), and 
y (V), r e fe r r ing  to phase B2. 

The shock-compress ion  p r e s s u r e s  PF{V) obtained are presented in Table 1, which also shows p re s su re s  
Px and energies  E x of the zero  i sotherms as fimctions of relative compress ion  Vo/V. Table 2 presents  ca l -  
culated values of specific volume Vo which are close to the experimental  data of [5]. TheGr(ineisen coefficients 
7 (V) were calculated with the formula  of Zubarev and Vashchenko [6]. Values of y Wo) for free latt ices shown 
in Table 2 agree wellwith experimental  values f rom [7-9]. 

The data of Tables 1 and 2 may be used to obtain sca la r  equations of state for alkali halide crys ta ls  co r -  
responding to hydrosta t ic  compress ion .  To compare  the resul ts  of calculation with static measurements  pe r -  
formed at room tempera ture ,  it is n e c e s s a r y  to take the p ressu re  Px as a function of relative compress ion 
Voc/V , where Voc is the calculated volume of a free c rys ta l  with lattice B1 at t empera ture  0*K. 

Figure 1 shows calculated shock adiabats for c rys ta l s  L iBr  and KBr (experimental data: 1 - [1 0]; 2 - [11]; 
3 - [12]). For  LiBr  the experimental  points f rom [10] corre la te  well with the curve of phase B1; the transit ion 
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to the dense phase was not achieved exper imenta l ly .  In the case of KBr the phase t rans i t ion occurs  in the low- 
p r e s s u r e  region. In the t rans i t ion  region the location of the exper imenta l  points f rom [11] agrees  well with 
the calculated curves  for  phases B1 and B2. At higher  p r e s su re  the exper imenta l  data [11, 12] are close to 
the calculated curve for  phase B2. At p r e s s u r e s  above ~400 kbar  the exper imenta l  points deviate sharply 
f rom the calculated B2-phase curve,  which is evidently caused  by the fusion occur r ing  in this region [13]. Ex-  
per imenta l  data on PFW),  for  o ther  c rys ta l s  p resen ted  in Table 1 were not available.  

The shock adiabats obtained for  LiBr ,  NaBr,  KBr, RbF, RbC1, and RbBr c rys ta l s  allow calculat ion of 
the relat ionship between shock-wave veloci ty  D and mass velocity u, which can be ver i f ied  exper imenta l ly .  
The following relat ionships  based on conservat ion laws were  used for  calculation: 

D(V) ----~/Pr(Vo-- V), u(V) = Vo~/Pr/(Vo- V), 

in which PF and V 0 were taken for  our  calculations.  The relat ionship between D and u obtained with tabular  
values of PF(V), can be approximated well over  a wide interval  by a function of the fo rm 

O = a + bu. (2) 

Table 3 shows the pa r ame te r s  a and b, de termined  f rom calculated veloci t ies  D and uby the method of l eas t  
squares  for  phases  B1 and B2 (values with as te r i sks  r e f e r  to B2 phase) for  the c rys ta l s  considered.  As is 
evident f rom Table 3, the t rans i t ion f rom the B1 phase to the B2 phase is re la ted  to an increase  in the slope 
of Eq. (2) and to reduction in p a r a m e t e r  a. Results  of calculating p a r a m e t e r s  a and b agree well with expe r i -  
mental  values f rom [14] for  both phases .  Figure 2 shows the location of exper imenta l  points r e f e r r e d  to the 
lines calculated f rom Eq. (2) for  LiBr ,  NaBr, and KBr crys ta ls :  1) [10]; 2) [15]; 3) [11]; 4) [12]. F o r  IABr 
and KBr the location agrees  complete ly  with Fig. 1; for  NaBr the exper imenta l  points taken with graphic ac-  
curacy  f rom [15] fit the calculated line corresponding to the B1 phase with sa t i s fac tory  accuracy.  

The shock-adiabat  calculat ion for  the RbF crys ta l ,  for  which exper imenta l  values are unknown, is an 
e x a m p l e  of beforehand calculation of shock-compress ion  p a r a m e t e r s .  The resu l t s  obtained may be cons idered  
as a model which should be cons idered  in in terpre t ing exper imenta l  data. 
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S H O C K  W A V E S  A N D  P H A S E  T R A N S I T I O N S  I N  I R O N  

N.  K h .  A k h m a d e e v  a n d  R .  I .  N i g m a t u l i n  UDC 539.89 

I N T R O D U C T I O N  

The p r o c e s s  of shock c o m p r e s s i o n  in ce r ta in  solids (iron, carbon,  KC1, KBr,  quar tz ,  many minera l s )  is 
accompanied  at i nc reased  p r e s s u r e  Ps by phase  t rans i t ions ,  i .e. ,  fo rmat ion  of new crys ta l l ine  phases  [1]. 
Changes in the wave configurat ions which then develop [2-4] pe rmi t  de terminat ion  of the c h a r a c t e r i s t i c  t imes  
of these  t r ans i t ions ,  which usual ly  c o m p r i s e  0.2-0.4 psec .  In [5-7] a s ing le -ve loc i ty  s i n g l e - t e m p e r a t u r e  model  
of a two-phase  v i scop las t i c  med ium was developed, which was used for  study of nonsta t ionary  shock waves  in 
Armco  iron with phase  t rans i t ions ,  and on the bas i s  of  the re la t ionship  between phase t rans i t ions  and ha rden-  
ing, the kinet ics  of the phase  t rans i t ion  ~ ~-- e in iron were  de te rmined .  In the p resen t  study an investigation 
of shock-wave propagat ion  in Armco  iron will be p e r f o r m e d  with considera t ion  of new expe r imen t s  [3, 4] in 
which the multiwave s t ruc tu re  of shock waves of var ious  in tens i t ies  w e r e  fixed d i rec t ly  by manganin s enso r s  a n d  
a light i n t e r f e r o m e t e r .  Under these  expe r imen ta l  condi t ions ,calculat ions  were  p e r f o r m e d  for  motion of shock 
waves  on the front  of  which phase t r ans i t ions  occur .  The kinet ics  of phase  t rans i t ion  will be studied and p r e -  
sented in g r e a t e r  detail  than in [6, 7]. 

w 1. The bas ic  equations in Lagrang ian  coordinates  (r, t) for  the case  of one-d imens iona l  motion with 
uniaxial  deformat ion  have the f o r m  

(P0/P) OPl/Ot -~ p~Ov/Or -~ (p0/p)/m = 0, 

(Po/P) Op~/~t + p~Ov/Or --  (po/p)~rm : 
(Pi 0 : p ~ a i ,  a 1 - ~  a 2 : l ,  p : P i  ~ P~, i : i ,  2), 

poOv/O t : Ooll/Or, (1.1) 
Po/P [p~Oe~/Ot + p~ae~lat +(% -- el) I12] = o~av/Or, 

o , , =  _ .  p = r ) =  .2(o  ~ r )  
d~n/dt = (4/3) ~ (P0/P) dr~Or, x '1 ~ x*, 

where Pi, P[, a i ,  ei  are the mean density,  t rue  density,  volume content, and speci f ic  in ternal  ene rgy  of the i - th  
phase;  p, v, T are  the density,  veloci ty ,  and t e m p e r a t u r e ;  o al, ~-11, p are  the s t r e s s  t enso r ,  s t r e s s  deviator ,  
and hydros ta t ic  p r e s s u r e  in the medium; g, ~-* are the shea r  modulus and e las t ic  l imit ,  for  the descr ipt ion 
of which Mises c reep  condi t ionswi l lbe  used; I12 is the veloci ty  of phase t r ans i t ions  for  which the following r e -  
la t ionships  are  fulfilled: I12 = j 12 - J 21 ;fOr the 2 ~ 1 t rans i t ion j 12 = 0, J21 > 0 ; for  the 1--* 2 t rans i t ion  j 12 > 0, J~l = 0; i f  
the re  are no phase t r ans i t ions  Jl2 =0, J21 =0. 

The intensi ty of the phase  t r ans i t ions  cons idered  is g r ea t e r ,  the more  the p r e s s u r e  p exceeds  the p h ase -  
t r ans i t ion  p r e s s u r e  Ps(T), i .e . ,  the g r e a t e r  the nonequil ibrium. Kine t ics leading  to re ta rda t ion  of phase  t r a n -  
si t ion and achievement  of  me tas tab le  s ta tes  occur  in the case  of the t rans i t ion  Fe cy ~-~-Fe e .  We will a ssume 
[5-7] that  the phase - t r ans i t i on  veloci ty  depends on the difference of the phase the rmodynamic  potent ia ls  (for 
ident ical  p r e s s u r e s  and t e m p e r a t u r e s )  and on the volume content of the or ig ina l  phase .  Moreover ,  we allow 
sa tura t ion  of phase - t r ans i t i on  veloci ty  for  sufficiently grea t  deviations f r o m  the equi l ibr ium line. Then at 
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