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E F F E C T  OF S P E C I M E N  T E M P E R A T U R E  ON T H E  B R E A K I N G  

P O I N T  F O R  S P L I T T I N G - O F F  IN A M G - 6  A L U M I N U M  A L L O Y  

Y u .  V.  B a t ' k o v ,  S .  A .  N o v i k o v ,  
V. A.  S i n i t s y n ,  Y u .  S.  S o b o l e v ,  
a n d  A.  V. C h e r n o v  

UDC 620.171.3 

The investigation of the tempera ture  dependence of the strength of constructional mater ia ls  
under intense shock loads, including breaking loads, is of considerable practical interest .  
There are  cer ta in  technical difficulties involved in loading the mater ia ls  and making the r e -  
quired measurements  in such experiments.  Hence, the munber of papers devoted to this 
problem is extremely limited. In [1, 2] data is given on the e las t ic -p las t ic  propert ies  of a 
number of metals  at normal and high tempera tures ,  obtained by investigating the parameters  
of elastic waves excited by an explosion. In [3, 4] investigations were ca r r i ed  out of the 
tempera ture  dependence of the breaking point for  splitting-offin steel and copper.  In the 
present  paper we investigate the effect of the specimen tempera ture  on the breaking point for 
splitting off in widely used AMG-6 aluminum alloy in the temperature  range from 0~C to 550~C, 
i.e., practically up to the temperatxLre at which the alloy begins to melt .* 

The specimens investigated were cut from a single blank and were disks 70 mm in diameter  and 10 mm 
thick with a conical side surface (at an angle of 45"). 

The specimens were tested on special equipment, a diagram of which is shown in Fig. 1. 

Specimen 1 was heated by the radiant  heat flux from a Nichrome filament heater  2 with a power of 3 kW 
(50 A, 60V), mounted on a heat- res is tant  screen.  The temperature  of the specimen was monitored[ with a 
thermocouple 3 up to the instant when the specimen was loaded. The t ime taken to heat the specimen up to a 
tempera ture  of 550~C was ~ 20 min. The nonuniformity of the tempera ture  over the specimen thiclmess at 
the instant of loading did not exceed ~ 5qC. The heated specimen was displaced by means of a cable 4 along 
the direction 5 on a special platform 6 under the loading device 7. The specimen was loaded by a shock alu- 
minum plate (110 • 150 • 4 ram), scat tered up to the required velocity by a glancing detonation waw~ from a 
layer  of explosive placed on it, initiated simultaneously along one of the faces of the plate from the explosive. 
To prevent split t ing-offin the s t r iker  the la t ter  was separated from the explosive by a layer  of porous ma-  
ter ia l .  The velocity of the s t r iker  was varied by varying the thickness of the layer  of explosive, and simul- 
taneity of the shock on the surface of the specimen was achieved by placing the s t r iker  at a certain angle to 
the specimen depending on the velocity of the s t r iker .  The split-off plates formed as a resul t  of ~ e  loading 
were collected in practically undamaged form using a porous damper 8 of low rigidity placed in a steel con- 
tainer  9. 

The method of determining the breaking point was as follows. A shock load was applied to the specimen 
and the presence or absence of split-offwas observed visually af ter  the experiment.  (If necessary the specimen 
was cut along an axis, a thin section was made, and metallographic analysis was car r ied  out.) By a gradual 

*The melting of alloys and solid solutions is charac ter ized  by a melting tempera ture  range. For  AMG-6 alloy 
the tempera ture  at which melting begins is N570 ~ and the tempera ture  at which melting ends is ~ 640~ [5]. 

Moscow. Translated from Zhurnal Prildadnoi Met~haniki i Tekhnicheskoi FizLki, No. 3, pp. 133-137, 
May-June, 1979. Original a r t ic le  submitted March 21, 1978. 
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change  in the  ve loc i ty  of  the  s t r i k e r  p la te  the  loading condit ions for  which sp l i t -o f fbegan  was  found. We took 
a s  the  va lue  of  t h e b r e a k i n g p o i n t  for  sp l i t -o f f  a s  the  value of the t ens i l e  s t r e s s  in the plane in which a c r a c k  
was  f o r m e d ,  obta ined  t heo re t i ca l l y  (for theknown equations of  s ta te  of the m a t e r i a l  of the spec imen  and the 
s t r i k e r ) ,  o r  us ing  the  p r e s s u r e  in the c o m p r e s s i o n  wave in the  spec imen  m e a s u r e d  in the  exper imen t .  The 
a c c u r a c y  of a s obta ined in th i s  way is governed  by the  va lue  of the  s tep in the p r e s s u r e  change,  which in th i s  
e x p e r i m e n t  w a s  ~ 2 kbar ,  and the  a c c u r a c y  of the  equation of s ta te  employed .  Since the value of the b reak ing  
point  in AMG-6 a l loy  is  sma l l ,  one of the poss ib l e  app roaches  to de te rmin ing  it t heore t i ca l ly  is  to u se  the 
acous t ic  t h e o r y o f  sp l i t -o f f .  It  is well known that  when a c o m p r e s s i o n  pulse  is  r e f l ec t ed  f r o m  a f r e e  sur face ,  
a pu l se  will p r o p a g a t e  in the  m a t e r i a l  of  the s a m e  f o r m  as  the  or ig ina l  pulse ,  but of  opposi te  sign. C o n s e -  
quently,  in the  acoust ic  approx ima t ion  the  va lue  of  a s will be  equal  to the m a x i m u m  value of the  p r e s s u r e  in 
t he  c o m p r e s s i o n  wave propaga t ing  into the  spec imen  in the expe r imen t  in which sp l i t -of f  is bound to begin. In 
ca l cu la t ions  in the  l o w - p r e s s u r e  r a n g e  (up to 10 kbar)  the  ve loc i ty  of  the  shock wave was taken to be equal to 
the  ve loc i ty  of  the  longitudinal  e las t ic  wave in an unbounded med ium (6.3 k i n / s e e ) ,  and for  the range  above 
10 kbar  we used  the equation of s ta te  of the  m a t e r i a l  of  the s t r i k e r  and the  spec imen  in the f o r m  of a l inea r  
r e l a t ion  between the  wave  ve loc i ty  D and the m a s s  ve loc i ty  u [6]: 

D -- 5.25 -'- 1.39u. 

The  effect  of  the t e m p e r a t u r e  (p re l imina ry  heating} on the f o r m  of the  equation of s ta te  was ignored.  In a 
number  of  e x p e r i m e n t s  we m e a s u r e d  the p r e s s u r e  in the  spec imen  using a manganin  probe  and the appara tus  
de sc r ibed  in [7]. The  th ickness  of  the  p robe  toge the r  with the insulat ing p las t ic  f i l m s  was  0.12-0.16 mm,  the 
init ial  r e s i s t a n c e  was  35 ~, and the a r e a  occupied by the  sens i t ive  e lement  was  5 • 6 m m .  The m e a s u r e m e n t s  
w e r e  made  in a b r idge  c i rcu i t .  The  c u r r e n t  in the p robe  dur ing the m e a s u r e m e n t s  was  4.5 A. The e r r o r  in 
m e a s u r i n g  the ampl i tude  of  the pulse  p r e s s u r e  did not exceed • 10%. 

T h e  r e s u l t s  of  the  inves t igat ion a r e  p re sen ted  in Table  1. The  ampl i tudes  of  the  c o m p r e s s i o n  waves  
obta ined by ca lcu la t ion  and by expe r imen ta l  m e a s u r e m e n t s  a g r e e  with one another  to within 10%. The  c h a r a c -  
t e r i s t i c  t i m e  r during which the t en s i l e  s t r e s s e s  act ,  de t e rmined  by the  length of the p r e s s u r e  pulse  m e a -  
su r ed  in the  exper iment ,  i s  1.3 �9 10 -~ sec .  The  condit ions under  which the t e s t s  were  made co r r e sponded  to 
a de fo rmat ion  veloc ity of  ~ 105 / s s c .  

F i g u r e  2 shows the  t e m p e r a t u r e  dependence  of the  b reak ing  point  fo r  sp l i t -of f ,  cons t ruc ted  f r o m  the data 
in Tab l e  1. The  value  of a s at  550~C (in the r eg ion  where  mel t ing  begins) i s  5 t i m e s  l e s s  than at  no rma l  
t e m p e r a t u r e ,  but is n e v e r t h e l e s s  a quite high va lue  of ~ 6 kba r .  The  c u r v e  obtained has  a pronounced upward  
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convexity.  The re la t ive ly  weak reduct ion in ~s  as  the t em p e ra tu r e  inc reases  on the initial par t  of the ~s -- 
f(T) curve ,  pointed out previous ly  for  steel  [3] and for  copper  [4], should be noted. 

The durat ion of  the tens i le  act ion �9 and the value of the breaking point obtained exper imental ly  enable 
us to c ompa re  the exper imenta l  r e su l t s  with the data obtained f rom the kinetic theory  of  the s trength of  solids 
[8], according to which the breaking point ~, the l i fe  T (the t ime f rom the instant when the load is applied 
to the instant when breaking occurs)  and the t e m p e r a t u r e  T a r e  re la ted  by the equation 

/ U o - ~  
-- T 0 exp ~ ] ,  (1) 

where  k is Bol tzmann 's  constant ,  r 0 is the  per iod  of atomic osci l la t ions,  and U 0 and ~ /a re  constants  of the 
m a t e r i a l s .  Substituting into this  equation the constants  for  aluminum [9] U0=52 k c a l / m o l e ,  and ~/-~ 2 kca l -  
m m 2 / m o l e  -kg, and the value of a s obtained in the exper iments  with different  values of the specimen t e m p e r a -  
t u re ,  we obtain that  the cha rac t e r i s t i c  breaking t ime  should be many o r d e r s  of magnitude l ess  than the t ime  of 
action of the tens i le  s t r e s s  in the  exper iment .  

In [9] cons iderab le  d i sagreement  was found between the exper imental  data and the r e su l t s  obtained using 
Eq. (1) of S. N. Zhurkov in the range of s t r e s s - ac t i o n  t imes  on the o rd e r  of 10 -6 sec and normal  specimen 
t e m p e r a t u r e s  for  values of the constants  ~0, U0, and 7 found for  l a rge  values of T (10-3-10 -7 see) .  

In [10] the nonapplicability of the kinetic theory  of the s trength of ma te r i a l s  to descr ibe  spl i t -off  is due 
to the fact  that  in th is  c a s e  the length of the tens i le  pulse  is comparab le  with the dimensions of the specimens 
and des t ruct ion  occu r s  due to the s to re  of elast ic  energy.  We take as  the spl i t -off  c r i t e r ion  the equality be-  
tween the s to re  of elast ic  tens i le  energy and the  work done in ruptur ing the mate r ia l  X: 

co2dt 

J A E '  
o 

where  T is the length o f  the r a r e f ac t i on  wave; ~, s t ress ;  e, veloci ty  of sound; E, modulus of  longitudinal 
e last ic i ty;  A ~- 2 ( 1 -  p) [(1+~)(1 - 2#)]-1; and ~, P o i s so n ' s  ra t io .  Since in the acoustic  approximation the am-  
pl i tudes and durat ions of the r a re fac t ion  wave and the compress ion  wave a r e  equal, using the values of T and 

m e a s u r e d  in these  exper iments  (the r e c o r d  of the p r e s s u r e  pulse obtained with the Manganin pickup), we 
can es t imate  the energy r equ i r ed  to rup tu re  the  AMG-6 alloy at normal  and high t empera tu re s .  At normal  
t e m p e r a t u r e s  X n ~4 .3  �9 105 J / m  ~, and at 5 0 0 ~ ,  XT ~ 0.7" 105 J / m  2, i .e. ,  the energy r equ i r ed  to rup tu re  the 
al loy at T ~ 500~C is 6 t imes  l e s s  than that r equ i r ed  at normal  t e m p e r a t u r e .  

The  extension of the investigations of spl i t -off  at increased  t empera tu re s ,  when the dependence of the 
breaking point on t ime  is mos t  pronounced,  is of independent in teres t  in ref ining the  functional dependence of 
the  main p a r a m e t e r s  of the  des t ruc t ion  of  the mate r ia l  (q,  T, and T) in the insufficiently studied region of 
mic rosecond  loading-pulse  lengths .  

lo 
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INTERACTION OF A SURFACE WAVE 

IN A CONCAVE HALF SPACE 

I. S. Guz' and V. N. Katanehik 

W I T H  A C R A C K  

UDC 539.3.534.231.1 

The in terac t ion  of a Rayleigh wave with a s t a t ionary  c r a c k  in a r e c t i l i n e a r  su r face  was t r e a t e d  
in [1, 2]. It  was shown that  under  c e r t a i n  condit ions a su r face  wave can genera te  dynamic 
s t r e s s e s  l a rge  enough to extend a c r a c k .  However ,  t h e r e  have been no s tudies  of  the  in terac t ion  
of a su r face  wave with a c r a c k  in a c u r v i l i n e a r  half  space,  although this  c a s e  is encountered 
m o r e  f requent ly  in p r a c t i c e .  We use  the  method of dynamic photoelas t ic i ty  to o b s e r v e  the in t e r -  
act ion of a su r f ace  wave  with an edge c r a c k  along and no rma l  to a concave  half  space .  The 
r e s e a r c h  was p e r f o r m e d  on 350• 400 • 1 5 - m m s a m p l e s  of  polymethyl  me thac ry l a t e .  A sur face  
wave  of  durat ion up to 50 #sec  was  e x i t e d  by a point mtc roexp los ion  on the  l i nea r  por t ion of 
the s amp l e  joined with the  c u r v i l i n e a r  pa r t .  The in te rac t ion  of the s u r f a c e  wave with a c r a c k  
was  r e c o r d e d  in c i r c u l a r l y  po la r i zed  l ight  by an SFR-1  h igh-speed  mo t ion -p i c tu re  c a m e r a  at  
1.5.106 frames/sec. 

We f i r s t  c o n s i d e r e d  the p ropaga t ion  ~f a su r face  wave along a concave  half  space  without a c r ack ,  and 
then i ts  in terac t ion  with a c r a c k .  The  f i lm s t r ip s  in F ig .  1 i l lus t ra te  the propagat ion  of a su r face  wave along 
a concave  half  space  of  cons tant  r a d i u s  of  c u r v a t u r e  H = 5 0  ram.  They show that  in the  propagat ion  of a Ray -  
le igh wave along a r e c t i l i n e a r  half  space  the s t r e s s  d is t r ibut ion in the wave has  a complex  shape: The re  a r e  
t h r e e  s t r e s s  r o s e t t e s ,  two of which a r e  loca ted  d i rec t ly  on the  su r face  of the half  space  in f ron t  o f  and behind 
the  ma in  d is turbance .  When a wave m o v e s  in a c u r v i l i n e a r  half  space  t he r e  is a continuous red i s t r ibu t ion  of 
e las t ic  ene rgy  in the  su r face  wave.  In the  0 < a < 90 ~ pa r t ,  where  a is the cen t ra l  angle, t he r e  is f i r s t  o b s e r v e d  
the  development  and s t rengthening of the su r f ace  r o s e t t e  in f ront  of  the  main  d i s tu rbance  a s  a r e su l t  of a 
pa r t i a l  weakening of the  l a s t  and second su r f ace  r o s e t t e s ,  and then the t r a n s f o r m a t i o n  of the  main  d i s turbance  
into a body wave t r ave l ing  with the veloci ty  of  a t r a n s v e r s e  wave.  I t  should be  noted that  independently of the 
r ad iu s  of c u r v a t u r e  (R =10, 25, 50, and 75 mm)  the  t r a n s f o r m a t i o n  of the  su r face  wave into a t r a n s v e r s e  wave 
o c c u r s  a t  ~ = 90 ~ The  s t ra in  m e a s u r e m e n t  of dynamic s t r e s s e s  in the r ec t i l i nea r  por t ion of the  half  space  
produced  by a su r face  wave  shows approx ima te ly  identical  durat ion of the c o m p r e s s i o n  and tension phases  in 
the  Rayle igh pulse  (Fig.  2a), i .e . ,  T c =T  t = 0.5T, and the ampl i tudes  of the c o m p r e s s i v e  and t ens i l e  s t r e s s  c o m -  
ponents  a r e  in the  ra t io  1 : 1.5. F i gu re  2b-e  shows o sc i l l og rams  of the  su r face  s t r e s s e s  and the  co r re spond ing  
f i lm s t r ip s  of the  d is t r ibut ion of m a x i m u m  tangent ia l  s t r e s s e s  in the  wave in pass ing  through the a : 45, 90, 
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