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THE FREELY EXPANDING RING TEST - A TEST TO DETERMINE MATERIAL STRENGTH 
AT HIGH STRAIN RATES 

R.H. Warnes, R.R. ~ a r ~ ~ *  and P.S. Follansbee 

Los AZarnos NationaZ Laboratory, P.O. Box 1663, Los AZamos, 
New Mexico 87545, U.S.A. 

Resume - Le t e s t  d'expansion de c y l i n d r e  (ERT) e s t  un t e s t  de conception 
simple pour e t u d i e r  l e  comportement des materiaux en grande deformation e t  
pour de grandes v i tesses de deformation. Le t e s t  e s t  r e a l i s &  en p lacant  un 
anneau mince du mater iau d e t u d i e r  dans un processus d'expansion r a d i a l e  e t  
en mesurant c e t t e  v i tesse  d'expansion. L'anneau e s t  p r o j e t e  par  un e x p l o s i f  ; 
l e  t e s t  n ' e s t  pas devenu popula i re  d cause des problemes poses par l e  lan -  
cement de 1 'anneau par 1 'explosif,notamment s u r  l e s  mod i f i ca t ions  des pro- 
p r i e t e s  par  l ' o n d e  de choc. Pour determiner l ' a p t i t u d e  de 1'ERT a determiner 
l e s  propri6tGs des materiaux, une s e r i e  d'experiences a 6 t 6  concue sur  un ma- 
t e r i a u  s6verement con t r8 le  (un c u i v r e  revenu sans oxygene). Les anneaux recu- 
per& on t  6 t 6  analyses e t  l e u r  changement de durete determine. La comparaison 
en t re  l e s  donnees de 1'ERT e t  c e l l e s  obtenues avec des essais d i: =5x103 s - l  
a l a  barre dlHopkinson ind ique que l a  durete i n d u i t e  par  choc e s t  approxi-  
mativement equivalente d un ecrouissage de 5%. Les donnees de 1'ERT sur  ce 
materiau pour des v i tesses de deformation a l l a n t  jusqu 'a 2,3 x l o 4  s - l  sont 
presentees. 

Abstract - The f r e e l y  expanding r i n g  t e s t  (ERT) i s  a conceptual ly simple t e s t  
f o r  determining t h e  s t r e s s - s t r a i n  behavior o f  mate r ia l s  a t  1 arge s t r a i n s  and 
a t  h igh  s t r a i n  rates. This t e s t  i s  conducted by p lac ing  a t h i n  r i n g  o f  t e s t  
mater ia l  i n  a s t a t e  o f  uniform r a d i a l  expansion and then measuring i t s  
subsequent v e l o c i t y -  t ime  h is to ry .  The r i n g  i s  usua l l y  propel led by a high 
explos ive d r i v i n g  system. The t e s t  has not  become pophlar i n  t h e  mate r ia l s  
proper ty  community, however, because there has been some concern about how 
the launching o f  the  r i n g  sample w i t h  an exp los ive ly  generated shock wave 
might a f f e c t  the p roper t ies  t o  be measured. To determine the  s u i t a b i l i t y  o f  
the ERT f o r  these fundamental i nves t iga t ions ,  a ser ies o f  experiments was 
performed on a c a r e f u l l y  c o n t r o l l e d  material--oxygen-free e l e c t r o n i c  f u l l y  
annealed copper. Recovered r i n g  samples were analyzed and the  change i n  
hardness determined. Comparisons o f  the ERT data w i t h  t h a t  from Hopkinson 
bar t e s t s  at  s t r a i n  rates o f  about 5 x l o 3  s - l  i n d i c a t e  t h a t  the 
shock-induced hardness i s  approximately equiva lent  t o  a s t r a i n  hardening o f  
5%. ERT data on t h i s  mater ia l  a t  s t r a i n  ra tes  up t o  2.3 x l o 4  s - I  are 
presented. 

I - BACKGROUND 

Since i t s  i n t r o d u c t i o n  over two decades ago, t h e  f r e e l y  expanding r i n g  t e s t  (ERT) 
has shown promise as a simple t e s t  f o r  measuring t h e  f low st ress i n  mate r ia l s  
deforming i n  tens ion a t  extremely h igh  rates[1,2]. The t e s t  technique consis ts  of 
p lac ing  a t h i n  r i n g  o f  t e s t  mate r ia l  i n  a s ta te  o f  uniform r a d i a l  expansion, t h e  
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r i n g  moving outward wi thout  t h e  ac t ion  o f  external  forces. The r a d i a l  v e l o c i t y  o f  
the  r i n g  decreases, however, because o f  the ac t ion  of i n t e r n a l  c i r cumferen t ia l  f l ow 
stresses. By measuring t h e  decelerat ion o f  the r ing ,  one can i n f e r ,  through the 
equation o f  motion, t h e  magnitude of t h i s  stress. The s t r a i n  and s t r a i n  r a t e  can 
a l s o  be determined from t h e  measured motion. 

The equation o f  motion o f  a  t h i n  r i n g  undergoing symmetrical r a d i a l  expansion i s  

where o i s  the c i r cumferen t ia l  stress, p i s  the dens i t y  o f  the r i n g  mater ia l ,  r i s  
t h e  cu r ren t  rad ius o f  the r ing ,  a?d r i s  the  current  r a d i a l  accelerat ion.  The t r u e  
s t r a i n ,  E, and t r u e  s t r a i n  rate,  E, are given by 

E = 1 n ( r / r o )  , and 

where P i s  the  cu r ren t  r a d i a l  v e l o c i t y  o f  t h e  r ing.  

I n  the  past  several years the  t e s t  has been studied i n  d e t a i l ,  and many improvements 
i n  design, instrumentat ion, and data analys is  have been made [3, 4, 51. Previous 
i n v e s t i g a t o r s  had measured t h e  r i n g  displacement r ( t )  d i  r e c t l y ,  double 
d i f f e r e n t i a t e d  it, and determined t h e  s t ress  through Eq. (1). This i n h e r e n t l y  no isy 
process of double d i f f e r e n t i a t i o n  has been overcome i n  recent work by measuring t h e  
r i n g  v e l o c i t y  F ( t )  d i r e c t l y  w i t h  a l a s e r  v e l o c i t y  in ter ferometer ,  t h e r e f o r e  
r e q u i r i n g  only  a s ing le  d i f f e r e n t i a t i o n  and i n t e g r a t i o n  t o  apply Eq. (1). Changes 
i n  t h e  design o f  the  experiment have resu l ted  i n  assur ing a symmetric launch o f  t h e  
r i n g  and min imiz ing i t s  two-dimensional motion dur ing t h e  i n i t i a l  accelerat ion.  

This paper w i l l  discuss the cu r ren t  design o f  the t e s t  along w i t h  considerat ions o f  
t h e  choice o f  m a t e r i a l s  t o  be studied, data acqu is i t i on ,  and data analysis. A 
comparison o f  data taken w i t h  the ERT and t h e  Hopkinson bar t e s t  on oxygen-free 
e l e c t r o n i c  (OFE) f u l l y  annealed copper w i l l  be made a t  a  s t r a i n  r a t e  -o f  about 
5  x 103 S-1. 

I1 - PRESENT DESIGN OF THE TEST 

F igure  1 i s  a schematic o f  the ERT. A c y l i n d e r  o f  h igh explos ive i s  centered i n  a 
h igh  s t rength s tee l  d r i v e r  by foam spacers on each end. Three r i n g s  o f  the  mate r ia l  
t o  be s tudied are machined w i t h  an i.r. 1% less  than the  0.r. o f  the d r i v e r  and 
c a r e f u l l y  pressed onto t h e  d r i v e r ,  i n s u r i n g  good contact  between the  r i n g s  
themselves and t h e  r i n g s  and t h e  d r i v e r .  The use o f  th ree  r ings  has been shown t o  
g r e a t l y  reduce the t ime requi red f o r  the  cen t ra l  r i n g  ( t h e  r i n g  t o  be s tudied)  t o  
achieve the one-dimensional motion necessary f o r  Eq. (1) t o  be c o r r e c t l y  appl ied. 
When the explosive i s  detonated on both ends simultaneously, t h e  r i n g s  are d r i ven  
outward, q u i c k l y  leav ing  t h e  stronger d r i v e r  behind. The d r i v e r  mate r ia l  i s  
VascoMax 250 w i t h  a Rockwell "C1' hardness o f  from 28 t o  31. The a d d i t i o n  of s tee l  
tubes t o  each end o f  the  d r i v e r  t o  channel explos ive gases away from t h e  l a s e r  beam 
path has increased t h e  leng th  o f  t ime over which the v e l o c i t y  can be measured by 
near l y  a  f a c t o r  of two and improved t h e  p rec is ion  o f  the subsequent data analysis. 
Dimensions f o r  t h e  "standard" experiment are: d r i v e r  o.d., 47.93 mm; d r i v e r  he ight ,  
50.8 mm; r i n g  i.d., 47.47 mm; r i n g  o.d., 50.34 mm; center r i n g  height ,  1.44 mm; 
oute r  r i n g  height,  2.87 mm; gas channel length,  76.2 mm. 



LENS 

Fig. 1 - A schematic o f  the f r e e l y  expanding r i n g  t e s t  showing t h e  th ree  r ings  
before and a f t e r  launch from t h e  d r i ve r .  

The r i n g  launching ve loc i t y ,  and, therefore,  the  s t r a i n  rate, can be var ied  over a 
l a r g e  range by vary ing t h e  explos ive diameter--see Eq. (3). Another way t o  increase 
t h e  s t r a i n  r a t e  i s  t o  scale down the  dimensions o f  the  experiment. Nearly t h e  same 
launch v e l o c i t y  i s  obtained i n  scaled experiments as long  as the  explos ive i s  scaled 
too. Experiments have been scaled up by a f a c t o r  o f  two and down by a f a c t o r  o f  
f o u r  from t h e  standard d r i v e r .  

I11  - CHOICE OF MATERIAL 

The l a s e r  in ter ferometer  i s  capable o f  measuring such d e t a i l  i n  t h e  r i n g ' s  motion 
t h a t  batch-to-batch, and even in-batch, v a r i a t i o n s  i n  the raw mater ia l  from which 
t h e  r ings  are made can be seen. Therefore, t o  see i f  the  t e s t  warrants confidence 
as a r e l i a b l e  t o o l  i n  determining mate r ia l s  proper t ies,  c lose  con t ro l  o f  the r i n g  
mate r ia l  was necessary. For  these t e s t s  OFE f u l l y  annealed copper from t h e  same 
batch was chosen. Choice o f  t h i s  mate r ia l  a l so  al lowed a d e t a i l e d  comparison w i t h  
a l ready e x i s t i n g  data taken on t h e  Hopkinson bar. 

I V  - THE EXPERIMENTS 

Twenty-three experiments have been conducted i n  t h i s  series. On most o f  them t h e  
explos ive was detonated on both ends simultaneously. On a few, however, on ly  one 
detonator was used t o  see i f  the i n i t i a l  accelerat ion o f  the  r i n g  might be less  
severe. The recovered samples ind ica ted  t h a t  the launch o f  the  r ings  on these 
l a t t e r  tes ts ,  whi le  poss ib ly  l e s s  severe, was not rad ia l ,  r e s u l t i n g  i n  the r i n g  
t w i s t i n g  i n  f l i g h t .  These few t e s t s  have not been inc luded i n  the data presented 
here. 

The d r i v e r  s i z e  and the  explosive diameter were chosen t o  launch the r ings  a t  a 
s t r a i n  r a t e  o f  about 5 x l o 3  s-I ,  a convenient range f o r  the  Hopkinson bar. 

F igure  2 i s  a p l o t  o f  the  data obtained on one o f  the  experiments. The o s c i l l a t o r y  
reg ion immediately a f t e r  launch i s  the region o f  two-dimensional motion t h a t  the 
th ree- r ing  geometry was designed t o  minimize. It i s  no t  inc luded i n  t h e  subsequent 
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analysis. The end o f  a  usefu l  record i s  determined by e i t h e r  the  l o s s  o f  l i g h t ,  t h e  
end o f  the  recording osc i l loscope t race,  o r  the  appearance o f  noise caused by 
explos ive gases c u r l i n g  around i n t o  t h e  l a s e r ' s  path o r  per tu rba t ions  t o  t h e  smooth 
motion o f  t h e  r i n g  (discussed below). 

V - DATA ANALVSIS 

F igure  3  i s  a  p l o t  o f  the data t o  be analyzed from t h r e e  se ts  o f  experiments, t h e  
sets d i f f e r i n g  only  i n  the s i ze  o f  the explosive used. A number o f  d i f f e r e n t  
procedures have been used recen t l y  t o  determine the  f low s t ress  from t h e  
ve loc i t y - t ime  data. Most have involved f i t t i n g  the  ve loc i t y - t ime  data w i t h  a  
d i f f e r e n t i a b l e  a n a l y t i c  func t ion  and apply ing Eq. (1) [4]. The ve loc i t y - t ime  data 
does conta in small, but measurable, per turbat ions t o  t h e  r i n g  motion bel ieved t o  be 
caused by asymmetries o f  launch and 1  ocal i z e d  y i e l d i n g  phenomena t h a t  generate 
disturbances t r a v e l l i n g  c i r c u m f e r e n t i a l l y  i n  t h e  r ing. Because the d i f f e r e n t i a t i o n  
causes the  s t ress -s t ra in  data t o  be very s e n s i t i v e  t o  t h e  ve loc i t y - t ime  data, t h i s  
procedure f requent ly  gives r e s u l t s  t h a t  are not r e a l i s t i c  i n  the s t ress -s t ra in  
plane. An a l t e r n a t e  method t h a t  shows the  most promise consis ts  o f  assuming a  
f a m i l i a r  and/or simple form f o r  t h e  s t r e s s - s t r a i  n  r e l a t i o n  and f i t t i n g  t h e  v e l o c i t y  
h i s t o r y  der ived from it and Eq. 1 t o  the experimental data by t h e  method o f  l e a s t  
squares. Several f i t t i n g  forms have been used, w i t h  the  most cons is ten t l y  
reasonable r e s u l t s  coming from the  Voce (4) and the  power (5) equations below: 

o = a  + beElc and (4) 

F igure 4 shows t h e  r e s u l t s  o f  t h i s  analys is  f o r  t h e  experiments. The sca t te r  i n  t h e  
data from near ly  i d e n t i c a l  experiments i s  be l ieved t o  be a  consequence o f  the  small 
per turbat ions t o  the r i n g  motion mentioned above. The s t r a i n  r a t e  i n  an ERT 
decreases dur ing t h e  experiment because f decreases f a s t e r  than r increases--see 
Eq. (3). This i s  no t  necessar i ly  a  disadvantage; several experiments can map out a  
s t r e s s - s t r a i n - s t r a i n - r a t e  surface f o r  a  given mater ia l .  However, i t  genera l ly  
requi res add i t i ona l  experiments t o  separate the e f f e c t s  o f  the decreasing s t r a i n  
r a t e  and work hardening t h a t  are occurr ing simultaneously. The s t r a i n  ra tes  f o r  

TIME (ps) 

Fig. 2 - A t y p i c a l  ve loc i t y - t ime  pro- 
f i l e  from one o f  the  expanding r i n g  
experiments. 

0- 0 20 40 60 

TlME (ps) 

Fig. 3  - The analyzable por t ions o f  
the  ve loc i t y - t ime  p r o f i l e  from 
e igh t  50.8-mm-diam expanding r i n g  
experiments. 
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STRAIN 
4 - The s t r e s s - s t r a i n  behavior o f  copper determined from t h e  data 
3 and analyzed us ing Eq. (1) and e i t h e r  Eq. (4) o r  Eq. (5). 

shown i n  

these data, measured i n  t h e  middle o f  the data windows, ranged from 3.8 t o  
8.4 x l o 3  s-'. 

V I  - SHOCK HARDENING AND COMPARISONS WITH HOPKINSON BAR DATA 

The ERT has been slow i n  gaining acceptance as a r e l i a b l e  t o o l  f o r  obta in ing 
s t ress -s t ra in  data a t  l a r g e  s t r a i n s  and h igh  s t r a i n  rates. This re luctance may be 
due t o  t h e  unknown extent  o f  shock wave hardening dur ing t h e  r i n g ' s  launch from the 
d r i v e r .  It had been noted t h a t  the recent ERT data from these wel l  c o n t r o l l e d  
experiments genera l ly  ind ica ted  l a r g e r  f l ow stresses i n  the  t e s t  mater ia l  than 
s i m i l a r  data taken w i t h  other  techniques. To see i f  shock wave hardening could be 
t h e  cause o f  t h i s  discrepancy and t o  shed some l i g h t  on the  ERT launching process i n  
general, several small segments o f  a r i n g  o f  OFE f u l l y  annealed copper were launched 
i n  a standard experiment and recovered. Thus, samples were subjected t o  the 
through-thickness shock wave but  t o  v i r t u a l l y  no c i r cumferen t ia l  s t r a i n .  

The recovered samples and a contro l  o f  unshocked annealed mater ia l  were given 
microhardness t e s t s  w i t h  the r e s u l t  t h a t  the diamond pyramid hardness (DPH) values 
f o r  the  shocked samples were 23% higher than those f o r  the  con t ro l  sample. This 
suggests t h a t  a r i n g  o f  t h i s  shock hardened mater ia l  would e x h i b i t  a l a r g e r  f l ow 
s t ress  than a r i n g  o f  t h e  con t ro l  mater ia l  i n  an ERT. 

To get  a f e e l i n g  f o r  what amount o f  s t r a i n  hardening would be equiva lent  t o  t h i s  
amount o f  DPH increase, f o u r  annealed samples o f  the  i d e n t i c a l  copper mater ia l  were 
compressed s t a t i c a l l y  ( t h a t  i s ,  compressed i n  one d i r e c t i o n  w i t h  the sides f ree  t o  
expand) t o  s t r a i n s  o f  2%, 4%, 6%, and 10% and t h e i r  hardness measured. These data 
are p l o t t e d  i n  Fig. 5. There i s  a c o r r e l a t i o n  between the  hardness increase i n  the  
shock hardened samples and t h e  hardness one would expect from a sample s t r a i n e d  9% 
s t a t i c a l l y .  While i t  i s  l i k e l y  t h a t  t h e  defect s t r u c t u r e  i n  the shock hardened 
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samples i s  d i f f e r e n t  from t h a t  i n  the  s t a t i c a l l y  compressed samples, i t  does g ive  an 
i n d i c a t i o n  o f  the  amount o f  s t r u c t u r a l  change e f fec ted  by t h e  passage o f  the shock 
wave. 

The above t e s t s  i n d i c a t e  t h a t  the ERT data would c o r r e l a t e  b e t t e r  w i t h  data from 
Hopkinson bar t e s t s  i f  the Hopkinson bar specimens were p res t ra ined  s l i g h t l y .  
F igure 6  shows the s t r e s s - s t r a i n  curve f o r  a  sample prest ra ined 5% i n  compression, 
unloaded, and then  deformed i n  the  Hopkinson bar a t  a  s t r a i n  r a t e  o f  5  x l o 3  s - l .  
Included on the p l o t  are the  Hopkinson bar data f o r  a  sample w i thou t  p res t ra in .  
These data are compared w i t h  data from two se lected ERTs a t  a  s t r a i n  r a t e  o f  
4  x l o 3  s - l .  F igure  7 i s  a  p l o t  o f  the ERT data from Fig. 4  along w i t h  the  
Hopkinson bar data from Fig. 6. Also inc luded are s t ress -s t ra in  data on copper 
being deformed q u a s i - s t a t i c a l l y  and ERT data taken a t  s t r a i n  ra tes  o f  0.99 and 
2.3 x l o 4  s - l .  The f a c t  t h a t  t h e  0.99 x l o 4  s - I  experiment has a  h igher  f l ow s t ress  
than the  2.3 x l o 4  s - I  experiment i s  an i n d i c a t i o n  o f  the p rec is ion  t o  be expected 
i n  these experiments and emphasizes the  d e s i r a b i l i t y  o f  conducting dup l i ca te  
experiments. The agreement between the  ERT data a t  the lower s t r a i n  ra tes  and t h e  
data from t h e  Hopkinson bar t e s t  w i t h  the  p res t ra ined  sample i s  q u i t e  good. This 
comparison a t  about 5 x l o 3  s - l  w i l l  permi t  t h e  t e s t  t o  be used a t  t h e  higher s t r a i n  
r a t e s  t h a t  can be achieved by sca l ing  wh i le  being able t o  make a t  l e a s t  a  
q u a l i t a t i v e  adjustment f o r  t h e  e f f e c t  o f  shock hardening on t h e  data. 

These data provide some in format ion on whether shock hardening d i f f e r s  from work 
hardening a t  ord inary s t r a i n  rates. The hardness t e s t s  described above def ined two 
very d i f f e r e n t  load ing  paths t h a t  produced t h e  same DPH increase. Using t h e  von 
Mises y i e l d  condi t ion,  the  work per u n i t  volume requi red t o  achieve a  9% 
one-dimensional q u a s i - s t a t i c  compression o f  a  sample w i t h  sides f r e e  t o  expand i s  
0.156k, where k  i s  the y i e l d  p o i n t  i r i  simple shear. The work per u n i t  volume done 
on a  sample by t h e  passage o f  the launching shock wave i n  the ERT (4.2 GPa), both 
loading and unloading, i s  0.065k, a lso  obtained by apply ing t h e  von Mises condi t ion.  
This l a t t e r  c a l c u l a t i o n  assumes an Hugoniot E l a s t i c  L i m i t  (HEL) o f  
[l + A/(2~1)]~'3k--no s t r a i n  r a t e  e f fec ts .  These two ca lcu la t ions  d i f f e r  by a  f a c t o r  
o f  2.4, w i t h  the work i n  t h e  dynamic path being the  lower. Since actual  HELs w i t h  
r a t e  e f f e c t s  are f requen t l y  l a r g e r  than t h e  HEL c a l c u l a t i o n  wi thout  r a t e  e f f e c t s  by 
about t h i s  amount, t h e  work i n  each path i s  near l y  t h e  same. Without consider ing 
the  m ic ros t ruc tu ra l  d e t a i l s  o f  the two paths, these ca lcu la t ions  suggest t h a t  
hardening f o r  a  g iven amount o f  p l a s t i c  work i s  about the same i n  t h e  shock process 
as it i s  i n  ord inary quas i -s ta t i c  processes. 

It should be noted t h a t ,  wh i le  the  shock hardening o f  the sample dur ing  i t s  launch 
does add a  compl icat ion t o  t h e  use o f  ERT data t o  determine fundamental c o n s t i t u t i v e  
p roper t ies  o f  mate r ia l s ,  the re  are many app l i ca t ions  f o r  mate r ia l s  which invo lve  
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Fig. 5 - The r e l a t i v e  DPH increase as a  
funct ion o f  p r e s t r a i n  i n  the  copper 
samples. 

Fig. 6  - A comparison o f  s t r e s s - s t r a i n  
data from Hopkinson bar t e s t s  w i t h  
data from two expanding r i n g  tes ts .  
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Fig. 7 - A comparison o f  s t ress -s t ra in  data from Hopkinson bar and expanding r i n g  
t e s t s  at  s t r a i n  rates o f  about 5 x lo3  s'l along w i t h  data taken a t  quas i -s ta t i c  
s t r a i n  rates f o r  reference. I n  add i t i on ,  data are shown from two scaled down 
expanding r i n g  t e s t s  a t  s t r a i n  ra tes  o f  0.99 and 2.3 x l o4  s - l .  

i n i t i a l  acce le ra t ion  by shock waves fo l lowed by h igh  s t r a i n  r a t e  deformation. For  
these problems the ERT, o r  any o f  i t s  v a r i a t i o n s  153, can s t i l l  provide 
s t r e s s - s t r a i n  data at  l a r g e  s t ra ins  and a t  s t r a i n  rates no t  accessible by other  
techniques. The compl icat ion o f  shock hardening may be completely avoided by using 
non-explosive launching techniques. An electromagnetic system f o r  the  ERT has been 
discussed i n  reference [5]. 

VII SUMMARY 

The ERT has been studied i n  d e t a i l ,  and a ca re fu l  se r ies  o f  experiments on a we l l  
c o n t r o l l e d  mate r ia l  (OFE f u l l y  annealed copper) has been conducted a t  s t r a i n  rates 
near 5 x lo3  s - l .  The e f f e c t  o f  shock hardening on the measured r i n g  motion has 
been determined by measuring the  increase i n  hardness o f  shock-launched and 
recovered r i n g  segments and then comparing t h e  ERT data w i t h  Hopkinson bar data 
taken a t  the  same s t r a i n  r a t e  on a sample t h a t  had been s t a t i c a l l y  s t ra ined  before 
t h e  tes t .  The comparison ind ica ted  t h a t ,  i n  these experiments, t h e  amount o f  shock 
hardening was equiva lent  t o  a s ta t i ca l l y - induced  s t r a i n  o f  5%. With t h i s  c a l i b r a -  
t i o n ,  the t e s t  has been extended t o  s t r a i n  ra tes  o f  0.99 and 2.3 x l o 4  s" l .  
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