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The dependence of the dynamic yield s t r e s s e s  of ce r t a in  meta ls  and al loys on loading ra te  has been inves t i -  
gated at t e m p e r a t u r e s  of +20 and - 1 9 6  ~ C. In the expe r imen t s  the loading ra te  remained  constant up to the 
appearance  of p las t ic  s t r a ins ,  i .e . ,  a (t) = ~ t, where  & = const .  The yield s t r e s s e s  of the ma te r i a l s  and the 
t ime  to the appearance  of p las t ic  s t ra ins  w e r e  de te rmined  f rom the o sc i l t og rams  r ep re sen t ing  the s t ra in  
and load as functions of t ime.  

1. Techniques and equipment  developed in the labora tory  have made it poss ib le  to conduct dynamic tens i le  tes ts  
at loading ra tes  of approximate ly  2 " 103, 1 �9 106 and 4 �9 107 k g / m m  2 �9 sec  (the cor responding  s t ra in  ra tes  w e r e  1 �9 10 -1, 
5 �9 10, 2 . 103 sec -~) [1, 2]. S t ra in  ra tes  of the o r d e r  of 10 -1 sec  - I  were  crea ted  with a spec ia l ly  designed pneumatic  
tes t ing machine and s t ra in  ra tes  of the o r d e r  of 5 - 10 sec  -~ with a v e r t i c a l  impact  t e s t e r  in which a falling weight 
s t ruck the lower  end of the ve r t i c a l l y  mounted tes t  p iece .  The tes t  p ieces  used in both these cases  were  the same  and 
had a guage length of 12 ram, so that the wave t rans i t  t ime t = 2.4 �9 10 -6 sec .  On these machines  plas t ic  s t ra ins  de-  
veloped a f te r  approximate ly  10 - 2 - 1 0  - t  sec .  During this in te rva l  the waves t r a v e r s e d  the gauge length of the t es t  piece 
many t imes  and hence the wave d is tor t ions  caused by re f lec t ion  f r o m  the boundar ies  of the gauge port ion had t ime to 
smooth out. 

i 

! 
I 

r 

I i I ~-, 

Fig.  1 Fig. 2 

A di f ferent  s i tuat ion exis ts  when tes t  p ieces  a re  de formed  at h igher  ra tes  (on the o r d e r  of 2 �9 103 sec  -1) on the 
pneumatic  tes t ing machine desc r ibed  in deta i l  in [2]. In this case  loading is effected by a weight s t r ik ing  at a ve loc i ty  
of 100 m / s e c  a sphere  located at the end of a hollow waveguide,  within which the t es t  p iece  is s ecu red .  The load is 
t r ansmi t t ed  through the waveguide to the lower  end of the t e s t  p iece ,  whose upper  end is not gripped,  but m e r e l y  sus -  
pended f rom a pin, s ince the tes t  p iece  is des t royed  be fo re  the loading wave can t r ave l  its en t i re  length. 

The dimensions  and shape of the tes t  p iece  a re  p resen ted  in Fig. 1, and the schemat iza t ion  used in the following 
calculat ions is p resen ted  in Fig. 2. 
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It was calcula ted that the s t r e s s  concentra t ion coeff ic ient  resu l t ing  f rom the nonuniformity of the tes t  piece c ro s s  
sect ion is only 1.05; consequently,  it may be assumed that the s t r e s s  d is t r ibut ion  ove r  the c ro s s  sec t ion  is uni form.  

The gauge length II is  a s sumed  equal  to 4 mm - the width of the s t r a in  gauge, which was at tached at  the n a r r o w e s t  
sec t ion  between the two conical  pa r t s .  The s t r e s s  s enso r  was located in reg ion  IV of the tes t  p iece ,  where  the de fo rma-  
tion was exc lus ive ly  e l a s t i c .  This t e s t  piece shape and s e n s o r  a r r angemen t  was de te rmined  by the need to fix the point 
at which p las t ic  de format ion  should f i r s t  occur .  

In se lec t ing  the shape of  the gauge port ion of the t es t  p iece  the following cons idera t ions  were  taken into account.  
If the loading ra te  is large,  the front  of the wave t rave l ing  through that region is s teep.  Accordingly ,  p las t ic  de fo rma-  
t ion may occur  not in the sec t ion  where  the a r e a  is min imum,  but n e a r e r  to the head. A rough es t imate  shows that for  
a t e s t  p iece  of the shape employed the loading ra te  should not exceed 7 �9 107 k g / m m  2 �9 sec .  The maximum loading ra te  
reached in the exper iments  was 4 �9 107 k g / m m  2 " sec .  Thus,  the n e c e s s a r y  condition was wel l  sa t is f ied ,  and an exact  

analysis  is not nece s sa ry .  

2. In organiz ing  the expe r imen t s  it was n e c e s s a r y  to cons ide r  not only the shape and dimensions  of the test  p iece  
and the loading condit ions,  but also the qual i ty and re l i ab i l i ty  of the m e a s u r e m e n t s .  It has a l ready  been mentioned that 
the s t r e s s  s e n s o r  was at tached in region IV of the tes t  p iece .  In this connection, it was n e c e s s a r y  to de te rmine  how 
the loading wave is d is tor ted  on re f lec t ion  at the junction of  the conical  III and cy l indr ica l  IV par ts  of the rod and how 

this d i s to r t ion  affects  the measu red  s t r e s s .  

For  s impl ic i ty ,  we wil l  cons ide r  only par t s  III and IV of the rod,  assuming  that the cy l indr ica l  pa r t  IV is s e m i -  
infinite and that only d i r ec t  waves a r e  propagated in that par t .  We locate the coordinate  or igin  in the cen te r  of the 
s m a l l e r  base  of conical  pa r t  HI. At t ime  t = 0 let a load be applied to that base  such that g = e~t, where  e~ = eonst.  
This co r responds  to what in fact occurs  and is conf i rmed by the o sc i l l og rams  obtained f rom the s t r a in  gauge and indi- 
cating the va r i a t ion  of  s t r a in  with t ime in the sec t ion  x = 0. It is n e c e s s a r y  to de te rmine  how the loading wave is d i s -  
tor ted  on re f lec t ion  f rom the bases  of the cone x = l and x = 0 and in what form it reaches  the cy l indr ica l  par t  of the 
rod.  Only d i r ec t  waves a r e  propagated in the cy l indr ica l  region IV; accord ingly ,  we can confine our  at tent ion to the 
sec t ion  x = Z, s ince in al l  o ther  sec t ions  the p ic ture  wil l  be the same,  except  for  a t ime shif t ,  and de te rmine  in that 
sec t ion  the t ime dependence of the s t ra in  e(t) and the s t r a in  rate  g(t). 

For  the conical  III and cy l indr ica l  IV par t s  of the rod we can wr i te  the following wave equations and boundary 

and ini t ial  conditions: 

for  region III 

for  region IV 

O~u 2 Ou t O~u (2.1) 
~x  ~ -{- h -'~ x Ox - - a  2 c~t ~ 

u l ~ = o = O ,  s It=0 =0  (2.2) 

e L~=o = so' t  e [~=t  = e ( t )  ; (2.3) 

o~u  i o=u (2.4) 
ox~ - -  a ~- c3t2 

u It=~/,~ =:0, e [t=z/a = O. e [~=z = s (t).  (2.5) 

Here ,  e (t) is an unknown function, which must  be de te rmined .  We seek  the solution of Eq. (2.1) in the fo rm [3] 

q) (at  - -  x )  ~- ~ (at  ~-  z )  (2.6) 
~ [ I I  ~ h -[- x 

and that of  Eq. (2.4) in the fo rm 

" ~ v  = / ( a t  - -  x)  

where  the functions ~ ,  ~ and f a r e  de te rmined  f rom the cor responding  boundary conditions.  

(2.7) 

In the sec t ion  x = l we have u i i I tx=  / = u i v l x = / .  F r o m  this we de te rmine  the function e(t); it is const ructed suc-  
ce s s ive ly  for var ious  t ime in te rva l s  ~ The f i rs t  such in terva l  begins at the instant at which the wave reaches  the s e c -  
tion x = l and las ts  until  the instant  at which the wave,  re turning to the sec t ion  x = 0 and being re f lec ted  f rom it, a r r i v e s  

314 



b a c k .  T h i s  is  the  i n t e r v a l  I / a  < t < 3 l / a .  T h e  d u r a t i o n  o f  t h i s  and  e a c h  s u c c e e d i n g  t i m e  i n t e r v a l  is e q u a l  to  2 t / a ,  w h i c h  
c o r r e s p o n d s  to the  t i m e  in w h i c h  the  e l a s t i c  wave  i s  t w i c e  ab l e  to t r a v e r s e  t he  e n t i r e  l eng th  of  the  c o n i c a l  p a r t .  

We s t a r t  by  c o n s i d e r i n g  t he  t i m e  i n t e r v a l  0 < t < 1 / a ,  w h e n  the  w a v e  h a s  not  ye t  r e a c h e d  t he  b o u n d a r y  x: = l and  
t h e r e  i s  no r e f l e c t e d  wave :  ~b(at + x) = 0. U s i n g  c o n d i t i o n  (2.2) ,  we o b t a i n  the  e q u a t i o n  

H e n c e  we h a v e  

~' (z) + h - ~  (z) + h~z = 0 (z = at,  c* = e d  / a ) ,  

r (z) = hzc~(h it -- exp (-- z ] h)] -- z}. (2.8) 

To d e t e r m i n e  t he  f u n c t i o n  ~ we  u s e  c o n d i t i o n  (2.3) f o r  t he  i n t e r v a l  1/a < t < 3 1 / a  and  o b t a i n  the  e q u a t i o n  

~ p ' ( z ) - - ~ ' ~ l ~ ( Z ) + ~ c ~ ( z - - 2 l ) + h c r  . (h + l ) = 0 .  (2.9) 

H e r e ,  z = a t  + l and  ~V(z-2/)  i s  a f u n c t i o n  d e t e r m i n e d  by  e x p r e s s i o n  (2.8) w i th  z r e p l a c e d  by  z - 2l. Tihe s o l u t i o n  
of  Eq .  (2.9) i s  w r i t t e n  

[z--2l~ ~ h~l (z~2l)(Uh-{-l)] 

g 

2h-~:,(h+,) ~- ~ ~--2Z~ (. / ~ _ ~  ( , _ 2 t  / !, 
2h + z + h~ ~ exp ~ -  ~--4-7) (-~- 20 + (h + L) .1 ~ - - ~ /  ~P , - -  -Z%7] d, 

# 
2~ 

We d e t e r m i n e  the  func t i on  f b y  m e a n s  of  c o n d i t i o n  (2.5):  

2l 

E q u a t i n g  t he  d i s p l a c e m e n t s  u i i  I and  u I v ,  g i v e n  b y  e x p r e s s i o n s  (2.6) and  (2.7) a t  t he  b o u n d a r y  x = l ,  we o b t a i n  a n  
i n t e g r a l  e q u a t i o n  fo r  the  unknow n  func t i on  e{t) in  the  e x p r e s s i o n s  fo r  * and  f :  

2hSct (h + I) (z -- 2/) (2h + [) 7 [) exp (--  z --  2/i --  
2 ( h + / )  exp [-- h('h'T1)- .J+2he~t(h+ h + l ]  

2 

21 

z 

, z - -  2l 

2 l  

T h e  s o l u t i o n  of  t h i s  e q u a t i o n  h a s  the  f o r m :  

z - -  2 l  

s (z) = ~ L 2 (h + l)J 
( z = a t + l ,  2 I < z < 4 l ) .  

Then for  the s t r a in  ra te  (subst i tut ing for  z the co r r e spond ing  e x p r e s s i o n  in t e r m s  of t) we obtain 

2h24 f 1 F a t - l  ] t 

Thus, we have cons t ruc ted  the functions r (t) and d(t) on the f i r s t  of the t ime  in t e rva l s  i n v e s t i g a t e d / / a <  t < 3 l / a .  
On the  nex t  i n t e r v a i  3 1 / a  < t < 5 l / a ,  p r o c e e d i n g  in the  s a m e  way,  we e a s i l y  o b t a i n  

h~ ( z ~ 2h~(2,--h)l  [ < , t - - 3 ~ ]  

r2h~(21--h). 2h I ~q ( .t--3Zl 
+ [ ~ #  3T4-~ ~xv \-- h/j~,'V ~----T-/ -- 

2 (3h + 21)• (h + 1)~ exp L2 (h + l)j (at - -  30 ~- ~ exp - - -  

In  F ig .  3 ,  by  w ay  of  i l l u s t r a t i o n ,  we h a v e  p r e s e n t e d  the  t i m e  d e p e n d e n c e  of d ( t ) / % "  (h = 30 m m  and  l = 10 r a m ,  
t i m e  m e a s u r e d  in s e c o n d s ) .  C l e a r l y ,  t he  func t i on  f a l l s  c h i e f l y  d u r i n g  the  f i r s t  t i m e  i n t e r v a l ,  l a s t i n g  4 ;~sec,  i . e . ,  a 
s i n g l e  r e f l e c t i o n  of  t he  w a v e  f r o m  the  b o u n d a r y  x = l ,  whale the  s e c o n d  r e f l e c t i o n  h a s  e s s e n t i a l l y  no e f f e c t  on  the  b e -  
h a v i o r  of  the  s t r a i n  r a t e .  T he  func t ion  e ' ( t ) / a  6 t e n d s  to a v a l u e  c o r r e s p o n d i n g  to the  r a t i o  of  the  c r o s s - s e c t i o n a l  a r e a s  
of the  c o n i c a l  p a r t  of the  r o d  a t  x = 0 and  the  c y l i n d r i c a l  p a r t .  ( F o r  o u r  t e s t  p i e c e  t h i s  a r e a  r a t i o  is  0.54.)  S ince  the  
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dynamic yield point in the sec t ion  x = l is measu red  5 psee a f te r  the wave a r r i v e s  at that sect ion,  it may be assumed 
that the d is tor t ions  caused by re f lec t ion  at the junction of  the conical  and cy l indr ica l  par t s  do not affect  the resu l t s .  
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3. Two groups of ma te r i a l s  were  invest igated.  Group A included ma te r i a l s  whose s t r e s s - s t r a i n  d iagrams in 
uniaxial  tension a r e  c h a r a c t e r i z e d  by a tooth and a yield plateau: a rmco  i ron,  st .  3 s tee l ,  and st .  45 s tee l .  Group ]3 
included m a t e r i a l s  whose a ~ g d i ag ram can be desc r ibed  by a continuously inc reas ing  function with d2a/de 2 < 0: AMG- 
6, OT-4,  and ICr lSNi9Ti .  The m a t e r i a l s  in both groups were  tested at s t ra in  ra tes  of 1 �9 10 -1, 5 �9 10, and 2 ' 103sec - i  
at normal  (+20 ~ C) t empe ra tu r e ,  a r m c o  i ron  and st .  3 s t ee l  being a lso  tes ted  a t - 1 9 6  ~ C. The resu l t s  obtained are  p r e -  
sented in Figs .  4, 5, and 6 (in Fig. 4 the r e su l t s  a re  given for  a) a rmco  iron,  b)s t .  3 s tee l ,  and c) st .  45 s teel ,  points 1 
co r re spond  to the resu l t s  obtained for  the upper  yield point, and points 2 to those obtained for  the lower; in Fig. 5: 
1 - A M G - 6 ,  2 - O T - 4 ,  3 - 1 C r l S N i 9 T i ;  in Fig. 6: 1 - a r m e o  i ron,  2 - s t .  3 s teel) .  In Figs .  4 and 5 along the axis  of ab-  
s c i s sa s  we have plotted the s t ra in  rate  in sec -1, along the ordinate  axis the d imens ion less  quantity a * - t h e  rat io  of the 
dynamic a s to the stat ic  % yie ld  s t r e s s .  These  graphs were  obtained by analyzing the o sc i l l og rams  recorded  during 
the expe r imen t  ~(t), P(t) and l~(g). For  the ma te r i a l s  of group A the instant at which the yield s t r e s s  is reached is 
c l e a r l y  marked  and can be de te rmined  with g rea t  accuracy .  As an example ,  Fig. 7 shows the o s e i l l o g r a m  of a tes t  con-  
ducted at an impact  ve loc i ty  of 100 m / s e c  (s t ra in  ra te  2 �9 103 sec -1) for st .  3 s tee l .  The points P+ and P_ cor respond  
to the upper and lower yield points,  r e spec t ive ly .  

For  the m a t e r i a l s  of group ]3 it was possible  to de te rmine  only the yield s t rength  cor responding  to the usual  set  

of 0 ,2%-P0.  2. 

F r o m  the o sc i l l og rams  obtained for these two groups of ma te r i a l s  it was also possible  to de te rmine  whether  the 
condition of constancy of the s t r a in  and loading ra tes  was sa t i s f ied  and to de te rmine  the i r  value.  

It follows f rom Figs.  4 and 5 that, as the s t ra in  ra te  i n c r e a s e s ,  the yield s t r e s s  i nc rea se s  for  al l  the ma te r i a l s ;  
however ,  for  the materiaLs of group A the i nc r ea se  is more  intense.  

This is because  the low-carbon  s tee l s  in group A a re  c h a r a c t e r i z e d  by delayed yield,  manifes ted  in dynamic load- 
ing and usual ly  at t r ibuted to the motion of dis locat ions in an "a tmosphere"  of dissolved a toms.  According  to Campbel l ' s  
c r i t e r i o n  [4] for tes t ing at a constant  ra te ,  the dependence of the delay t ime t o (i.e.,  the t ime f r o m  the beginning of 
loading to the appearance  of p las t ic  s trains)  on the yield s t r e s s  is wr i t ten  as follows: 

to = C (~  + t) ( ~  / ~0)-% ( 3 . 1 )  

Here ,  C and o~ a re  quanti t ies  depending on the t e m p e r a t u r e  and composi t ion of the ma te r i a l ,  o~ being a d imen-  
s ionless  quantity,  while [C] = It]. Since t o = a s / ~  0 this formula  also desc r ibes  the re la t ion  between the loading (or 
strain) ra te  and the dynamic yield s t r e s s .  
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The exper imen ta l  data on the dependence of  the delay t ime on the magnitude and fo rm of the loading function, the 
composi t ion and p rope r t i e s  of the m a t e r i a l s ,  and t e m p e r a t u r e  a r e  rev iewed [n [5]. For  convenience of compar i son  with 
the resu l t s  of other  authors p resen ted  in [5], instead of C we cons ider  the quantity c = C ~0 ~,  which has the units [kg/ 
mm2] ~ In [5] it was shown that at room t empera tu r e  the value of log c may vary  with the ma te r i a l  invest igated be-  
tween 12 and 24, and the value  of  the d imens ion less  quanti ty ~ between 9 and 16. 

F r o m  the e ~ ~s graphs (Fig. 4) it is poss ible  to calcula te  log c and ~ for the ma te r i a l s  invest igated.  On the in- 
t e rva l s  of the curves  f rom 1 �9 10 - i  to 5 . 10 sec - I  (the cor responding  region of delay t imes  is 1 �9 10 -2 -1  �9 10 -5 sec) we 
obtain the following va lues :  log c = 20056, 23.80, 18.76 and o~ = 14.1, 16.0, 12.5, for  a rmco  iron,  st .  3 s tee l ,  and st .  45 
s t ee l ,  r e spec t ive ly .  These  values  lie within the above-ment ioned  in t e rva l s .  

The dashed l ines in Fig~ 4 r e p r e s e n t  curves  calculated f rom Eq. (3ol). Clear ly ,  s t a r t ing  approximate ly  f rom a 

value ~ = 5 ~ 10 sec - I  (t o of the o r d e r  of 3 �9 10 -5 sec) ,  the expe r imen ta l  points lie much h igher  than the calcula ted 
cu rves .  Among the numerous  studies of delayed yielding,  only in Kraff t ' s  expe r imen t s  [6] were  such sma l l  delay t imes  
(down to 10 -G sec) invest igated.  At t imes  less  than approx imate ly  5 �9 10 -~ sec Krafft  obtained a sharp  inc rease  in the 
slope of the curve  c h a r a c t e r i z i n g  the a s ~ t o dependence,  which is consis tent  with our r e su l t s .  

The dependence of the lower  yield point on z t ra in  ra te  is a lso shown in Fig. 4. Genera l ly  speaking,  this is a con-  
vent ional  point, s ince in view of the sharp  osc i l la t ions  that coincide with the appearance of p las t ic  s t ra ins  (Fig. 7) it is 
difficult  to es tabl ish  f rom the o s c i l l o g r a m s .  However ,  there  is no doubt that the dependence of the lower  yield point 
a _ / a  0 on s t ra in  ra te  is much weaker  than that of the upper  yield point a+ /%.  A s i m i l a r  effect  was noted in [7, 8]. 

z0c0kg / ~ 

Fig. 7 

In Fig. 6 the yield s t r e s s  of a rmco  iron and st .  3 s tee l  is plotted as a function of s t ra in  rate  at - 196 ~ C. 

Along the axis of  absc i s sa s  we have plotted the s t r a in  ra te  ~ in sec  -1, and along the ordinate  axis a**  - the upper  
dynamic yield s t r e s s  a t - 1 9 6  ~ C divided by the upper  s ta t ic  yield s t r e s s  at +20 ~ C. It is c l e a r  f rom the f igure  that in 
the range of s t r a in  ra tes  inves t iga ted  a * *is  a constant  quantity.  These  resu l t s  a r e  conf i rmed by the work of Krafft  [6, 

9] and Clark  and Wood [10] for  the case  of loading with a suddenly applied constant  s t r e s s .  These  authors note that 
the re  is an upper  s t r e s s  l imit ,  above which b r i t t l e  f r ac tu re  occurs  and a delay effect  is not observed .  In the given case  
this l imita t ion re l a t e s  to the loading (strain) r a t e s .  Apparent ly ,  if r a t e s  lower than those invest igated a re  cons idered ,  
a tendency for a** to d e c r e a s e  wil l  e m e r g e  at suff icient ly sma l l  s t r a in  r a t e s ,  at which loading may be a s sumed  s ta t ic ,  
the quantity a** will  be equal  to the rat io  of the upper  s ta t ic  yield point a t -  196 ~ C to the upper  s tat ic  yield point at 
+20 ~ C. 
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