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Study has been made of the p r e s s u r e  distribution over rotatable Bridgman anvils prepared 
f rom KhVG steel and VK-6 alloy, working at room t e m p e r a t u r e  and over  the p r e s s u r e  range 
f rom 10 to 40 kbar. The p r e s s u r e  distribution was determined by following the po lymer iza -  
tion of ac ry lamide  under the combined action of high p r e s s u r e  and deformational  shear.  The 
po lymer  yield was found to increase  with increasing p r e s s u r e  at fixed angle of rotation of the 
anvil, Study was made of the effect of p r e s s u r e  on the polymer  yield over  various annular 
zones marked out within the sample. The p r e s s u r e  distribution was found to vary with the 
mater ia l  of which the anvil was constructed,  the normal  p res su re ,  and the sample geometry .  
It was also found that there  was one interval within which the p r e s s u r e  over  the anvil was a l -  
most  constant.  

Devices using the Bridgman anvil a re  widely used in h igh -p res su re  studies, especial ly those involving 
h igh -p re s su re  deformational  shear.  

These devices a re  unsat isfactory insofar  as  they do not a s su re  uniformity of p r e s s u r e  distribution 
over  the working sample. A knowledge of this distribution and its dependence on such factors  as the nature 
of the anvil mater ia l ,  the t rea tment  to which this mater ia l  was subjected, and the sample geometry ,  is es -  
sential, not only for improving the technique of working with these devices,  but also for co r rec t ing  resul ts  
repor ted  from various physical and chemical  studies on phase t ransi t ions and react ion kinetics and mech-  
anisms.  

Data on the p r e s s u r e  distribution over  fixed anvils have been given in [1-4]. Experiments  with dia-  
mond anvils [2] showed the p r e s s u r e  to be higher at the center  than on the per iphery  of the sample,  while 
exactly the opposite resul ts  were  obtained in experiments  with tungsten carbide  anvils [5]. Experiments  
with tempered steel anvils [6] showed center  p r e s s u r e s  24-70 ~ below mean p r e s s u r e  in thin-sheet  samples,  
and 20-55 % above in th ick-sheet  samples.  

There is essentially no available information concerning the p r e s s u r e  distribution over  rotatable 
anvils. It has been suggested that [4] the distribution here  would not be the same as for  fixed anvils, but 
possibly more  nearly uniform. Measurements  of the shear  s t r e s s  on anvils of var ious d iameters  [7] have 
been interpreted as indicating center  p r e s s u r e s  lower than the p r e s s u r e  on the edges of the sample. 

The present  study aimed at acquiring information on the p r e s s u r e  distribution within the sample, and 
the variation of this distribution with the p re s su re  and the nature ,Jr the anvil mater ia l .  Experiments  were  
ca r r i ed  out on acry lamide  samples.  The extent of polymerizat ion of the ac ry lamids  proved to be indepen- 
dentof the  time of anvil rotation, being determined,  at fixed temperature ,  by the p r e s s u r e  and the d isplace-  
me:it coordinate  of the sample  section [8]. The polymerizat ion rate constant was measured  over  zones lo-  
cated at var ious distances f rom the sample center ,  and the p r e s s u r e  in each zone then calculated from the 
known p r e s s u r e  dependence of the rate constant.  

Exper iments  were ca r r i ed  out with an anvil made f rom KhVG steel (hardness R c = 62-64), 20 mm in 
diameter ,  and an anvil made f rom VK-6 alloy (hardness, R A = 88). The purified ac ry lamide  was pressed  
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into tab le t s ,  20 mm in d i a m e t e r  and of the d e s i r e d  th ickness ,  using a die  on a 5 ton p r e s s .  The tab le t  t h i ck -  
ness  was  de t e rmined  be fo re  and a f te r  each exper imen t  using a m i c r o m e t r i c  i nd i ca to r  a c c u r a t e  to within 
~: 1 g. Each s amp le  was subjec ted  to the combined action of high p r e s s u r e  and de fo rmat iona l  s h e a r  and then 
divided into t h ree  zones of 0-10, 10-15, and 15-20 mm d i a m e t e r  with the aid of a t empla te .  The p o l y m e r  
y ie ld  in each zone was de t e rmined  by the method of [8]. Before  the data could be used fo r  de t e rmin ing  the 
p r e s s u r e  d i s t r ibu t ion ,  i t  was n e c e s s a r y  to p rove  that movement  p roceeded  uni formly through the en t i r e  
sample ,  that is  to say,  to e l imina te  the poss ib i l i ty  of e i the r  p r e f e r r e d  d i s p l a c e m e n t  along c e r t a i n  p lanes  o r  
anvil  s l ippage  under  the sample .  Tab le t s  buil t  up of two pa r t s ,  one co lo red  by the addit ion of 0.05-0.1 wt. % 
diphenylpicrs,  lhydrazy l  a c r y l a m i d e ,  we re  used in studying this point. 

On the KhVG anvil  ( sur face  c l eannes s ,  v]8), and at p r e s s u r e s  l e s s  than 5 kbar ,  these  tab le t s  showed 
no d i sp l acemen t  of the co lo red  in t e r f ace  under  anvil  ro ta t ion ,  the anvil  s l ipping under the en t i r e  s amp le  s u r -  
face.  Lagging of the p e r i p h e r a l  zone with r e s p e c t  to the cen te r  set  i n a t 6  kba r  on the KhVG s tee l  anvil ,  
and at  10 kbar  on the VK-6 al loy anvil .  P e r i p h e r a l  zone s l ippage was indicat ion of a nonuniformity in the 
p r e s s u r e  d i s t r ibu t ion ,  the p r e s s u r e  being lower at  the edge than in the cen te r  of the sample  under  these  
condit ions.  At p r e s s u r e s  in exces s  of 10 kbar  on the KhVG s tee l  anvil ,  o r  in exces s  of 20 kbar  on the VK-6 
al loy anvil ,  the angular  d i sp l acemen t  of the colored  in te r face  proved to be ident ica l  with the angular  r o t a -  
tion of the anvil.  By working with t h r e e - l a y e r  t ab le t s  of the type shown in Fig .  1, and c a r r y i n g  out m i c r o -  
scopic  sect ion s tudies ,  it was proven that  movement  took p lace  over  the en t i r e  table t  and not jus t  over  one, 
or  even s e v e r a l ,  s l ip  p lanes .  

When working on the KhVG s tee l  anvil  at a p r e s s u r e  of 10 kbar ,  and  at pe r cen t ages  of a c r y l a m i d e  
po lymer i za t i on  q of the o r d e r  of 40-50:]~, ~fq proved to be r e l a t ed  to l, the angle of anvil  rota t ion,  through a 
l i nea r  equation of the form (Fig. 2) 

I /~  ~ K' (l + Z0) (1) 

l0 being an effect ive angle  equivalent  to sample  flow re su l t i ng  f rom c o m p r e s s i o n  on the anvil ,  and K' a con-  
s tant  which v a r i e s  on pass ing  f rom zone to zone, but is  independent  of the angle of ro ta t ion .  

We wil l  now d e r i v e  an equation r e l a t ing  the r e l a t i v e  p o l y m e r  y ie ld  and the zone r ad ius .  Let it  be sup-  
posed that  the y ie ld  q and the angle I in a tubu la r  sect ion with wall  th ickness  d r  a r c  r e l a t e d  by Eq. (1). The 
phys ica l ly  s ignif icant  f ac to r  he r e  i s  not the angle  of anvil  rotat ion,  but r a t h e r  the sect ion d i s p l a c e men t  Ix[ 
which, fo r  de fo rma t iona l  shea r ,  is  given by the equation 

x = Ir / h (2) 

r being the radius ,  h the length of the e l emen ta ry  tubular  section in the sample,  and x the re la t ive  d i sp lace-  
ment  of the sections with respect  to orte another. 

Using (2), an equation analogous to (1) can be obtained, namely 

q = K [(x -4- x0) / hl 2 (3) 

K being a cons tant  independent  of both the angle  of anvil ro ta t ion and the zone rad ius .  

The amount  g of p o l y m e r  fo rmed  ove r  a e l e m e n t a r y  tubular  sect ion of r ad ius  r ,  length h, and wall  
th ickness  d r  i s  then given by the expres s ion :  

g = 2nrhqdr  = 2 n r h K  [(x -~- x0) / hl2dr = 2~rZK [(/ ~- lo)2/hldr (4) 
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T h e  t o t a l  we igh t  G of p o l y m e r  f o r m e d  in a t u b u l a r  s e c t i o n  of wa l l  t h i c k n e s s  ( r 2 - r l )  i s  f ina l ly  ob ta ined  
by i n t e g r a t i n g  Eq. (4) with (/ +10) = c o n s t  and h = c o n s t ,  the  r e s u l t  be ing  

r~ 

G = 2.~ [ ( / +  l)~/hl Kr3dr  = - -~  K [(/--~ lo)~/h] (r~ 4 - -  r l  4) (5) 
r, 

The  r e l a t i v e  p o l y m e r  y i e l d  i s  by de f in i t ion  q = G/G 0, G O b e i n g  the  to ta l  amoun t  of p o l y m e r  f o r m e d  in 
the  t u b u l a r  s e c t i o n  a s  g iven  by 

G o =  n (r= ~ - rz2)h, q == G / n (r2 ~ - rz2)h = K (1 -b /a) ~'(r~ 2 + r z  2 ) /2h  (6) 

The  c o n s t a n t  K of Eq. (6) w a s  e v a l u a t e d  f r o m  the  d a t a  of F i g .  2 (cf. T a b l e  1). S ince  the c o o r d i n a t e  of 
s e c t i o n  d i s p l a c e m e n t  i s  a func t ion  of the  s a m p l e  t h i c k n e s s ,  a c o r r e c t i o n  f o r  the v a r i a t i o n  of th i s  f a c t o r  on 
p a s s i n g  f r o m  zone  to zone  was  i n t r o d u c e d  in Eq. (6). T h e  zone  t h i c k n e s s  w a s  o b t a i n e d  f r o m  the  mean  of 
50 s a m p l e  g e o m e t r y  m e a s u r e m e n t s  p e r f o r m e d  a t  the  end of e x p e r i m e n t s  a t  v a r i o u s  p r e s s u r e s  and with v a r i -  
ous  anv i l  r o t a t i o n s  (Fig .  3). T h e s e  m e a s u r e m e n t s  showed the  t a b l e t  f o r m  to b e  w e a k l y  dependen t  on the  
p r e s s u r e ,  o v e r  the  i n t e r v a l  f r o m  10 to 40 k b a r ,  and  on the  a n g l e  of r o t a t i o n ,  o v e r  the  i n t e r v a l  f r o m  5 to 60 ~ 

The  da t a  of the  t a b l e  m a k e  it c l e a r  that  the  c o n s t a n t s  f o r  the  15-20  m m  zone  i n c r e a s e d  m o r e  r a p i d l y  
with i n c r e a s i n g  to t a l  p r e s s u r e  than  did the  c o n s t a n t s  fo r  the  c e n t r a l  zone;  and,  of c o u r s e ,  the  s a m e  m u s t  
h a v e  b e e n  t r u e  of the  p r e s s u r e s  in t h e s e  zones  t h e m s e l v e s .  Such da t a  can ,  n a t u r a l l y ,  be  e x p r e s s e d  d i r e c t l y  
in t e r m s  of p r e s s u r e s  once  the  r a t e  c o n s t a n t  vs  p r e s s u r e  r e l a t i o n  i s  known. The  l a t t e r  can ,  in tu rn ,  be  
d e v e l o p e d  f r o m  the r e l a t i o n  be tween  the  i n t e g r a l  p o l y m e r i z a t i o n  r a t e  f o r  the  e n t i r e  s a m p l e  and the  p r e s -  
s u r e ,  the  l a t t e r  g iven  by the  equa t ion  

lg (Kp / K10 ) = a P  - -  b (7) 

in which P i s  the  p r e s s u r e ,  in k b a r ,  a = 2 * 10 -2 k b a r  -1, b = 0.2, and K10 i s  the  p o l y m e r i z a t i o n  c o n s t a n t  fo r  a 
10 k b a r  p r e s s u r e .  

Equa t ion  (7) and the r e l a t i v e  v a l u e s  of the  c o n s t a n t  w e r e  used  to e s t i m a t e  p r e s s u r e  in the  v a r i o u s  
z o n e s  of the  s a m p l e .  The  r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  shown in F ig .  4 a s  p r e s s u r e  d i s t r i b u t i o n  p r o b -  
a b i l i t y  p r o f i l e s .  H e r e  the p r e s s u r e  m a x i m u m  is  s een  to sh i f t  f r o m  the  c e n t e r  to the  p e r i p h e r y  of the  s a m -  
p ie ,  wi th  i n c r e a s i n g  to t a l  p r e s s L t r e  and with  p a s s a g e  f r o m  the  s t e e l  to the  a l l oy  anvi l .  The  o b s e r v a t i o n  of a 
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pres su re  maximum at the center  of the sample has been repeatedly reported f rom work with fixed anvils, 
and is consis tent  with the resu l t s  of theoret ical  calculat ions in which perfec t  anvil r igidity is assumed [9, 
10]. The anvil deforms  only slightly at low p r e s s u r e s  and the p r e s s u r e  distribution is then determined 
solely by sample  flow under p res su re .  The fact that the p r e s s u r e  maximum shifts f rom the center  to the 
per iphery with r is ing p r e s s u r e  could indicate more  extensive deformation at the center  than on the pe r i -  
phery where there  is support  f rom the mass  of mater ia l  in the nonworking zone of the anvil. This could be 
considered an instance of the Bridgman mass  support principle.  The passage  of the p r e s s u r e  maximum 
toward the center  on substituting the VK-6 alloy anvil for the KhVG steel anvil could possibly be explained 
in the same way, the high Young modulus of this alloy assur ing that anvil deformation would have minimal 
effect on the p r e s s u r e  distribution at a working p r e s s u r e  of 20 kbar.  

It could be anticipated that the p r e s s u r e  distribution would be al tered by changing the tablet thickness,  
the effect of sample proper t ies  on the distr ibution increasing,  and that of the anvil deformation diminishing. 
For  this reason the position of the p r e s s u r e  maximum is displaced toward the cen te r  of the anvil by such 
increases .  The validity of this conclusion was conf i rmed by the resu l t s  of experiments  with tablets of va r i -  
ous thickness,  determining the polymer  yield in the centra l  and per iphera l  zones and, at the same time, 
measur ing the sample dimensions.  Values of the rat io of polymer  yields in the cent ra l  and per iphera l  
zones a re  shown below. Clearly this ratio increased with increasing thickness of sample, the increase  be-  
coming even more  pronounced when cor rec t ion  was made for  differences in zone depths. With original  
tablet thickness of 60, 100, 150, 200, and 250/~, the ra t ios  of co r r ec t ed  polymer  yields in cent ra l  and pe r i -  
per iphera l  zones (/=20 ~, P=  10 kbar) were respect ively  0.32, 0.36, 0.44, 0.80, and 1.10. 

Summarizing,  it can be said that the p r e s s u r e  profi le  at fixed sample dimensions var ies  with the p r e s -  
sure,  p r e s s u r e  maximum being located at the sample center  at the lower p r e s s u r e s  and moving toward the 
per iphery as the p r e s s u r e  is increased.  At fixed p ressure ,  the position of p r e s s u r c  maximum is displaced 
toward the center  as the sample thickness is increased.  

Passage  from KhVG steel to VK-6 alloy anvils c a r r i e s  to higher p r e s s u r e s  that p r e s s u r e  range over  
which the position of the maximum is displaced f rom the center  to the per iphery of the sample. F o r  a given 
anvil pair  and given sample type, there  proved to be one p r e s s u r e  interval over which the p r e s s u r e  d i s -  
tribution showed minimum deviation f rom uniformity.  This opens the possibil i ty of so selecting the anvil 
mater ia l  and sample  geometry  as to a s su re  c loses t  approach to p r e s s u r e  uniformity in Bridgman devices.  
The p r e s s u r e  distribution on fixed s t ruc tura l  steel anvils is s imi lar  to that observed on KhVG steel anvils 
at 20 kbar.  This suggests  that the p r e s s u r e  distribution is not affected by movement  of the anvil. 
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