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The velocit ies of elast ic rel ief  waves in commerc ia l  aluminum (AD1) and aluminum alloy 
(D16) samples  compressed  by a shock wave were measured  by the mos t  d i rec t  method. 
Using these resul ts  together  with the relationship for the three-dimensional  velocity of 
sound as a function of the intensity of the sound wave (derived on the assumption that the 
shock adiabat mid the one-dimensional  re lease  isentrope coincide when expressed  in 
p r e s s u r e / m a s s - v e l o c i t y  coordinates) ,  Young's modulus,  the shear  modulus,  and the Po i s -  
son coefficient are  calculated for shock -compres sed  aluminum. 

It was sho~rn exper imental ly  in [1] that the strength charac te r i s t i cs  of the mater ia l  largely  de te r -  
mine the charac te r  and pa rame te r s  of the re l ief  wave traveling through a shock-compressed  mater ia l  and 
also the attenuation pa rame te r s  of the shock waves. Also, two other papers  [2, 3] were devoted to the e re -  
ation of a method of determining the taw of s t ress  relaxat ion in a medium t ransmit t ing  a plane e las toplas-  
tic compress ion  or  rel ief  wave f rom a se r ies  of experimental  p ressu re  or mass -ve loc i ty  profi les.  In o r -  
der  to use this method it is n e c e s s a r y  to know the way in which the elast ici ty coefficients depend on the 
p re s su re  in the mater ia l  compressed  by the shock wave. These coefficients may be calculated f rom the 
equations of elast ic  theory if we know the velocity of longitudinal elast ic  waves and the " three-dimensional"  
velocity of sound at a given p re s su re .  The three-dimensional  (bulk) compress ion  modulus and, t o r t e -  
spondingly, the th ree-d imens iona l  velocity of sound are  calculated f rom the equation of state of the pa r -  
t i t u l a r  mater ia l ;  in o rde r  to determine the velocity of longituclinal elast ic  waves, additional measurements  
are  requi red .  

Measurements  of the velocity of longitudinal e last ic  waves in shock-compressed  metals  were f i rs t  
c a r r i ed  out in [1] by the l a t e r a l - r e l e a se  method. The "over taking-"  re lease  method was used in [4-9] to 
determine the veloci ty of elast ic  rel ief  waves (equal to the ~longit~dinal" velocity of sound) for  various 
p r e s s u r e s  behind the leading edge of the shock wave. This method is based on a study of the attenuation 
of the elast ic  waves ar i s ing  as a resul t  of the impact  of thin plates on the test  mater ia l .  In [10, 11] the 
velocity of elast ic  rel ief  waves was determined by using p res su re  profi les obtained with the aid of Man- 
ganin sensors .  In these papers  the p r e s s u r e  profile was recorded  in a certain section of the sample, to-  
gether with the veloci ty of the s t r iker .  The velocity of the elast ic rel ief  wave was then determined f rom 
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the measu red  time interval  between the instants of a r r iva l  of the leading 
edges of the shock wave and the rel ief  wave at the sensor ,  using data r e -  
luting to the thickness of the s t r iker ,  the velocity of the sound wave, and the 
degree of compress ion  behind the leading edge of the shock wave. 

Many measu remen t s  of the velocity of longitudinal elast ic  waves have 
been ca r r i ed  out in aluminum, copper, and iron for var ious p r e s su re s  be- 
hind the leading edge of the shock wave. However,  the resu l t s  of these m e a -  
surements  are  di s connected, insufficiently ae curate,  and in poor agreement  
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with each other. In this paper we shall present the results of the most direct method of measuring the 
velocities of elastic relief waves in shock-compressed aluminum alloys ADI and DI6 for pressures of up 

to 300 kbar. 

The arrangement of the experiments is indicated in Fig. i. In each experiment we simultaneously 
recorded the pressure profiles in two cross sections of the sample 1 using an OK-33 double-beam oscil- 
lograph, after applying a shock load to the sample by means of the striker plate 2, initially accelerated to 
a high velocity. Knowing the distance between the sensors, and after deterinining the time intervals be- 
tween the arrivals of the leading edges of the shock and relief waves at the first and second sensors from 
the oscillograins, we may find the velocity of the shock wave D and the Lagrange velocity of the elastic re- 
lief wave a I. Using these data and the shock adiabat we calculated the pressure p, the degree of com- 
pression P/Pc, the mass velocity in the sample behind the leading edge of the shock wave u, and the "lon- 
gitudinal" velocity of sound in Euler coordinates c,. 

hi order to record the pressure profiles we used Manganin sensors [12-14]. The sensitive element 

of the sensor was made from a piece of Manganin wire 0.I mm in diameter, which was bent into a zigzag 

and flattened in a press to a thickness of 0.02-0.03 rain. Leads constituting strips of copper foil 0.015 mnm 

thick were spot-welded to the ends of the Manganin strip so obtained. After malting the sensors these were 

vacuum-annealed at 150~ for 4 h. 

Each sample consisted of three plates 120 mm in diaineter with pressure sensors between them. 

The surfaces of the plates facing the sensors were polished. The sensors were separated from the sample 

by insulating Dacron or Teflon films 0.04-0.07 mm thick on either side of the sensor. The insulating films 

and sensors were bonded to the sample plates with vacuum grease, which also filled all cavities. The 

thickness of the plate facing the striker was 4-5 Into, the thickness of the second plate (base for measur- 

ing the velocity of the shock wave and the velocity of the leading edge of the relief wave) was 10-15 ram, 

and the third plate was 15 mln thick. 

The shoek waves were created in the samples by aluminum strikers 5 or 7 mnm thick, accelerated 

by an explosion; the diameter of the flat part at the instant of collision was no less than 60 Inin. The ve- 

locities of the strikers were 1.96 • 0.05, 2.20 • 0.07, 2.72 • 0.i km/sec. In order to reduce the pressure 

of the shock eoinpression of the samples, in a number of experiments we used copper screens 4 or 5 Inin 

thick, replacing the first plate of the sample. Measurements at pressures below I00 kbar were made by 

means of a powder gain. In these experiments the samples were compressed by a blow from an aluminum 

projectile 50 Inin in diameter ~ith a copper tip 4 Into thick. 

Typical oseillograms of the experiments are presented in Fig. 2 in which (a) represents an oseil- 

logram of the experiment on the ADI sample, loaded to a pressure of 95 kbar by the impact of an aluminum 

projectile with a copper tip, (b) represents the loading of the ADI sample to a pressure of 180 kbar by the 

iinpaet of an aluminum plate 7 Inin thick, while (e) and (d), respectively, represent the loading of ADI arld 

DI6 samples to a pressure of 270-277 kbar by the impact of an aluminum plate 5 Inin thick. In the experi- 
ments with the powder gun a "dip" was recorded at the top of the rectangular pressure pulse by both sen- 

sors (Fig. 2a). The appearance of a regionofreducedpressure moving behind the leading edge of the shock 
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wave is  due to the ref lect ion of the r e l i e f  wave (a r i s ing  as the shock wave 
pa s s e s  through the insulat ion of the f i r s t  sensor)  f r o m  the in te r face  be-  
tween the a luminum sample  and the copper  tip of the pro jec t i le .  

We see  f r o m  the p r e s s u r e  prof i les  in Fig.  2b-d that  the separa t ion  
of the r e l i e f  wave into e las t ic  and p las t ic  waves with a zone of s t r e s s  r e -  
laxation between them is quite c l ea r ly  recorded .  

In de te rmin ing  the t ime in te rva l s  between the a r r i v a l s  of the leading 
edges of the shock and re l i e f  waves  at each senso r  f rom the osc i l log rams ,  
we al lowed fo r  the d i sp lacement  of the osc i l lograph beams re la t ive  to one 
another  along the x axis ,  the nonl inear i ty  of the sweep,  and the fact  that  
the x and y axes  cor responding  to the deviation of the osc i l lograph beams  
were  not quite perpendicu la r  to one another .  The veloci t ies  of the shock 
and r e l i e f  waves  were  calculated a f t e r  allowing a cor rec t ion  for  the th ick-  
ness  of the s enso r  insulation. 

The r e su l t s  of the m e a s u r e m e n t s  a r e  shown by the c i r c l e s  in Fig. 3a 
in coordinates  of the Lagrange  veloci ty  of the e las t ic  r e l i e f  wave a l and 
the m a s s  veloci ty  of the m a t e r i a l  behind the leading edge of the shock 
wave u. Each point was obtained by ave rag ing  three  to six independent 
m e a s u r e m e n t s .  The values  of the m a s s  veloci ty  exceeding 0.7 k m / s e c  
were  calculated f rom the veloci ty  of the shock wave, using the shock ad ia -  
bat  of the samples .  F o r  shock waves  of lower  in tens i ty  the values  of 
the m a s s  veloci ty  were  calculated f rom the m e a s u r e d  p r e s s u r e  behind the 
leading edge  of the shock wave, in view of the fac t  that  the veloci ty  of the 
leading edge of the shock wave could not be m e a s u r e d  accu ra t e ly  enough. 
F o r  c o m m e r c i a l  a luminum AD1 and Duralumin D16 we used a shock ad ia -  
bat  in the f o r m  

D = (5.34 q- t.36u) k m / s e c .  (1) 

The data p resen ted  in [15] for  the case  of the al loy 2024 (which has  
a composi t ion s i m i l a r  to that  of D16) at p r e s s u r e s  up to 1000 kbar  m a y  
be desc r ibed  by an expres s ion  of this kind. This  express ion  is  a lso  ob- 

rained for  the shock adiabat  of c o m m e r c i a l  a luminum on using the th ree -d imens iona l  ve loci ty  of sound 
under  no rma l  condit ions,  ave raged  over  the r e su l t s  p resen ted  in [16-19], and exper imen ta l  data regarding  
the shock compres s ib i l i t y  at  p r e s s u r e s  up to 1 Mbar  given in [20]. 

The e r r o r  in the de te rmina t ion  e r a  is  no g r e a t e r  than • for  u it  amounts  to • k m / s e c .  
The expe r imen t s  r evea led  no d i f ference  in the ve loci t ies  of the e las t ic  waves  for  the D16 and AD1 al loys 
within the l imi t s  of expe r imen ta l  e r r o r .  

We see  f rom Fig. 3a that  the re la t ionship  between the Lagrange  veloci ty  of the e las t ic  r e l i e f  waves  
and the jump in m a s s  ve loc i ty  in the shock wave may  be c lose ly  approx imated  by the l i nea r  express ion  
(s t ra ight  line 1) 

al = (6.30 -~ 3.36u) k m / s e c .  (2) 

F igure  3b shows the "longitudinal" veloci ty  of sound in Eu le r  coordinates  as  a function of the shock-  
c o m p r e s s i o n  p r e s s u r e  for  c o m m e r c i a l  a luminum AD1, obtained f rom Eq. (2) using the shock adiabat  of 
a luminum (1) and the conserva t ion  laws of the shock wave. The analogous re la t ionship  for  D16 is  d i s -  
p laced by 2.7% to the r ight  along the p r e s s u r e  axis on account  of the d i f ference  in the ini t ial  densi t ies  
(2.71 g / c m  3 fo r  AD1 and 2.785 g / c m  3 for  D16). The same  f igure i l l u s t r a t e s  some published data taken 
f rom [21], 1; [4], 2; [5], 3; [11], 4; [6], 5; [10], 6; [7], 7. The values of the longitudinal ve loci ty  of sound 
given in the literature in general lie above the relationship obtained in the present investigation. A pos- 
sible reason for this discrepancy lies in the fact that the thickness of the striker projected by the explo- 
sion at the instant of impact may differ from the initial thickness. 

In the present investigation we determined the thickness of the striker at the moment of impact from 
the measured velocities of the shock and elastic relief waves and the durations of the compression pulses 
(measured from the instant at which the leading edge of the shock wave reached the sensor to the instant 
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at  which the leading edge of the e l a s t i c  r e l i e f  wave a r r ived ) .  We found 
that  at the moment  of co l l i s ion  the th ickness  of the s t r i k e r  was, as  a 
rule ,  5-:10% s m a l l e r  than the or ig ina l .  The thinning of the s t r i k e r  oc-  
curs  because  of i t s  deformat ion  during acce le ra t ion .  In those  s t r i k e r s  
which we were  able to find a f te r  the exper imen t ,  the su r face  facing the 
explos ive  charge  was ve ry  inhomogeneous and covered  in hi l locks;  this  
a l so  const i tuted a r eason  for  the reduct ion in the effect ive th ickness  of 
the s t r i k e r  a t  the ins tant  of col l i s ion.  The point obtained in [7] by means  
of a l i gh t -gas  gun co r r e sponds  to the re la t ionsh ip  de r ived  in the p r e sen t  
inves t iga t ion .  

In order to calculate the isentropic elasticity coefficients, it is essential to know not only the longi- 
tudinal, but also the three-dimensional, velocity of sound. The latter may be calculated to a fair accuracy 
on the assumption that the shock adiabat and the uniform-unloading (release) isentrope coincide on being 
expressed in coordinates of p - u [22]. In this case 

(dp / du)s  = pc = (dp / du )n  = Po (Co -~ 2bu) (3) 

Here (dp/du) S mad (dp/du) H are, respectively, the derivatives along the isentropic and shock adia- 
bat; c o and b are the coefficients of the shock adiabat in the linear form D = Co+ bu (c o is the three-di- 
mensional velocity of somad at zero pressure); P0, O are the initial density and the density of the compressed 
material. From Eq. (3) we obtain a linear relationship between the velocity of sound in Lagrange coordi- 
nates a and the mass veloci~, of the material behind the leading edge of the shock wave: 

a = c o + 2bu  (4) 

For aluminum we obtain 

a ~ (5.34 -- 2.72u)km/sec. (5) 

We see from Fig. 3a that Eq. (5), represented by the straight line 2, agrees satisfactorily with the 
experimental point of [i] (indicated by a triangle)~ 

If we know the values of the "three-dimensional" and longitudinal velocities of sound behind the 
leading edge of the shock wave, by using the equations of elasticity theory we may calculate the isentropic 
elasticity coefficients of the compressed material. 

c / e  z =  a / a  z = [(t + v) / 3 (i - -  v)]', (6) 

K = 9c 2, E = 3K(1 --  2v), G = E ,  2( i  @v) 

Here  u i s  the Poisson  coeff icient ,  K i s  the bulk compres s ion  modulus,  E i s  Young's modulus,  G is  
the s h e a r  modulus ,  p i s  the densi ty ,  r e l a t ed  to D and u by the equa t ionp  = P o D / ( D - u ) .  H the Po i sson  co- 
efficient  i s  constant ,  as  p roposed  in [4, 8, 23], while a l and a dePend l i n e a r l y  on u, the equation d ( a / a l ) / d u =  0 

should be sa t i s f i ed ,  f rom which we see that the second coefficient  in the equation a l = a l o + d u  equals  

d = 2balo co (7) 

In the case  of a luminum, for b = 1.36, c o = 5.34 k m / s e c ,  alo = 6.3 k i n / s e e  th is  g ives  d = 3.21, i . e . ,  4.5% 
below the expe r imen ta l  value.  

Fig-dre 4 r e p r e s e n t s  the i s e n t r o p i c  Young's  modulus (curve 1), the shea r  modulus (curve 2), and the 
Po i s son  coeff ic ient  (curve 3) of c o m m e r c i a l  a luminum AD1 as  functions of the degree  of c o m p r e s s i o n  P / P o  

of the m a t e r i a l  behind the leading edge of the shock wave, ca lcula ted  by means  of Eqs.  (1), (2), (5), and (6). 
F o r  the D16 a l loy  Young's  modulus  and the s h e a r  modulus a r e  2.7% higher  than for  AD1; the Poisson co- 
e f f ic ients  of AD1 and D16 a r e  equal.  

I t  i s  i n t e r e s t i n g  to compare  the effect  of s t rength  on the r e l e a s e  p r o c e s s  in the AD1 and D16 a l loys ,  
(the in i t ia l  s t r eng ths  d i f fer  cons iderab ly) .  The s t rength  p r o p e r t i e s  of the c o m p r e s s e d  m a t e r i a l  cannot be 
c h a r a c t e r i z e d  exac t ly  by r e f e r e n c e  to the p r e s s u r e  prof i le .  F o r  a rough e s t i m a t e  in the p~esent  i n v e s t i -  
gation we d e t e r m i n e d  the propor t ion  of the nonhydrodynamic pa r t  of the r e l i e f  wave r e l a t i ve  to the total  
ampli tude of the r e l e a s e  wave. As the c h a r a c t e r i s t i c  point d is t inguish ing  the nonhydrodynamic pa r t  of the 
wave we took the point K (Fig.  5a). F i g u r e  5b shows the r e l a t ive  propor t ion  of the nonhydrodynamic p a r t  
of the r e l i e f  wave as a function of the p r e s s u r e  behind the leading edge of the shock wave for  a l loys  AD1 
(curve 1) and D16 (curve 2}. We see that  a l loy D16 ( s t ronge r  in the or ig ina l  state) r e m a i n s  s t r o n g e r  behind 
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the leading edge of the shock wave, while the proportion of the nonhydrodynamic part of the relief wave 
falls with increasing pressure behind the leading edge of the shock wave for both alloys. 

It is interesting to examine the generality of our conclusion as to the linearity of the relationship be- 
tween the Lagrange longitudinal velocity of sound and the jump in the mass velocity u in the shock wave. 
Experimental data for copper taken from [i, 7, 9] may be described to an accuracy of ~1% by the equation 

al= (4.65+3.26u) km/sec for u- < 2 km/sec. 

The authors wish to thank S. S. Nabatov and V. V. Yakushev, who presented their own design of pow- 

der gun, and V. A. Varnav for help in the measurements. 

L I T E R A T U R E  C I T E D  

i. L.V. Al'tshuler, S. B. Kormer, M. L Brazhnik, L. A. Vladimirov, M. P. Speranskaya, and A. L 
Funtikov, "Isentropic compressibility of aluminum, copper, lead, and iron at high pressures," Zh. 

Eksp. Teor. Fiz., 3_88, No. 4, 1061 (1960). 
2. R. Fowles and R. F. Williams, "Plane-stress wave propagation in solids," J. Appl. Phys., 41, No. i, 

360 (1970). 
3. M. Cowperthwaite and R. F. Williams, "Determination of constitutive relationships with multiple 

gauges innondivergentwaves," J. Appl. Phys., 42, No. i, 456 (1971). 
4. D.R. Curran, "No, hydrodynamic attenuation of shock waves in aluminum," J. Appl. Phys., 34, No. 9, 

2677 (1963). 
5. J.O. Erkman and A. B. Christensen, "Attenuation of shock waves in aluminum," J. Appl. Phys., 3_8, 

No. 13, 5395 (1967). 
6. A.S. Kusubov and M. van Thiel, "Dynamic yield strength of 2024-T4 aluminum at 313 kbar," J. 

Appl. Phys., 40, No. 2, 893 (1969). 
7. A.R. McMillan, "Shock wave attenuation at high pressure," Bull. Arner. Phys. Soc., i.~3, No. 12, 

1680 (1968). 
8. S.A. Novikov and L. M. Sinitsina, "Influence of the pressure of shock compression on critical shear 

stresses in metals," Zh. Prikl. Mekhan. Tekh. Fiz., No. 6 (1970). 
9. L.V. Al'tshuler, M. I. Brazhnik, and G. S. Telegin, "Strength and elasticity of iron and copper at 

high pressures of shock compression, n Zh. Prikl. Mekhan. Tekh. Fiz., No. 6, 159 (1971). 
I0. P.J.A. Fuller and J. H. Price, "Dynamic stress-strain release paths for aluminum and magnesium 

measured to 200 kbar," Brit. J. Appl. Phys. (J. Phys. D), Ser. 2, 2, No. 2 (1969). 
ii. A.S. Kusubov and M. van Thiel, "Measurement of elastic and plastic unloading wave profiles in 

2024-T4 aluminum alloy," J. Appl. Phys., 40, No. 9, 3776 (1969). 
12. P.J.A. Fuller and J. H. Price, "Dynamic pressure measurements to 300 kbar with a resistance 

transducer," Brit. J. Appl. Phys., 1.5, No. 6, 751 (1964). 
13. B.D. Khristoforov, E. I~. Goller, A. Ya. Sidorin, and L. D. Livshits, "Manganin sensor for mea- 

suring the pressure of shock waves in solids," Fiz. Goreniya i Vzryva, 7, No. 4, 613 (1971). 
14. A.N. Dremin and G. I. Kanel', "Pressure dependence of the electrical resistance of Manganin MNMts 

and Cons,an,an MNMts 40-1.5 on shock loading," FiZo Goreniya i Vzryva, 8, No. i, 147 (1972). 
15. Compendium of Shock-Wave Data, Vol. i, Ser. A-I, University of California (1970). 
16. F.F. Voronov and L. F. Vereshchagin, "Influence of hydrostatic pressure on the elastic properties 

of metals. I. Experimental data," Fiz. Metal. i Me'alloyed., 1-1, No. 3 (1961). 
17. R.E. Schmunk and C. S. Smith, "Pressure derivatives of the elastic constants of aluminum and mag- 

nesium," J. Phys. Chem. Solids, 9, No. 2, 100-112 (1959). 
18. J. Vallin, M. Mongy, K. Salama, and O. Beckmann, "Elastic constants of aluminum," J. Appl. Phys., 

35, No. 6, 1825 (1964). 
19. G.N. Kamm and G. A. Alers, "Low-temperature elastic moduli of aluminum," J. Appl. Phys., 35, 

No. 2, 327 (1964). 
20. L . V .  Al ' t shu le r ,  S. B. K o r m e r ,  A. A. Bakanova,  and R. F. Trunin,  "Equations of s ta te  of a luminum, 

copper ,  and lead in the h i g h - p r e s s u r e  region ,"  Zh. Eksp.  Teor .  F iz . ,  3-2, No. 3, 790 (1960). 
21. L . V .  Al ' t shu le r ,  "Use of e las t ic  waves  in h i g h - p r e s s u r e  phys ics , "  Usp. Fiz.  Nauk, 85, No. 2, 197 

(1965). 
22. A . N .  Dremin  and G. I. Kanel ' ,  "Refrac t ion  of the leading edge of an oblique shock wave at the bound- 

a r y  with a l e s s  r ig id  m ed i um ,"  Zh. P r ik l .  Mekhan. Tekh. F iz . ,  No. 3, 140 (1970). 
23. D . J .  Pas t ine  and D. J. O 'Keefe ,  "Theore t i ca l  e s t i m a t e s  of e las t i c  r e l i e f -wave  ve loc i t ies  with ap-  

pl icat ions  to a luminum and copper , "  J. Appl. Phys. ,  4-1, No. 6, 2743 (1970). 

665 


