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ULTRAHIGH PRESSURE RESEARCH - I T S  PROGRESS AND PROMISE 

ABSTRACT 

Ul t rah igh  pressure ,  how it is produced, t h e  kind of machinery requi red ,  
t h e  "massive support" p r i n c i p l e  and i t s  evolut ion,  toge ther  wi th  t h e  e f f e c t  
of extreme pressure  on t h e  b a s i c  s t r u c t u r e  of some ma te r i a l s  a r e  d iscussed .  
A bibl iography is a t tached.  

INTRODUCTION 

One of t h e  major concerns of  t h e  ma te r i a l s  s c i e n t i s t  i s  t h e  r e l a t i o n  
between t h e  bas i c  s t r u c t u r e  of e lenent  o r  an a l l o y  and t h e  p rope r t i e s  
it e x h i b i t s .  Changes i n  bas i c  s t r u c t u r e  can b r ing  w i t h  them favorable  
a l t e r a t i o n s  i n  both t h e  phys ica l  and mechanical p rope r t i e s  of metals ,  
a l l o y s ,  and nonmetal l ic  compounds. By applying extreme pressures  t o  some 
ma te r i a l s  we a r e  ab le  t o  change t h e i r  l a t t i c e  s t r u c t u r e  o r  t o  a c t u a l l y  
a l t e r  t h e  n a t u r a l  alignment of t h e  atoms wi th in  t h e i r  c r y s t a l s .  When 
t h i s  happens i n  such a manner t h a t  t h e  new alignment does not  r e v e r t  t o  
i ts former undisturbed condit ion,  we have an e n t i r e l y  d i f f e r e n t ,  i n  f a c t ,  
a new m a t e r i a l  before  u s .  A known and r a t h e r  s t r i k i n g  example of a 
transformation of t h i s  kind is  t h e  conversion, under very  high s t a t i c  
pressure  and temperature, of g raph i t e  i n t o  diamond. This conversion is  
r e a l l y  a change of phase i n  t h e  ma te r i a l ,  and t h e  t ransformation u s u a l l y  
r e s u l t s  i n  increased s t r e n g t h  and hardness,  d i f f e r e n t  phys ica l  p rope r t i e s ,  
and very s i g n i f i c a n t  d i f f e rences  i n  response t o  e l e c t r i c i t y  and o t h e r  
forms of  a c t i v a t i n g  energy. It seems poss ib l e  t h a t  ma te r i a l s  wi th  
g r e a t e r  r e s i s t a n c e  t o  cosmic and s o l a r  r ad ia t ions  w i l l  be developed. 
Perhaps even t h e  ion iz ing  Van Allen r a d i a t i o n s ,  which cause so  much d i s -  
turbance i n  t h e  e l e c t r o n i c  devices of f l y i n g  space vehic les ,  may be soon 
overcome ( G  . C . Kennedy Lecture, Univers i t y  of Ca l i fo rn ia ,  Los Angeles , 
March 1964). Thus, u l t r a h i g h  pressure  research  holds t h e  promise of  
developing ma te r i a l s  w i th  e l e c t r o n i c  p rope r t i e s  f a r  supe r io r  t o  those  
p r e s e n t l y  a v a i l a b l e .  Moreover, t h e  unfolding and r a p i d l y  deepening 
knowledge of high pressure  physics w i l l  a s  a  mat te r  of n a t u r a l  consequence 
l ead  t o  t h e  emergence of u l t r a h i g h  pressure  and temperature techniques.  
These may b r ing  w i t h  them t h e  extension of s o l i d - s o l i d  t r a n s i t i o n s  t o  a  
number of t a c t i c a l l y  important h igh-s t rength  ma te r i a l s  - which would then 
have h i t h e r t o  unknown mechanical p rope r t i e s  . 

While these  hopes a r e  en t i c ing ,  it behooves us t o  examine on what 
foundations they  have grown. I n  o the r  words, what is  t h e  s t a t e  of t h e  art 
of u l t r a h i g h  pressure  research?  What is  meant by "u l t r ah igh  pressure",  
how is it produced, and what has t o  d a t e  been accomplished wi th  i t ?  



DEVELOPMENTS I N  ULTRAHIGH PRESSURE 

There a r e  severa l  ways of producing u l t r ah igh  pressures.  Working 
with shock tubes or  with high explosives used as shaped charges, o r  ye t ,  
with plane-wave generators and d r ive r  p l a t e s ,  extremely high t r a n s i e n t  
pressures can be achieved. The magnitude of the  pressure t h a t  can be 
a t t a ined  is  function of the  shock ve loc i ty  and a l s o  of the  i n e r t i a  of 
the  mater ia l  exposed t o  shock. The g rea te r  t h e  apathy of the  mater ia l ,  
the  higher t h e  dynamic pressure induced. A few random examples w i l l  
i l l u s t r a t e  the  point .  The highest  pressure produced by shock i n  Cu is 
9550 ki lobars  (1 kb = 1000 atm o r  roughly 15,000 .lb/sq i n .  ), i n  uranium 
it is 6450 ki lobars ,  while i n  p lexiglass  it is only 2000 ki lobars  and, 
j u s t  as  a matter  of reference,  gun pressure i s  around 100 ki lobars  
( ~ e o r ~ e  E. Duvall, Lecture on Ultrahigh Pressures, Universi ty of 
Cal i fornia ,  March 1965). 

The dura t ion of a shock wave is  about 2 microseconds with t h e  most 
commonly used explosives, which a r e  TNT, RDX, Composition B, Cyclotol 
77/23 and, of course, PETN, and primacord. 

It may be noted here t h a t  i f  t h e  t a r g e t  of a high-explosive-induced 
shock wave is  a near the .ore t ica l ly  r i g i d  wall ,  the  shock wave is r e -  
f l e c t e d .  The pressure produced by the  re f l ec ted  shock wave is much 
higher than the  pressure generated by the  shock wave i t s e l f ,  and it can 
be higher by as  much as  a f ac to r  of 10. 

One of the  most noteworthy e f f e c t s  of shock on metals and a l loys  is 
hardening. Apparently even carbides a r e  hardenable by shock, but  tech- 
niques f o r  doing it a r e  s t i l l  i n  the  development s tage .  The g rea tes t  
advance i n  the  appl ica t ion of shock energy has been made i n  the  domain of 
explos ive  forming . 

Besides explosive hardening and forming, remarkable r e s u l t s  have been 
achieved in  explosive welding, e spec ia l ly  i n  cladding a number of d i s -  
s imi la r  mater ia ls  i n t o  composites made up of severa l  s t r a t a  whose d i f f e r -  
ent  proper t ies  combine i n t o  an astonishing synthesis  - o r  symphony, i f  one 
p re fe r s  - of new physical  and mechanical c h a r a c t e r i s t i c s .  

This is ,  i n  a cursory appra isa l ,  the  p ic tu re  of u l t r ah igh  pressure 
produced by explosives. The s i t u a t i o n  is  an e n t i r e l y  d i f f e r e n t  one with 
nondynamic o r ,  pu t t ing  it pos i t ive ly ,  s t a t i c  extremely high pressure.  

F i r s t  of a l l ,  s t a t i c  pressure is  supposed t o  be of i n f i n i t e  durat ion,  
and producing the  pressure requires  mechanical equipment and pressure- 
t ransmit t ing  and confining media. The t r ansmi t t e r  can be a gas, a l iqu id ,  
o r  a so l id .  When l iqu ids  a r e  used, t h e  pressure cannot be higher than 
about 35 ki lobars ,  because most l iqu ids  f reeze  a t  30 o r  35 ki lobars .  For 
t h i s  reason the re  is  apparently a t a c i t  agreement t o  use the  term " u l t r a -  
high pressure" (UHP)  f o r  the  range above 30 ki lobars .  Another g rea t  
d i f ference  between dynamic and s t a t i c  UPH is t h a t  the  maximum s t a t i c  



pressure  produced is approximately 500 k i l o b a r s ,  a s  opposed t o  t h e  awesome 
dynamic pressure  of 9550 k i loba r s ,  o r ,  i n  round f i g u r e s ,  10,000 k i loba r s  
mentioned e a r l i e r .  

The outs tanding  work i n  s t a t i c  u l t r a h i g h  pressure  r e sea rch  is  t h a t  of 
t h e  l a t e  Professor  Bridgman of Harvard Univers i ty .  Between 1909 and 1.960 
Bridgman wrote 199 papers dea l ing  wi th  "High Pressure Ef fec t s " .  H i s  
"Collected Experimental Papers'' a lone,  published by Harvard Univers i ty  
Press  i n  1964, f i l l  seven respect-commanding volumes. There i s  hard ly  an 
inves t iga to r  i n t e r e s t e d  i n  t h e  high pressure  f i e l d  who could forego study- 
ing: t h e  fundamentals s e t  down by Bridgman. His p r i n c i p l e s  of' massive 
support  f o r  compression a n v i l s  and f o r  p is tons  i s  s t i l l  v a l i d  and used 
wi th  some modif icat ion a l l  over t h e  world. 

The Bridgman A n v i l s  

Bridgman a n v i l s  a r e  l abora to ry  equipment cons i s t ing  of two broad- 
angle chamfered, f l a t - f a c e d  compression d i e s  made of a  tough grade of 
tungsten carbide which is  bu t t r e s sed  aga ins t  l a t e r a l  flow by t i g h t - f i t t i n g  
s t e e l  r i n g s .  They a r e  used i n  experiments wi th  specimens of small volume 
and su r face  area .  While they  can withstand f a i r l y  high pressures  (up t o  
CCA 400 k i loba r s  ) , the  s i z e  of t h e  sample is  too  smal l  f o r  comprehens ive  
information i n  high temperature work (Figure 1). 

Yet it is  gene ra l ly  recognized t h a t  it is t h e  Bridgman technique of 
"massive support" which i n i t i a t e d  t h e  development of two improvements 
enabling today ' s  i nves t iga to r s  t o  apply u l t r a h i g h  pressures  t o  l a r g e r  
a reas  and g r e a t e r  volumes of ma te r i a l  specimens. 

The two improvements a r e  t h e  use  of mul t ip le  binding r ings  around t h e  
compressing a n v i l s ,  and t h e  embedding of t h e  specimen i n t o  a  se l f -gaske t ing  
m a t e r i a l .  

Figure 2 i s  a  somewhat more soph i s t i ca t ed  app l i ca t ion  of t h e  massive 
support p r i n c i p l e .  Two cyl inders ,  one l a r g e  and one small ,  a r e  bored along 
t h e  same ax i s  i n  a  block of s t e e l  subsequently heat  t r e a t e d  and ground. 
The l a r g e  p i s t o n  ends in  an obtuse angle t runca ted  cone, which o f f e r s  t h e  
a r e a  of massive support ,  while a  p l a s t i c i z e d  c o l l a r  a c t s  a s  gasket and 
provides t h e  r a d i a l  r e s t r a i n i n g  fo rces  around t h e  upper end of t h e  unat-  
tached o r  f l o a t i n g  high pressure  p i s ton .  The pressure  d i s t r i b u t i o n  
(measured by ~ e i t l i n )  deserves our  a t t e n t i o n .  The press  supp l i e s  170 tons 
t o  t h e  t runcated  a n v i l  which, by reason of a r e a  d i f fe rence ,  t r a n s l a t e s  t o  
the  high pressure  p i s ton  146 k i l o b a r s .  The r e s u l t a n t  l a t e r a l  pressure  on 
t h e  gene ra t r ix  of t h e  smal l  p i s ton  is  10.5 k i loba r s ,  while a t  t h e  contact  
face  of t h e  specimen c e l l  t h e  pressure  reads 103 k i loba r s ,  ending a t  t h e  
f ace  of t h e  c los ing  a n v i l  i n  72 k i loba r s  . 

A simple version of a  compression c e l l  i s  presented i n  Figure 3. The 
massive support  idea  i s  t he  same a s  i n  Figure 1, except f o r  t h e  cy l inder  
block which wi th  t h e  p i s ton  and a n v i l  c o n s t i t u t e  a  closed d i e  type of 
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des ign .  Lava i s  used i n  t h e  form of a con ica l  r i n g  a s  a se l f -gaske t ing  
ma te r i a l .  

I n  Figure 4 t h e  l a t e r a l l y - b u t t r e s s e d  massive support  of Figure 2 
evolves i n t o  a c l ea r -cu t  and c r e a t i v e l y  designed l a t e r a l  support  p r i n c i p l e .  
A s t e e l  band is t h e  cons t ra in ing  chamber i n  which two opposed rms heading 
toward one another compress t h e  pyrophillite-embedded specimen. On both  
s i d e s  o f  t h e  l a t e r a l  support  r i n g ,  a shaped s t e e l  r i n g  is placed.  

During press ing  ac t ion  t h e  p y r o p h i l l i t e  w i l l  flow i n t o  and f r eeze  
s o l i d  i n  t h e  r i n g s ,  a c t i n g  t h e r e  as  a s e l f s e a l i n g  gasket .  The t h r e e  
i n t e r n a l  r ings  a r e  surrounded by t h r e e  concentr ic  ou te r  s t e e l  binding 
r ings  of which t h e  inner  one has a tapered  OD, t h e  c e n t r a l  one i s  tapered  
both on t h e  i n s i d e  and on i t s  OD, while t h e  ou te r  band has a matching 
t a p e r  on i t s  I D .  

Massive Support  

What is  assumed t o  be t h e  u l t ima te  i n  t h e  app l i ca t ion  of t h e  concept 
of massive support  is  represented i n  Figure 5 .  This has become known as  
t h e  " b e l t  apparatus".  It was developed by H a l l  f o r  General E l e c t r i c .  

I n  it, both t h e  a n v i l s  and t h e  cons t ra in ing  d i e  b e n e f i t  from the  
massive support  p r i n c i p l e .  Two heavy r ings  surround each a n v i l .  These 
binding r ings  a r e  made of hea t - t r ea t ed  s t e e l ,  p re s t r e s sed  almost t o  t h e i r  
y i e l d  po in t  by tapered  in t e r f e rence  f i t s ,  and girded by a s o f t ,  mild s t e e l  
s a f e t y  r i n g .  The r o l e  of t h e  s o f t  r i n g  i s  t o  prevent i n j u r y  t o  personnel  
from fragments, should t h e  binding r i n g s  f a i l  under pressure .  

The apparatus i s  water cooled, and can hold the  specimen s t e a d i l y  a t  
2000 C under a pressure  of 150 k i l o b a r s .  

The specimen c e l l  of t he  b e l t  apparatus is  q u i t e  complicated both  i n  
conception and execution.  One of i t s  prominent f e a t u r e s  is  t h e  sandwich 
gasket .  I n  it one component r e l a t e s  t o  t h e  next  one wi th  t h e  l o g i c a l  
concatenat ion of a stacked syl logism. 

That t h e  b e l t  apparatus has mer i t  is  shown by t h e  r e p r o d u c i b i l i t y  of 
t h e  sharp  e l e c t r i c a l  r e s i s t a n c e  i n  bismuth, tha l l ium,  cesium, and barium. 
Measured i n  a Bridgman a n v i l  t hese  t r a n s i t i o n s ,  according t o  t h e  o ld  s c a l e ,  
were repor ted  t o  occur at 24.9 k i loba r s  f o r  Bi,  44 f o r  T1, 54 f o r  C s ,  and 
78 f o r  Ba. A new s c a l e  was e s t ab l i shed  wi th  t h e  b e l t  apparatus.  It reads 
25.4 k i loba r s  f o r  B i ,  37 f o r  T1, 42 k i loba r s  ( i n s t e a d  of 54)  f o r  C s ,  and 
59 i n  t h e  case Ba ( in s t ead  of 78 ) .  

The t e t r a h e d r a l  arrangement shown i n  Figure 6 is  a s k e l e t a l  represen-  
t a t i o n  of fou r  converging p i s tons .  Their  f l a t  ends a r e  chamfered as 
shown. The t h r e e  lands of t h e  chamfers a t  109.47 degrees leave a f l a t  
a r e a  on each p i s ton ,  forming an e q u i l a t e r a l  t r i a n g l e .  When t h e  fou r  p i s -  
tons  converge, t h e i r  t runca ted  cone ends leave  an empty space i n  t h e  shape 
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of a te t rahedron.  The p i s t o n  ends a r e  t h e  a n v i l s  i n  t h i s  case.  They a r e  
made of tungsten carb ide .  

The National  Bureau of Standards designed a t e t r a h e d r a l  f i x t u r e  as  
shown i n  Figure 7. Bas ica l ly  it i s  a hydraul ic  cy l inder  s i m i l a r  t o  a 
dashpot w i th  a f r e e  f l o a t i n g  p i s t o n  i n  it. I n  t h e  p i s ton  t h e r e  is  a 
tapered  bore.  Three of t h e  t e t r a h e d r a l  a n v i l s  have t h e i r  ou te r  ends ground 
t o  conform t o  t h e  tapered  bore of t h e  p i s t o n .  The end of t h e  f o u r t h  
plunger is  f l a t  and b u t t s  aga ins t  t h e  upper c losure  of t h e  cy l inder  when 
f l u i d  under pressure  fo rces  t h e  p i s ton  upward. 

Figure 8 is  a photograph of  t h e  f i x t u r e .  On f i r s t  s i g h t  such a device 
is  a t t r a c t i v e ,  bu t  i n  usage t h e  l o s s  of fo rce  through f r i c t i o n  posed severe  
problems. Teflon plugs i n  t h e  a n v i l  ends helped, ye t  a s  a whole it has 
been recognized t h a t  t h e  l i m i t a t i o n s  of t h e  f i x t u r e  a r e  too  g r e a t  t o  
r ep lace  e f f e c t i v e l y  a t e t r a h e d r a l  p re s s .  

The Tetrahedral  Press 

With a regime pressure  of 13,000 p s i ,  t h e  t e t r a h e d r a l  p re s s  repre-  
sented i n  Figure 9 can produce a t o t a l  pressure  of  400 k i loba r s  (400,000 
a t m )  on t h e  specimen. The design of t h e  p res s  is  worth not ing:  simple 
f l a t  l i n k s  held i n  p lace  by high s t r e n g t h  p ins  join t h e  t h r e e  forged s t e e l  
cy l inder  blocks.  The funct ion  of t h e  l a t e r a l l y  mounted device is  t o  t ake  
X-ray d i f f r a c t i o n  p i c t u r e s  of specimens under pressure .  

The Hexahedral Arrangement 

Figure 10 i l l u s t r a t e s  t h e  p r i n c i p l e  of exe r t ing  UHP on a cube in s t ead  
of a te t rahedron.  S i x  converging p i s tons  have t h e i r  ex t remi ty  s o  shaped 
a s  t o  leave ,  when a l l  s i x  meet, a cubic space f o r  t h e  compression of a 
specimen embedded in  p y r o p h i l l i t e .  

A drawing of a hinged hexahedral apparatus is  presented i n  Figure 11. 
The complexity of such a p res s  and i t s  higher cos t  weighed aga ins t  i t s  
lower e f f i c i e n c y  cause t h e  t e t r a h e d r a l  p re s s  t o  be p re fe r r ed .  I n  favor  of 
t h e  hexahedral p re s s  i s  t h e  very much e a s i e r  prepara t ion  of specimens, a s  
can r e a d i l y  be seen from an examination of Figure 12. Here t h e  t e t r a h e -  
d r a l  specimen c e l l  i s  compared t o  t h e  hexahedral one. 

No. 1 - The specimen. 

No. 2 and 4 r e spec t ive ly  - .The hea t ing  s leeve  and two tabs  surrounding 
t h e  specimen. 

No. 3 - Tetrahedron nade of grade A l ava  o r  p y r o p h i l l i t e  ( ~ e n n e s s e e  
Lava Corporation, Chattanooga, Tennessee. 

No. 4 - Inner  t a b  f o r  heat  t ransmission t o  s l eeve  No. 2. 

No. 5 - Intermediate  t a b .  
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No. 6 - Cap, o r  p y r o p h i l l i t e  space f i l l e r  between intermediate  and 
ou te r  t a b .  

No. 7 - Outer t a b  f o r  contac t  w i th  WC a n v i l .  

The cubic sample holder shown a t  t h e  bottorr of Figure 12  i s  q u i t e  
obviously much simpler ,  e a s i e r ,  and much l e s s  c o s t l y  t o  machine and t o  
provide wi th  cur rent  t r ansmi t t ing  m e t a l l i c  p a r t s .  

Heating Arrangement f o r  a P y r o p h i l l i t e  Tetrahedron Enclosed Specimen 

There is  an abso lu te  minimum of two f a c t o r s  which must be known i n  
u l t r a h i g h  pressure  r e sea rch  - pressure  and hea t .  To know t h e  tempera- 
t u r e s  a t  which t h e  experiment is  carried. ou t  presents  no d i f f i c u l t y .  A 
thermocouple leading  from t h e  spec imen toa  c l a s s i c a l  galvanometer w i l l  be 
s a t i s f a c t o r y .  Pressure  measurements r equ i re  a more thought-demanding 
approach - c a l i b r a t i o n  is  necessary.  For t h i s ,  metals wi th  known poin ts  
of phase t r a n s i t i o n ,  indica ted  by a change of e l e c t r i c a l  r e s i s t a n c e  while  
under pressure ,  a r e  used. Wires: 0.015- t o  0.025-inch diameter,  of such 
metals a r e  placed i n t o  a smal l  q u a n t i t y  of s i l v e r  ch lor ide  and t h e  whole 
is  introduced i n t o  t h e  t e t r a h e d r a l  c a v i t y  of t h e  p res s .  The s i l v e r  
ch lo r ide  te t rahedron is prepared exac t ly  a s  i f  it were a p y r o p h i l l i t e  
specimen holder .  The e l e c t r i c a l  cu r ren t  flowing through t h e  metal  wires  
w i l l  encounter sharp  changes i n  r e s i s t a n c e  a t  t h e  a l r eady  known poin ts  of 
t r a n s i t i o n .  These a r e  t h e  po in t s  t h a t  w i l l  se rve  as  yards t icks  of 
c a l i b r a t i o n .  The change o r  changes i n  r e s i s t a n c e  w i l l  be ind ica t ed  by an 
ou t s ide  br idge  c i r c u i t  connected t o  a recorder  (F'igure 1 3 ) .  

An expos6 (even a very b r i e f  one) which dea l s  w i th  u l t r a h i g h  pres-  
su res  and t h e i r  e f f e c t s  must evoke, i n  support  of fundamental not ions,  
Le C h a t e l i e r ' s  l a w :  "If a s t r e s s  - heat  o r  pressure  o r  both  - is  appl ied  
t o  2 system i n  equil ibr ium, t h e  equi l ibr ium is d i s tu rbed  i n  a d i r e c t i o n  
which tends t o  cancel  t h e  e f f e c t  of  t h e  s t r e s s . "  It i s  a major aspec t  of 
Le C h a t e l i e r ' s  p r i n c i p l e  t h a t  ma te r i a l s  w i l l  gene ra l ly  respond t o  pressure  
by a tendency t o  con t rac t ,  t o  become smal le r  i n  volume. 

Assuming t h a t  we a r e  dea l ing  wi th  a s t a b l e  system, t h i s  con t r ac t ive  
t r end  can be expressed by a r e l a t i o n  based on t h e  second law of  thermo- 
dynamics, namely 

Defining two commonly used terms f o r  expressing t h e  amount of con- 
t r a c t i o n  of a substance under pressure  we have on t h e  one hand: 
compress ib i l i ty  



and on t h e  o t h e r  hand compression where V is  t h e  volume a t  pressure  P and 
Vo i s  t h e  volume a t  pressure  Po. Compressibi l i ty  ind ica t e s  t h e  r a t e  of 
p a r t i a l  cont rac t ion  of t h e  m a t e r i a l  while  conpression gives t h e  t o t a l  
volume a l t e r a t i o n  due t o  p res su re .  

It is i n t e r e s t i n g  t o  note  t h a t  compress ib i l i ty  is  id iosync ra t i c  i n  
charac ter ;  it va r i e s  from one substance t o  another .  The var iance  i s  very 
g rea t  between gases and l i q u i d s  and of l e s s e r  magnitude between l i q u i d s  and 
s o l i d s .  Accordingly, a volume change of 5 percent  can be brought about i n  
s o l i d  helium by a p res su re  of 50 bar s  (atmospheres),  i n  cesium by 1400 ba r s  
(atmospheres),  and i n  bery l l ium by as much a s  100,000 ba r s  o r  100 k i l o b a r s .  

The e f f e c t  of extreme pressures  on s o l i d s  and more s p e c i f i c a l l y  on a 
s i n g l e  c r y s t a l  has been under s tudy of increas ing  i n t e n s i t y  i n  t h e  last  
fou r  o r  f i v e  years .  The number of u n i v e r s i t y  professors  and o t h e r  h igh  
c a l i b e r  names i n  high pressure  physics is  too g r e a t  t o  be enumerated here.  
A bibl iography,  cour tesy  of U.  S. Bureau of Weapons and Defense Metals 
Information Center,  i s  t o  be found i n  t h e  appendix. 

S ing le  c r y s t a l s  a r e  made up of atoms o r  combinations of atoms disposed 
i n  space i n  a three-dimensional pe r iod ic  s t r u c t u r e .  The fo rces  governing 
t h e  s p a t i a l  r e l a t i o n s h i p  between atoms depend on t h e  kind of element we a r e  
dea l ing  wi th .  The atoms of c r y s t a l s  can be brought c l o s e r  t oge the r  by 
adequate p res su re  ( s e e  Figure 1 4 ) .  They can a l s o  be d i s t o r t e d ,  inducing 
a rearrangement of t h e  atoms ' e l e c t r o n  s h e l l s  ( ~ i g u r e  1 5 ) .  By extreme 
p res su re  nonmetal l ic  atoms can be s t r i p p e d  of some of  t h e i r  e l ec t rons ,  
changing t h e  nonmetal i n t o  a m e t a l l i c  conductor. For example, iodine,  
phosphorus, and t e l l u r i u m  a r e  ma te r i a l s  which can be forced  t o  a c t  as 
m e t a l l i c  conductors.  Over 100 k i loba r s  of  pressure  i s  necessary  t o  pro- 
duce such changes. 

The changes produced i n  a pe r iod ic  l a t t i c e  when it is forced  i n t o  
another  p a t t e r n  is  r e f e r r e d  t o  as a polymorphic t r a n s i t i o n ,  and it is  ac tu-  
a l l y  a new, d i f f e r e n t  phase of  t h e  ma te r i a l .  It has been observed t h a t  
w i t h  each phase change goes a reduct ion of compress ib i l i ty .  

The p r e s e n t l y  producible  pressures  a r e  not  s u f f i c i e n t  t o  b r ing  about 
phase changes i n  a l l  m a t e r i a l s .  Nor a r e  a l l  phase changes s t a b l e ;  most 
ma te r i a l s  w i l l  n o t  r e t a i n  t h e  new form they  have assumed while  under pres-  
s u r e .  An outstanding example of  nonreversing phase change is t h a t  of t h e  
mutation of  g raph i t e  i n t o  t h e  pu res t  form of carbon - diamond. 

Quite i n c i d e n t a l l y ,  diamonds from g raph i t e  a r e  now produced f o r  indus- 
t r i a l  app l i ca t ions .  Thei r  s i z e  i s  u s u a l l y  about one-half mi l l imeter  s i d e s  
(0.020 i n c h ) .  The l a r g e s t  diamond ever  produced from g raph i t e  measures 
about 4 c a r a t s .  By d i r e c t  a s soc ia t ion ,  diamond leads  us t o  carbon and 
thence t o  t h e  e f f e c t  of UHP on t h e  iron-carbon diagram ( ~ i g u r e s  16 and 17). 
Pressure  lowers t h e  e u t e c t i c  temperature and t h e  e u t e c t i c  g e t s  s h i f t e d  t o  a 
lower carbon content .  Most ma te r i a l s  w i l l  a l s o  have t h e i r  mel t ing  po in t s  
a f f e c t e d  one way o r  another  by UHP. Figure 18 is an example of t h e  i n f l u -  
ence of  UHP on t h e  melt ing po in t  of some elements. 
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Returning t o  the  most v i t a l  e f f e c t  of UHP, the  phase change, the  s t a -  
bility o r  i r r e v e r s i b i l i t y  of a t r a n s i t i o n  appears t o  depend very much on 
t h e  character ,  magnitude, and d i s t r i b u t i o n  of the  cohesive forces t h a t  
hold the  atoms i n  t h e i r  respect ive  posi t ions  i n  t h e i r  l a t t i c e .  These 
cohesive forces cons t i tu te  t h e  i n t e r n a l  pressure of the  mater ia l .  When a 
mater ia l  i s  subjected t o  unusually high pressure,  i t s  atoms are  forced 
toward one another: the  mater ia l  is  compressed and, because the  atoms 
repe l  each other  when they come c loser  together,  the  i n t e r n a l  pressure 
decreases. A t  f i r s t  look, the  opposite e f f e c t  would seem t o  be t rue;  
namely, t h a t  on appl ica t ion of ex te rna l  pressure the  i n t e r n a l  pressure 
would increase.  However, it must be borne i n  mind t h a t  it is the  i n t e r n a l  
pressure t h a t  holds the  mate r i a l  in  i t s  s o l i d  condition, while the  external  
pressure tends t o  des t roy it prec i se ly  by weakening, t h a t  is  t o  say, by 
a c t u a l l y  decreasing the  i n t e r n a l  pressure of the  mater ia l .  

In  a c r y s t a l  the  i n t e r n a l  pressure can be negative, but  the  sum of 
i n t e r n a l  and ex te rna l  pressures must be p o s i t i v e  and of g rea t  magnitude, 
or  no s t a b l e  system could be had. A t  u l t r ah igh  pressure t h e  i n t e r n a l  and 
ex te rna l  pressures may approach equal values as  i s  shown by t h e  f a c t  t h a t  
compressibi l i ty decreases wi th  add i t iona l  pressure.  

I f  a phase change comes about, the  magnitude of t h e  i n t e r n a l  pressure 
w i l l  i nd ica te  whether t h e  new phase w i l l  be i r r e v e r s i b l e .  The g rea te r  t h e  
i n t e r n a l  pressure,  the  b e t t e r  the  prospect of a s t a b l e  new phase o r  a new 
mater ia l .  Conversely, a negative i n t e r n a l  pressure w i l l  have f o r  concomi- 
t a n t  the  re turn  of the  mate r i a l  t o  i t s  o r i g i n a l  condition as  soon as  the  
ex te rna l ly  applied pressure is taken o f f .  

A t e l l i n g  comparison between mater ia ls  of high and low i n t e r n a l  pres- 
su re  is the  one made between carbon and bismuth ( ~ i ~ u r e  19) .  Bismuth has 
a very low, i n  f a c t ,  a negative i n t e r n a l  pressure,  and reverses t o  i t s  
o r i g i n a l  condition when the  pressure t h a t  causes the  phase change is 
released.  Carbon on the  o ther  hand changes t o  diamond, and diamond remains 
s t ab le ;  we say it i s  i r r e v e r s i b l e  a t  atmospheric pressure.  

THE SITUATION AS OF NOW 

Great progress has been made i n  the  l a s t  f i v e  years in the  development 
of pressure-producing equipment, of in te rd i sc ip l ina ry  s tud ies ,  of measure- 
ment techniques, methods and areas of inves t igat ion.  

In  equipment, machinery f o r  pressures up t o  about 30 ki lobars  is  
r e l a t i v e l y  e a s i l y  obtained, or  avai lable  within shor t  periods of del ivery .  
When it comes t o  higher pressure, s p e c i a l  presses have t o  be b u i l t  and 
del ivery  w i l l  t ake  a year o r  more. The a t t a inab le  s t a t i c  pressure cannot 
as  of now exceed 500 ki lobars ,  and an immediate breakthrough t h a t  would 
r a i s e  t h i s  value by severa l  f ac to r s  i s  not hoped f o r .  



A s  t o  i n t e r d i s c i p l i n a r y  work, t h e  Un ive r s i t i e s  of Washington S t a t e ,  
of I l l i n o i s ,  and p r i n c i p a l l y  of C a l i f o r n i a  (LOS ~ n g e l e s )  have been con- 
duct ing  in t ens ive  research  i n  UHP cor re l a t ed  wi th  o the r  d i s c i p l i n e s  such 
as  geology, dynamic UHP and u l t r a h i g h  pressure  chemistry. In  t h i s  l a t t e r  
f i e l d  new reac t ions  were induced and new compounds were achieved. 

It is i n  the  a rea  of measurement techniques t h a t  t h e  most i n t e r e s t i n g  
and reward-promising achievements have been made. D i f f e r e n t i a l  thermal 
ana lys i s  is  one of them. Others a r e  techniques f o r  low temperature meas- 
urement, i n f r a red  spectroscopy, X-ray d i f f r a c t i o n ,  o p t i c a l  observat ion,  
and e l e c t r o n  and nuclear  resonance. Some inves t iga to r s  a r e  now working on 
improved techniques of d i f f e r e n t i a l  thermal a n a l y s i s ,  on t h e  app l i ca t ion  
of X-ray d i f f r a c t i o n  a t  high temperatures ,  on methods f o r  ferromagnetic 
resonance measurements, and t h e  determinat ion of index of r e f r a c t  ion a t  
U H P .  

Anvil ma te r i a l s  capable of  withstanding higher  pressures  than 500 
k i loba r s  a r e  a l s o  being sought,  toge ther  wi th  b e t t e r  a n v i l  concepts.  Per- 
haps b e t t e r  a n v i l s  could be made by shock hardening some of t h e  tougher 
grades of tungsten carbide,  o r  by surrounding t h e  b e s t  a v a i l a b l e  a n v i l  
ma te r i a l s  w i th  a cons t ra in ing  high pressure  environment which would 
balance o r  even exceed t h e  UHP of t h e  specimen c e l l .  

Although much remains t o  be done i n  UHP r e sea rch  and t h e  chal lenge is  
g r e a t ,  t h e  rewards a r e  equal ly  g r e a t  and in t ense ly  s t imula t ing .  One of 
t h e  most e x c i t i n g  r e s u l t s  of t h e  new techniques i s  what happened i n  exper- 
iments wi th  boron n i t r i d e .  As it normally occurs ,  boron n i t r i d e  has a 
s t r u c t u r e  s i m i l a r  t o  t h a t  of g raph i t e ,  except t h a t  t h e  l a t t i c e  is  composed 
of boron and n i t rogen  atoms. It f u r t h e r  resembles g raph i t e  by i t s  low 
c o e f f i c i e n t  of f r i c t i o n ,  i t s  s l i p p e r i n e s s .  Some people a c t u a l l y  c a l l  it 
"white graphi te" .  R .  H .  Wentorff of General E l e c t r i c ,  proceeding on a 
hunch, appl ied  u l t r a h i g h  pressure  and high temperature t o  t h i s  i n t r i g u i n g  
m a t e r i a l .  It was a rewarding experiment. It had f o r  spec tacular  r e s u l t  
an e n t i r e l y  new mate r i a l  which D r .  Wentorff and a s soc ia t e s  promptly named 
"Borazon". It is a man-made ma te r i a l  i n  t h e  hardness range of diamond, i n  
f a c t ,  t h e  only m a t e r i a l  capable o f  s c ra t ch ing  diamond. A s  Figure 20 shows, 
no o t h e r  mineral  i s  as  hard a s  diamond. Borazon (no t  shown) is  t h e  only 
one t h a t  reaches up t o  t h e  t o p  of Mohs' s c a l e .  Another valuable q u a l i t y  
of Borazon is  t h a t  it is more ox ida t ion - re s i s t an t  than diamond. 

In  conclusion, it seems warranted t o  s t a t e  t h a t  t h e  genera l  r e s u l t  of 
each p a r t i c u l a r  r e sea rch  endeavor in  t h i s  new f i e l d  w i l l  be b e t t e r  equip- 
ment, b e t t e r  methods of i nves t iga t ion  v i a  newly developed measurement 
techniques,  and, u l t ima te ly ,  a growing number of improved o l d  ma te r i a l s  a s  
w e l l  a s  new mate r i a l s  which w i l l  have h i t h e r t o  unachieved p rope r t i e s  and 
c a p a b i l i t i e s .  Clear ly ,  i n  t h e  not - too-d is tan t  f u t u r e ,  UHP research  w i l l  
make valuable cont r ibut ions  t o  both  sc ience  and technology. 
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APPEND l X 

EFFECTS OF PRESSURE ON PROPERTIES OF METALS* 

A t  t h e  reques t  of t h e  Bureau of Weapons, t h e  Defense Metals Informa- 
t i o n  Center co l l ec t ed  t h e  a t tached information f o r  t h e  Committee on 
"Metalworking Processes and Equipment Program" . 

The ma te r i a l  enclosed cons i s t s  of :  

( 1 )  A bibl iography of p e r t i n e n t  a r t i c l e s  dea l ing  wi th  t h e  e f f e c t s  
of high pressure  on metals ,  equipment f o r  processing ma te r i a l s  i n  high- 
pressure  environments, and precaut ions f o r  instrumentat ion of high- 
pressure  inves t iga t ions  . 

( 2 )  Abstracts  of some of t h e  a r t i c l e s  a v a i l a b l e  a t  B a t t e l l e  a r e  
included i n  t h e  bibl iography.  These a b s t r a c t s  convey t h e  opinions of  t h e  
au thors  o r  desc r ibe  t h e  contents  of t h e  a r t i c l e s .  For these  reasons,  
t hey  should be cons idered a s  unevaluated . 

P a r t  I ,  Selected References on E f f e c t s  o f  Pressure 
on P r o p e r t i e s  o f  Meta l  s 

la.  ALDER, B. J. S t a t e  of Matter a t  High Pressure .  Progress i n  Very 
High Pressure  Research, John Wiley and Sons, Inc. ,  New York, 
p .  152-164 (1961). 

l b .  PNDERSON, 0 .  L. An Accurate Determination of t h e  Equation of S t a t e  
by Ul t rasonic  Measurements. Loc. c i t . ,  p. 225-255. 

l c .  BUNDY, F. P. E f fec t  of Pressure  on EMF of Thermocouples. Loc. c i t . ,  
p .  256-265. 

I d .  DANIELS, W. B. The Pressure  Var ia t ion  of t h e  E l a s t i c  Constants of 
Sodium. Loc. c i t . ,  p .  203-215. 

l e .  HALL, H. T.  High Pressure Apparatus. Loc. c i t . ,  p .  1-9. 

If. HILLIARD, J. E., and CAHN, J .  W. The Ef fec t  of High Pressures on 
Transformation Rates .  Loc. c i t . ,  p. 109-125. 

l g .  KAUBWXNN, L., LEYENAAR, A.,  and HARVEY, J .  S. The Ef fec t  of Hydro- 
s t a t i c  Pressure  on t h e  F.C .C . <---> B .C .C . Reactions in\Iron-Base 
~ l l o y s .  LOC.  c i t . ,  p .  90-108. 

* T h i s  m a t e r i a l  r a a  c o l l e c t e d  by P. H. Abramowitz and F. W. B o u l g e r .  
R e p r i n t e d  through  c o u r t e s y  o f  D e f e n s e  M e t a l s  I n f o r m a t i o n  C e n t e r .  
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l h .  KEYES, R .  W. The Thermodynamics of Activated Processes a t  High 
Pressures.  LOC . c i t  . , p .  70-81. 

li. KOUVEL, J .  S . ,  and WILSON, R.  H. Effec ts  of Pressure on Magnetic 
In terac t ions  i n  Metals. Loc. c i t . ,  p .  271-286. 

1 5 .  LAZARUS, D .  Mobility of Vacancies and I n t e r s t i t i a l s  a t  High 
Pressures.  Loc. c i t . ,  p. 46-57. 

l k .  STRONG, He M. Melting and Other Phase Transformations a t  High 
Pressures.  Loc. c i t . ,  p. 182-194. 

11. SWENSON, C .  A. Some Experiments a t  High Pressures and Low Temper- 
a tu res .  Loc. c i t . ,  p. 195-202. 

la. TOMIZUKA, C .  T.  Effec t  of Hydrostatic Pressure up t o  8000 atm on 
the  Self-Diffusion Rate in  S i l v e r  Single Crys ta ls .  Loc. c i t . ,  
p .  266-270. 

In. VERESHCHAGIN, L. F. Inves t igat ions  ( i n  USSR) i n  t h e  Area of t h e  
Physics of High Pressures.  Loc. c i t  . , p. 290-303. 

2. ANON. U l t r a  High Pressure Effects  on Sol ids .  Engineering, 191, 
p. 614-615 (28 Apri l  1961). 

3. ALITSHULER, L. V. ,  ET AL. Dynamic Compressibility of Metals a t  Pres- 
sures from 400,000 t o  4,000,000 Atmospheres. Zhur. Eksper. i Teoret.  
F iz .  34, p. 886-893 (1958); Soviet  Physics JETP, 34, p. 614-619 
( ~ c t o b e r  1958). 

4. ALITSHULER, L. V.,  ET AL. Dynamic Compressibility and t h e  Equation 
of S t a t e  f o r  I r o n , a t  High Pressures.  Zhur. Eksper. i Teoret.  F i z . ,  
34, 874-875 (1958) 

5. BASS, J. ,  and LAZARUS, P.  Effec t  of Pressure on Mobility of In te r -  
s t i t i a l  Carbon in  I ron.  Physics and Chemistry of Sol ids ,  23, 
p.  1820-1821 (~ecember  1962). 

6 .  BEECROFT, R .  I., and SWENSON, C .  A. Behavior of Polyte t raf luore thyl-  
ene ( ~ e f l o n )  under High Pressures.  Journal  of Applied Physics, 30, 
p . 1793-1799 (~ovember 1959) . 

7. BERESENEV, B.I., BULYCHEV, D .  K . ,  and ROCHIONOV, K.  P. Character- 
i s t i c s  of Extruding Metal by High-Pressure Liquid a t  Elevated Temper- 
a tu res .  Fizika Metallov I Metallovedeniye, 11 (1)) p.  115-122 
(1961)- 

8. BERESENEX, B.  I., VERESHCHAGIN, L. F.) and RYABININ, YU. N. Apparatus 
f o r  Drawing of Metals and Roll ing Them with Free-Running Rollers  i n  a 
Liquid under High Hydrostatic Pressure.  Brutcher ~ r a n s  l a t i o n  No. 4488 
from Tsvetnye Metally, 31 (8)) p. 61-63 (1958). 



BERESENEV, B. I., VERESHCHAGIN, L. F., and RYABININ, YU. N. 
Rheological Behavior C h a r a c t e r i s t i c s  of Liquid-Pressed Metals.  
I zves t iya  Akademii Nauk SSSR Otdeleniye Zekhnicheskikh Nauk, no. 5 
(1957) 

BERESENEV, B. I., VERESHCHAGIN, L. F. ,  and EYABININ, W. N .  The 
Role of Medium i n  t h e  Extrusion of Metals by High Pressure F lu ids .  
I zves t iya  Akademii Nauk SSSR, Otdeleniye Tekhnicheskikh Nauk, no. 1 
no. 10, p. 144-146 (1958). 

BERESENEV, B. I., VERESHCHAGIN, L. F., RYABININ, YU. N . ,  and 
LWSHITS, L. D .  Some Problems of Great P l a s t i c  Deformation i n  Metals 
under High Pressure .  Akademii Nauk, SSSR, I n s t i t u t  F iz ik ieVysokikh  
Davlniy, Moscow (1960). 

BERG, L., and HERMAN, H. L i t e r a t u r e  Survey on Research and Develop- 
ment on High Pressure Technology. WADC TR 59-730 on United S t a t e s  
A i r  Force Contract AF 33(616)-6729  a arch 1960). 

BOBROWSKY, A , ,  and STACK, E. A. Deformation of Metals Under High 
Pressure .  Presented a t  t h e  Dal las  Meeting of AIME, February 1963; 
t o  be published as  p a r t  of  Symposium Proceedings. 

BRIDGMAN, P. W .  High Pressure Polymorphism of I ron .  J .  Appl. Phys. 
27 ( 3 ) )  p 656 (June 1956).  

BRIDGMAN, P. W. The E l e c t r i c a l  Resis tance of 72 Elements, Alloys, 
and Compounds a t  100,000 kg/cm2. Proc. Am. Acad. Arts and S c i .  81, 
p .  165-251  arch 1952).  

BRIDGMAN, P. W .  The Physics of  High Pressures .  G .  B e l l  and Sons, 
Ltd.,  London (1952) . 
BRIDGMAN, P. W. Recent Work i n  t h e  F ie ld  of High Pressures .  Rev. 
Modern Phys . 18 ( 1 )  p 1-93 (January 1946) . 
BRIDGMAN, P. W .  S tudies  i n  Large P l a s t i c  Flow and F rac tu re .  
McGraw-Hill Book Company, Inc . ,  New York (1952).  

BUTUZOV, V. P. Study of  Phase Transformations a t  Very High Pres- 
s u r e s .  Sovie t  Physics,  Crystal lography 2 ( 4 ) ,  p .  533-543 ( ~ u l ~ -  
August 1957). 

BUTUZOV, V. P., ET AL. Measurement of t h e  Melting Temperature of 
Metals a t  Very High Pressures . Akad . Nauk SSSR Doklady 89 ( 4  ) , 
p .  651-654 (1953); English Trans la t ion ,  AEC NSF-tr-76, p .  1-3 (1953). 

CHERNYKH, N. P . ,  and MIL, M. I.. Ef fec t  of Soaking i n  Hydrogen 
Atmosphere, a t  High Pressure and Temperatures. Khimichiskoe 
Mashinostroenie, no. 4, p .  28-30 ( ~ u l ~ - ~ u g u s t  1962). 



35. HALL, H. T. High Pressure Methods. I n t e r n a t i o n a l  Symposium on High 
Temperature Technology, S tanford  Research I n s t i t u t e ,  p .  235-249 
( ~ c t o b e r  1959). 

36. HALL, H. T. Some High Pressure-High Temperature Apparatus Design 
Considerat ions:  Equipment f o r  Use a t  100,OG3 Atmospheres and 
3000C. Rev. S c i .  I n s t r .  29 (4)) p .  267-75 (1958). 

37. HAILL, H. T. U l t r a  High Pressures .  S c i e n t i f i c  American, 201 ( 5 ) )  
p .  61-67 (November 1959). 

38. HARVEY, J. S., ET AL. Research and Development on t h e  E f f e c t s  of 
High Pressure and Temperature on Various Elements and Binary Alloys.  
WADC TR 59-6 55, ASTIA No. AD 240,794 ( ~ ~ r i l  1960) . 

39. HAUSNER, H. H. ,  and FRIEDMAN, H. C .  E f fec t s  of High Pressures on 
Mater ia l s  ( A  Bibliography and Data Sheets  ) . I l i kon  Corporation, 
Natick, Massachusetts, 112 References (pub l i ca t  ion d a t e  not  s t a t e d ,  
probably May 1962; l a t e s t  re ference  was published i n  October 1961). 

40. HILLIARD, J. E. High Pressure Research i n  Metallurgy. ASME Paper 
6 0 - ~ ~ - 2 7 1 .  

41. HOFFMAN, B. E., ET AL. High Pressure Research i n  Metals and Ceramics. 
A i r  Force Report ARL TR 60-321 ( ~ e ~ t e m b e r  1960). 

42. IVANOV, V. YE., VERESHCHAGIN, L. F., and DERIYASHKEVICH, B. P. High- 
Pressure Hydraulic Compressor Employing O i l  and Water. Pr ibory  i 
Tekhnika Eksperimenta (l), p.  126-128 (1960).  

43. JAMIESON, J .  C .  C rys t a l  S t ruc tu res  of Titanium, Zirconium, and 
Hafnium a t  High Pressures .  Science, 140, p. 72-73 ( 5  Apr i l  1963).  

44. JAYERAMAN, I. A., KLEMENT, W . ,  J R . ,  NEMTON, R .  C . ,  and KENNEDY, G .  C .  
High-Pressure Inves t iga t ion  of  Group I11 Elements . I. Fusion Curves 
and Polymorphic Trans i t ions  of Aluminum, Gallium, Indium, and Thal- 
lium a t  High Pressure .  11. Phase Transformation i n  Uranium a t  High 
Pressure .  U .  S .  Atomic Energy Commission, UCRL-7128 ( 1  November 1962). 

45. KAUFMAN, L., CLOUGHERTY, E. V.,  and WEISS, R .  J. The L a t t i c e  S ta -  
b i l i t y  of' Metals.  111. I ron .  Acta Metal lurgica,  ll, p .  323-325, 
Contract Nonr 2600(00) - N R O ~ ~ - 6 2 7  ( ~ a ~  1963). 

46. KAUWI, L., ET AL. Research and Development on High Pressure-High 
Temperature Metallurgy. WADC TR 60-893 on United S t a t e s  A i r  Force 
Contract  AF 33(616)-6837 ( ~ u ~ u s t  1961).  

47. KAUFMAN, L. So l ids  Under Pressure .  McGraw-Hill Book Company, New 
York, i n  p re s s .  



48. KORNEEVA, N . I. , and SKUGAREVA, I. G . The Working of Alloys by 
Pressure .  Moskva, Oborongiz (1958). 

49. KRUPNIKOV, K.  K . ,  BAKANOVA, A. A., B R A z ~ I K ,  M e  I., and TRWIN, P. F. 
I ss ledovanie  Udarnoi Szhemaemosti Ti tana,  Molebdena, Tantala ,  I 
Zhelza ( Inves t iga t ion  of t h e  Impact Compressibi l i ty  of  Titanium, 
Molybdenum, Tantalum, and 1 ron) .  Akademiia Nauk, SSSR, Doklady, 
148, p. 1302-1305 ( 2 1  February 1963) . 

50. KULIN, S. A., ET AL. Research and Development on High Pressure-  
High Temperature Metallurgy. F i n a l  WADD TR 60-893, P a r t  11, on 
United S t a t e s  A i r  Force Contract  AF 33(616)-6837 ( ~ u ~ u s t  1962). 

51. LANE, Z. D .  The S t a t e  of M a t t e r a t  High Pressure - A Bibliography, 
1950. Un ive r s i ty  of C a l i f o r n i a  Report UCRL 5926 (1 Apr i l  1960).  

52 MANUFACTURING LABORATORIES, I N C .  Research and Development on High 
Pressure-High Temperature Metallurgy. Report t o  A i r  Force 
( 1  November 1959-8 Apr i l  1961). 

53. MELNIKOV, L. A. ,  SOKOLOV, B. K . ,  and STREGULIN, A. I. Influence of  
Pressure  from A l l  Sides on Transformation i n  Fe-Ni Alloy. F iz ika  
Metallov i Metallovdenie, Akademiya Nauk, SSSR, 15 ( 3 ) ,  p.  357-361 
(1963) 

54. MURmLL, S. A. F. The Ef fec t  of  High Pressure on B r i t t l e  F rac tu re .  
The Physics  and Chemistry of High Pressure,  Soc ie ty  of  Chemical 
Industry,  London, p .  150-163 (1963 1. 

55. Now I t ' s  Flu id  t o  F lu id  Cold Extrusion.  American Machinist ,  106, 
p . 86 ( 26 November 1962) . 

56. OGIBALOV, P. M . ,  and K I I K O ,  I. A. Behavior of Matter  Under Pressure  
( ~ o v e d e n i e  veshchestaa pod dovleniem). Moskva Izd-vo Mosk. Univer- 
s i t y ,  p *  153 (1962). 

57. PAUL, WILLIAM. So l ids  Under Pressure .  McGraw-Hill Book Company, 
New York, ~ ~ 1 7 6 - ~ 2 8 s  (1963 ) . 

58. PHILLIPS, V. A. The Effec t  of Pressure  on t h e  Age-Hardening Charac- 
t e r i s t i c s  of a Copper-Beryllium-Nickel Alloy. Report No. 59-~C.-67 
of General E l e c t r i c  Research Laboratory, Schenectady, New York. 

59. PRESSURE TECHNOLOGY CORPORATION OF AMERICA. A Study t o  Determine 
t h e  Deformation C h a r a c t e r i s t i c s  of Beryllium and Tungsten Under Con- 
d i t i o n s  of High Hydros ta t ic  Pressure .  In ter im Report No. 2 prepared 
under Navy Bureau of  Weapons Contract  ~ 6 0 0 ( 1 9 )  59430, Woodbridge, 
New J e r s e y  ( ~ p r i l  1963).  

60. PUGH, H. L. D . ,  ET AL. High Pressure Research a t  National  Engineer- 
i n g  Laboratory. Engineer, 212, p . 258-262 (18 August 1961) . 



PUGH, H. L. D . ,  and GREEN, D .  Progress Report on t h e  Behavior of 
Mater ia l s  Under High Hydros ta t ic  Pressure .  Report 103 by Mechanical 
Engineering Research Laboratory, P l a s t i c i t y  Divis ion ,  East  K i lb r ide ,  
Glasgow (~ecember  1954).  

PUGH, H. L. D. ,  and GREEN, D.  The Behavior ..,f Metals Under High 
Hydros ta t ic  Pressure,  P a r t  11. Tens i le  and Torsion Tes t s .  Report 
128 by Mechanical Ehgineering Research Laboratory, P l a s t i c i t y  
Division,  East  K i lb r ide ,  Glasgow ( ~ c t o b e r  1956). 

WCLIFFE, S. V. ,  SCHATZ, M . ,  and KULIN, S. A. The Ef fec t  of  High 
Pressure  on t h e  Isothermal  Transformation of Austeni te  i n  Iron-Carbon 
Alloys. I ron  and S t e e l  I n s t i t u t e  Journa l ,  201 ( p a r t  2 ) ,  p .  143-153 
( ~ e b r u a r ~  1963) . 
Research on Strengthening Mechanisms Produced by High Dynamic Pres- 
su res  i n  I ron  Base Alloys.  North American Aviation, Inc . ,  A i r  Force 
Contract  (work i n  p rogres s ) .  

RYABININ, YU. N .  Causes of t h e  Increase  i n  P l a s t i c i t y  under t h e  
Action of  High Hydros ta t ic  Pressure .  F i z .  Tverdogo Tela,  1 ( 6 ) ,  
p .  960-962 (1959); Sovie t  Physics-Solid S t a t e ,  1 (6 ) ,  p .  878-880 
(1959) (Engl i sh)  

RYABININ, YU. N .  Inf luence of Pressure on Per iodic  P rope r t i e s  of 
Elements. Doklady An. SSSR, 104 ( 5 ) ,  p .  721-724 (1955).  

RYABININ, YU. N . ,  ET AL. P l a s t i c i t y  of Cer ta in  Alloys a t  High 
Pressures .  Sovie t  Physics,  So l id  S t a t e ,  1 ( 3 ) ,  p .  429-433  a arch 
1959) 

RYABININ, YU. N . ,  LWSHITS, L. D . ,  and VERESHCHAGIN, L. F. P l a s t i c i t y  
of Brass under Super-High Pressure .  Zehurnal Tekhnichiskoy F i z i k i ,  
27 ( ~ o ) , . P .  2321 (1957). 

SCHWARTZ, C .  M . ,  and WILSON, W. B. Ul t rah igh  Pressure f o r  Mater ia l s  
Research. B a t t e l l e  Technical Review, 9 ( 6 ) )  p .  3-8 ( ~ u n e  1959). 

SHAPOCHKIN, V.  A., and PIROGOVA, L. B. E f fec t  of  Temperature on 
Shear Under Pressure .  F i z .  mel. i meta l lo ree l ,  13  ( 5 ) ,  p .  785-787 
( ~ a y  1962). 

SILVERMAN, S. M . ,  GODFREY, LOREN, HAUSER, H. A. ,  and SEAWARD, E. T. 
E f fec t  of  Shock-Induced High Dynamic Pressures on I ron  Base Alloys.  
USAF Aeronautical  Systems Division No. ASD TDR 62-4-42 ( ~ u g u s t  1962) . 
SIMON, F. E. The Melting of Iron a t  High Pressures .  Nature, 172, 
P -  746 (1953). 

SMITH, R.  C .  S tudies  of E f fec t s  of Dynamic Preloads on Mechanical 
P rope r t i e s  of S t e e l .  Experiment Mechanics, 1, p. 153-159 (~ovember  
1961). 



74 STAKHOVSKAYA, Z. I., and TOMASHEVSKAYA, I. S. Investigation of the 
Elastic (and shear) Moduli of Metals under Hydrostatic Pressures up 
to 4000 kg/cm2 by Static Methods. Fiz . Metalov i Metallovedenie, 9 
(41, p* 589-592 (Em* 

75. TANNER, L. E., and RADCLIFFE, S. V. Effect of Hydrostatic Pressure 
on the Kinetics of Recrystallization in High-Purity Copper. Acta 
Metallurgica, 10, p. 1161-1169 (~ecember 1962). 

76. VERESHCHAGIN, L. F. Physics of Superhigh Pressure. Priroda, 46 ( 6 ) )  
pa 3-8 (~une 1957). 

77. VEKESHCHAGIN, L. F. Superhigh Pressures. Nauka I Zhizn, (12)) 
p. 11-16 (1957). 

78. VERESHCHAGIN, L. F., and SHAPOCHKIN, V. A. The Effect of Hydrostatic 
Pressure on the Shear Strength of Solids. Fiz. Metallov i 
Metallovedenie, 9 (2)) p. 258-264 (1960). 

79. VERESHCHAGIN, L. F., and ZUBOVA, E. V. Dependence of Critical Shear 
Stress of the Elements on their Atomic Number Under High Pressure 
Conditions. Metal. Metalloved. 5 (I), p. 171-173 (1957). 

80. WILSON, W. B. Device for Ultra High Pressure-High Temperature 
Research. Rev. Sci. Instr. 31, p. 331-333  a arch 1960). 

81. ZEITLIN, A. Equipment for Ultra High Pressure Work. Mech. Eng. 88, 
p. 37-43 (~ctober 1961). 

82. Research and Development of High Pressure-High Temperature Metallurgy. 
Air Force Materials Laboratory Technical Documentary Report ASD TDR 
63-90 (May 1963) 

P a r t  1 1 .  Abs t rac ts  o f  'some A r t i c l e s  L i s t e d  i n  t h e  B i b l i o g r a p h y  

1 ~ .  BUNDY, F. P. 
Absolute pressure thermal emf's were measured for constantan, 

Pt, Ni, alumel, ~t-10$~h, Cu, chromel, and ~i-1876~0 for a AT of 
100 C over a pressure range of 0 to 100,000 atrn. Corrections due 
to pressure for common thermocouples made of pairs of three metals 
were deduced. A number of thermocouple pairs have been compared 
at temperatures up to 1200 C and pressures up to 75,000 atm. 

If. HILLIARD, J. E., and CAHN, J. W. 

General discussion on the effect that pressure can be expected 
to exert on various factors known to influence the rate of solid- 
state transformations. Use of activation volume to describe pres- 
sure dependence is briefly discussed together with graphical 
construction for estimating pressure displacement of phase boundaries 
in binary sys terns . 



The e f f e c t  of hydros ta t ic  pressure on the  thermodynamic and 
k i n e t i c  c h a r a c t e r i s t i c s  of f c c  <---> bcc react ions  i n  i ron  base 
a l loys  has been s tudied.  It was found t h a t  the  s t a b i l i t y  of the  
fcc  phase i s  increased by hydros ta t ic  pressure as  predicted by theory. 
Moreover, appropriate pressure-temperature cycling can be u t i l i z e d  
t o  suppress the  potency of bcc mar tens i t ic  nuc le i  and thereby lead 
t o  changes i n  the  transformation c h a r a c t e r i s t i c s  a t  atmospheric 
pressure.  

5. BASS, J.,  and LAZARUS, P. 

There is no e f f e c t  of pressure on the  mobil i ty of t h e  carbon 
atoms. 

8. BERESmEV, B. I., VERESHCHAGIN, L. F., and RYABININ, YU. N .  

Presentat ion of t h e  work done in t h e  Soviet  Union on t h e  extru-  
s ion of metals by high-pressure l i q u i d s .  

Descript ion of the  design of  preliminary labora tory  device f o r  
drawing metals i n t o  wire and r o l l i n g  metals with free-running 
r o l l e r s ,  both under high-pressure l iqu ids  is  given. Also included 
a r e  design d e t a i l s  of a laboratory apparatus developed f o r  cold 
drawing and r o l l i n g ,  cu r ren t ly  of aluminum specimens, with f r e e l y  
r o t a t i n g  r o l l e r s  i n  l i q u i d  under pressures of about 10,000 kg/cm2 
(142,000 ps i ) .  

10. BERESENEV, B. I., VERESHCHAGIN, L. F.,  and RYABININ, YU. N. 

Work performed i n  t h e  extrusion of aluminum with  various f l u i d s  
showed t h a t  the  magnitude of the  pressure needed f o r  the  flow and 
a l so  t h a t  t h e  surface q u a l i t y  of t h e  deformed metal depends on the  
f l u i d .  Methods f o r  reducing t h e  pressure needed f o r  extrusion have 
been evaluated. 

27. DAVIDSON, T .  E., and HOMAN, C .  G. 

The observed s t r u c t u r a l  changes consisted of deformation 
local ized along grain boundaries, which appear t o  be a boundary 
migration phenomena, and widespread s l i p  and cross s l i p .  Subsequent 
deformation is  progressive wi th  increased pressure and is  substan- 
t i a l l y  d i f f e r e n t  i n  type from the  deformation c h a r a c t e r i s t i c s  of 
un iax ia l  compression. 

28. DAVIS, R.  S. 

Study of the  polymorphic phase transformation i n  i ron a t  high 
pressures.  Data obtained from experiments with s t a t i c  high pressure 
apparatus and dynamic shock high pressure technique a r e  compared. 
Evidence f o r  a poss ib le  new phase i n  i ron i s  summarized. 



29. DeVRIES, K. L . ,  BAKER, G .  S.,  and GIBBS, P. 

S m a r y  of a l l  "known" h igh  pressure  work done on s o l i d  s i n c e  
1947. Data a r e  presented i n  t h e  form of 40 t a b l e s  and more than 500 
f i g u r e s .  Some 250 references  a r e  summarized w i t h  desc r ip t ions  given 
on apparatus,  procedure, and r e s u l t s .  

31. FIORENTINO, R .  J . ,  SABROFF, A. Me, and BOUEER, F. W. 

Hydrostat ic  ex t rus ion  of AISI 4340 a t  an ex t rus ion  r a t i o  o f  2: 1 
was achieved a t  a pressure  roughly 25 percent  l e s s  than t h a t  requi red  
by conventional  ex t rus ion .  Commercial-purity aluminum was extruded 
hydros ta t ica l - ly  a t  ex t rus ion  r a t i o s  of up t o  20 : l  a t  pressures  about 
15 percent  l e s s  than those  requi red  by conventional  techniques.  

43. JAMIESON, J. C .  

Br ie f  review of previous s t u d i e s  on c r y s t a l l i n e  s t r u c t u r e s  at 
high pressures .  X-ray analyses show t h a t  t i t an ium and zirconium 
meta l  have a d i s t o r t e d  bcc s t r u c t u r e .  This phase p e r s i s t s  on pressure  
r e l e a s e .  The normal hexagonal close-packed s t r u c t u r e s  are recovered 
when t h e  metals a r e  heated. Hafnium metal  shows no such t r a n s i t i o n .  

45. K A U W ,  L.,  CLOUGHERTY, E. V*, and WEISS, J* 

Determination of t h e  temperature of t h e  bcc <---> f c c  t r a n s i t i o n  
a s  a funct ion  of pressure  from measurements of t h e  e l e c t r i c a l  r e s i s t -  
ance of i r o n  over a temperature range of  325 t o  1425 K a t  pressures  
up t o  95 Kb. The r e s u l t s  a r e  used i n  conjunction w i t h  a v a i l a b l e  
evidence of t h e  thermodynamic, volumetric,  and phys ica l  p rope r t i e s  of  
bcc and f cc  i r o n  t o  eva lua te  t h e  f a c t o r s  which a f f e c t  t h e  r e l a t i v e  
s t a b i l i t y  of t hese  i rons  as  a funct ion  of temperature and pressure .  

46. K A U M ,  L., ET AL 

The experimental i nves t iga t ions  on t h e  e f f e c t  o f  high hydro- 
s t a t i c  p re s su re  on t h e  phase t ransformations i n  various subs t i t u -  
t i o n a l  i ron-base a l l o y s ,  inc luding  iron-chromium, i ron-nickel ,  and 
i r o n - s i l i c o n ,  y i e l d  d a t a  which a r e  i n  c lose  agreement w i t h  t h e o r e t i c a l  
p red ic t ion .  A s tudy on t h e  e f f e c t s  of pressure  on iron-carbon a l l o y s  
shows a genera l  s h i f t  of t h e  equi l ibr ium phase boundaries t o  lower 
carbon contents  and temperatures wi th  p res su re .  Pressure a l s o  a c t s  
t o  r e t a r d  both  t h e  a c t  of tempering and t h e  i so thermal  t ransformation 
of metastable a u s t e n i t e  . 

49. KRUPNIKOV, K.  K . ,  BAKANOVA, A. A., B R M H N I X ,  M. I., and TRUNm, P -  3'. 

Presenta t ion  of t h e  r e s u l t s  of an i n v e s t i g a t i o n  of  t h e  impact 
compress ib i l i t y  of titanium,molybdenum, and tantalum over a pressure  
range of 1 t o  5 mi l l i on  atm, and of i r o n  a t  a pressure  of 9 mi l l i on  
atm. The determined a d i a b a t i c  l i n e s  of impact and t h e  zero isotherms 
of each metal  a r e  presented .  



The k i n e t i c s  of r e c r y s t a l l i z a t i o n  of polycrys ta l l ine  copper 
(99,99946 p u r i t y )  cold-rol led t o  98% reduction have been determined 
f o r  the  temperature range 80-170 C a t  atmospheric pressure and a t  
42 k i lobars .  High pressure is  found t o  r e t a r d  both the  i n i t i a t i o n  
and r a t e  of r e c r y s t a l l i z a t i o n .  The r e s u l t s  of a s e r i e s  of experi-  
ments designed t o  inves t igate  pressure-quenching i n  severa l  d i f f e r e n t  
i ron-nickel  a l loys  a r e  reported.  Thermodynamic da ta  obtained a t  one 
atmosphere is used t o  cor re la te  t h e  high-pressure t r a n s i t i o n s  i n  
thal l ium and t i n .  Several  iron-carbon a l loys  and p l a i n  carbon s t e e l s  
ranging from 0.08 t o  1.23 weight percent carbon content were sub- 
jected t o  various heat treatments a t  a pressure of 42 k i lobars .  A 
s e r i e s  of experiments i n  which pressure is  used t o  enhance t h e  
mechanical proper t ies  of se lec ted  s t e e l s  i s  described.  The e f f e c t i v e  
s t r e s s - s t r a i n  curves f o r  both a one-atmosphere and a 37-kilobar heat- 
t r e a t e d  4320 s t e e l  specimen a re  shown. A d e f i n i t e  increase i n  
s t r eng th  is seen i n  the  pressure- t rea ted  s t e e l .  Extrapolat ing the  
da ta  t o  obtain approximate y ie ld  s t rengths  r e s u l t s  i n  values of 150 
k s i  and 200 k s i ,  respect ively .  

53. MELNIKOV, L. A., SOKOLOV, B. K. ,  and STREGULIN, A. I .  

Effect  of compressive load exerted on an Fe-Ni a l l o y  specimen i n  
a s p e c i a l  pressure chamber on the transformation of martensi te  i n t o  
aus ten i t e  a t  360 t o  520 C .  

54. MURRELL, S.  A. F. 

Consideration of t h e  e f f e c t s  of high pressure on t h e  f r a c t u r e  of 
d u c t i l e  mater ia ls  and on t h e  duct i l e - b r i t t l e  t r a n s  i t i o n .  

59. PRESSURE TECHNOLOGY CORPORATION OF AMERICA 

Corre la t ive  f lu id-ext rus ions  were performed on s in te red  poly- 
c r y s t a l l i n e  tungsten and beryllium, and on a s i n g l e  c r y s t a l  of 
beryllium. There were indicat ions  t h a t  crack-free f lu id - to - f lu id  
extrusions should be poss ib le  f o r  a l l  mater ia ls ,  with add i t iona l  modes 
of deformation apparently ac t iva ted  a t  higher pressure l e v e l s .  

Analysis i s  presented on the  r o l e  of pressure i n  p l a s t i c  defor- 
mation, with extrusion t o  high-energy forming. 

62. PUGH, H.  L. D . , and GREEN, D . 
The r e s u l t s  of t e s t s  t o  determine t h e  c r i t i c a l  thickness of mild 

s t e e l  sheet  of a given area  which w i l l  j u s t  withstand various hydro- 
s t a t i c  pressures are  given. Tensile  t e s t s  under pressure have been 
ca r r i ed  out on copper, aluminum, zinc, Mazak, and cas t  i ron.  Some of 
these  r e s u l t s  are :  (1) zinc and Mazak showed an abrupt change from a 
very b r i t t l e  t o  a very d u c t i l e  behavior over a very narrow range of 
pressure,  and ( 2 )  although a l l  metals t e s t e d  showed increased d u c t i l -  
i t y  with pressure,  the  r e l a t i o n  was not  l i n e a r .  



6 3 .  RADCLIFFE, S. V . ,  SCHATZ, M . ,  and KULIN, S. A. 

The effect of a pressure  of 42 kb both  on phase e q u i l i b r i a  a t  
temperatures up t o  1100 C and on t h e  k i n e t i c s  of t h e  i so thermal  
t ransformation of a u s t e n i t e  a t  temperatures below t h e  e u t e c t o i d  were 
inves t iga t ed  f o r  h igh-pur i ty  Fe-C a l l o y s  containing 0.08 t o  1.23 weight 
$ C .  A t  t h i s  pressure ,  t h e  a u s t e n i t e  ---> carb ide  and a u s t e n i t e  ---> 
f e r r i t e  phase boundaries a r e  d isp laced  toward lower C contents .  The 
eu tec to id  temperature i s  lowered from 723 t o  660 5 C and t h e  
eu tec to id  composition from 0.80 t o  approximately 0.25 weight percent  
C .  The a c i c u l a r  b a i n i t i c  s t r u c t u r e s  normally c h a r a c t e r i s t i c  of 
decomposition below 450 C a r e  replaced a t  42 kb by i r r e g u l a r  f e r r i t e -  
carb ide  aggregates and by d i r e c t  p r e c i p i t a t i o n  of carb ide  from 
a u s t e n i t e .  

64. Research on Strengthening Mechanisms Produced by High Dynamic Pres- 
sures  i n  I ron  Base Alloys. 

Fundamental r e sea rch  s h a l l  be performed t o  e s t a b l i s h  t h e  mecha- 
nisms of t h e  s t rengthening  e f f e c t s  produced by high dynamic pressures  
i n  s e l e c t e d  iron-base a l l o y s .  The high dynamic pressures  a r e  gener- 
a t e d  by explos ives .  The i n i t i a l  e f f o r t  w i l l  be concerned wi th  
inducing various behaviors i n  s e l e c t e d  iron-base a l l o y s  by ex- ~ o s u r e  
t o  shock pressures  of d i f f e r e n t  magnitudes and determining t h e  
mechanical p r o p e r t i e s .  The major emphasis w i l l  be placed on a  
d e t a i l e d  inves t iga t ion  of t h e  mechanisms respons ib le  f o r  t he  enhance- 
ment of t h e  s t r e n g t h  p r o p e r t i e s .  

67. RYABININ, YU. N . ,  ET AL. 

Data on duralumin, Fe, and s t a i n l e s s  s t e e l  a t  pressures  from 1 
t o  32,000 kg/cm2 . 

69. SCHWARTZ, C .  M . ,  and WILSON, W. B.  

Applicat ion of u l t r a h i g h  pressure  ( g r e a t e r  than  1 .5  m i l l i o n  p s i )  
t o  me ta l lu rg ica l  r e sea rch .  E f fec t  of pressure  on s t r u c t u r a l ,  phase, 
and d e n s i t y  t ransformations i n  s o l i d  a r e  repor ted .  

71. S I L V E W ,  S. M . ,  GODFREY, LOREN, HAUSER, H. A * ,  and SJNWARD, E. T. 

The e f f e c t  of high dynamic pressures  generated by s t rong  shock 
waves on t h e  m e t a l l u r g i c a l  p r o p e r t i e s  of s e l e c t e d  iron-base a l l o y s  
was inves t iga t ed .  The e f f e c t  of  shock wave dura t ion ,  repeated shocks 
on a s i n g l e  t e s t  specimen, increas ing  shock wave i n t e n s i t y ,  and pos t  
shock heat  t reatment  on t h e  y i e l d  and t e n s i l e  s t r e n g t h  of H - 1 1  t o o l  
s t e e l  and 25% n i c k e l  s t e e l  were s tud ied .  A s  a  r e s u l t  of explosive 
shock hardening, H - 1 1  s t e e l  increased i n  y i e l ~  s t r e n g t h  from 235 k s i  
i n  t h e  preshocked condi t ion  t o  340 k s i  i n  t h e  as-shocked (360 k i l o b a r s )  
condi t ion ,  while  t h e  25% n i c k e l  s t e e l  showed y i e l d  s t r e n g t h  increases  
from 235 k s i  i n  t h e  austeni t ized-plus-aged condit ion t o  255 k s i  i n  
t h e  shocked-plus-aged condi t ion .  These increases  i n  y i e l d  s t r e n g t h  
were brought about without  any s i g n i f i c a n t  macroscopic p l a s t i c  
deformation. 



73. SMITH, R. C.  

Low-carbon s t e e l  is  subjected t o  i n i t i a l  dynamic compressive o r  
t e n s i l e  loads wi th  va r ia t ions  of the  load i n t e n s i t y  f o r  s tudy of the  
e l a s t i c  s t r a i n .  The specimens are  then aged a t  68-250 F and r e t e s t e d .  
Upper and lower y ie ld  s t r e s s e s  and i n e l a s t i c  microstrain a r e  used t o  
evaluate t h e  extent  of damage and recovery with cor re la t ions  applied 
f o r  predicted y ie ld  phenomena. 
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