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Equipment has heen consl rueted (or experimentation at very hil(h pH'ssurcs and tempt'rat un·s. Wilh the modified 
Uridgman anvil device descrihed, it has proven possihle to maintain prl'ssu res in rxcess 1)( ]O()()(X) '11m simul 
taneou ly with temperatures ahove 3OOO°C (or peri(xls I(Tcnter than (Jnc huur. [The fixed point s used 10 in (er this 
pressure arc taken to be thc pressure valucs established hy IIridl(man for discontinuities of the dedrical n:sistan(T 
o( bismuth and harium, 25650 kg em I and 80 000 kg em " respcctivl'ly, and callcd the hi~muth and harium 
points. R(.'Cent unpublished work indicates that the harium point pres~ure will prohahly have to I.e revised d(m 11 -

ward materially, reducing our pressure estimates in the upper rang(·.] The usc of an cxtrudahle pla.stic mmpn·ssi hlt· 
gasket is described. Several considerations arc presented concerning Ihl' support of high prcssun: comp .. "cnts con 
st ructed of cemented tungsten carhide. Coesite, a lmandile, Ilnd diamond ha\'e hecn sYllthcsi7.cd in I he ;iPl'aralu,_ 

INTRODUCTION 

A 'IMPLE modiflcd Bridgman anvil device ))as bcen 
construct cd using a radially composite compressible 

ga~ket geometry. The equipment resembles the Hall " Belt" 
apparatus described in a recent article l but large relative 
compression of the gasket is achieved in a difTerent manner. 
The high pressure ('ore o~ the apparatu~ which is shown in 
Fig~. 1 and 2, consists of two f rusto-conical cemen ted 
tungsten carbide rams and a cemented carbide core vessel 
!'\upportt.'<i radially by pressed-on alloy steel cylinders. 
'emented tungsten carbide with 6% coLalt h:\s been used 

throughout thi~ work. Pre~surc is generated by advancing 
lhe rams with a hydraulic press, compre~sing the contents 
of the core ves~c\ while compressing and extruding the 
ga~kct seaL The pressure tran~mitting medium has been 
pyrophyllilc. Internal healing is provided by passing an 
r1ectric current via the rams, through a conduction heating 
lube along the axil; of the core vesscl. ' ·

2 The sample to be 
invCl'tigated lies within the heating lube. Pressure cali
bration of thi s system has heen made by the s tandard 
procedure of observing sharp changes in electrical resist-

• Presently a memher of the faculty of the Mcchanical Engineering 
]) 'pnrtmenl of Princeton University , Princeton , New Jersey. 

t Presently a member of the research staff of the Lubrizol orpora
lion, Cleveland, Ohio. 

I H. Tracy HaU, Rev. Sci. Instr. 31 , 125 (1959). 
I R. Roy and O. F. Tuttle, J. Phys. Chern. Earth 1, 138 (1956). 

Dt'SC rihcs Loring Coc's internally healed apparatus. 
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anct's during polymorphic tran siti()n~ at fixed pfl",~urt' .., 

with wi res of Hi and Ha inside a si\vt'r r hloridt' sleevt' re
placing thc tcsting tube. For the ~ -in. \Jon: sy:.. lem , thl: 
loac\~ ft'quired to reach the Hi I - II lransition, takcn to be 
25650 kg/ cm2,a and thc transition in narium, taken to be 
80000 kg/cm2,3 were 56 tons and 16S tons, respectively, 
y ielding 100 000 kg/ cm2 at about 20S tons. Temperature~ 

FIG. 1. ('ross section of modified Bridgman anvil device. (.\ ) safct), 
ring, (B) binding rings, (C) shim, (D) Teflnn compressible gasket , 
(E) cemented tungsten carbide ram, (F) ram support , (G) steel ue
compression cap, (H) pyrophyllite pressure transmitting cylinder. 
(K ) cemented tungsten carbide die, and (J) sample container and 
heating tube. . 

a 1'. W. Bridgman, Proc .. \m. Acad . Arts Sci. 81 . 165 (1952) . 
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FIG. 2. Dimensions of sllmpie cell parts. 

have been estimated from power consumption, using the 
melting temperature of nickel as the upper calibration 
point. The apparatus has been operated without failure for 
periods over one hour at a pressure of 100 000 k~ mi~ 
simultaneously with temperatures above 3()()()OC, by apply
in~ coolant to thc support rings. 

Perhaps the most outstanding characteristic of :-ur(,l'ssful 
equipment designed to n:ach vcry high prcssures and tem
peratures is that of apparent simplicity, exemplified by the 
Bridgman anviJl and its modifications. However, succcss or 
failure is often contingcnt on details of construction, surh 
as a few degrees of angle, choi('c of a correct grade of steel 
or a fraction of a percent of interference in a set of support
ing members, to mention but a flow nitical items. I'art of 
the fascination of high pressure rescarch is a:-so('iated with 
finding solutions to such problems. Details of tht· present 
apparatus will be presented under four headings : ( \ ) the 
rompressible gasket and its geomctry, (2) derompn· ... :-ion 
caps, (.n stressed ('ore components, and (-l) binding rings.! 

COMPRESSIBLE GASKET 

Probably Ihe prinl'ipal ditlil'ulty a:-os()('iatecl with Ihe 
I'ompressible gasket geomclry i ... Ihat of oblaining ... ull'lcient 
r('latin' mOl ion of the compre..,..,ing part s if a large sample 
\'olume i ... de:-ired . lIall ha" :-ol\'l'c1 thi" by u:-i ng a Ihrl'l'
dimensionall·umprl·..,sion with multiple alwib in hi " lelra
hedral (lL-\'ice .:' The .. Belt" apparat US,I abo design ed hy 
lIall, in\'ol\'l''' Ihi ck pyrophyllill' and ... 1 el'l gaskl'lillg and 
all "angular advantage." III Ihe rase of the presl'llt ap
paratus, as :-holl'n in Fig .... t and .2. the arlioll of Ihl' pla ... lir 
ga"kl'l ran hl· ... 1 Ill' cll'sni i>l·d a " one of IOl1"oii<i,lIing Ihe 
11llll'rll'i"l' UlbUpportl·d port ion of I he pyrophylli t l' prl':;:;u rl' 
transmilling lylinckr during il:; ('o llap~l' a ... Ihl' load i ~ 
applil'd. \\,ilholll Ihe ('oll ... olidalioll ga:-kl'l, Ihl' pyrophyllile 
l'rumbll'" and ... pn·ad .. out inlo a very thin layer whil h will 
pl'rmil only \'l'ry lillk fl ·la tivl' mol ion of lhl' ram ... , and 
hl'nll' \'l'ry Ii 11 Ie IOll1pn'""ion of I hI' ~ampll' rq:ion. \\'i t h 
Ill\.' 1I"1' of I Ill' pla ... lil ga"kl'l, only a ... Iighl lateral I .. "tru"ion 
of I he pyrophylli It' lakl· ... plall' and by proper l lmil e of I hI.' 
on:ritnglh of Ihl' prl · ...... lIf(· t ran ... milling cylinder, a Ihick, 
(';""i Iy ('ompn·..,,,,iblc ga~hl of pyrophylli tl' form" duri ng I Ill' 
early ... tagl· ... of Ihl' rO\11pn· ...... ion .. \ pyrophyllill' lylinder 

, Il r. J"Il'" IfllllrilHlll'oI Ih,' "'IlI'rt ·oI ram .,,",i),:11 alld I.illdill),: rill),: 
d",i),:11 rl'l,orl"d ill Ihi, "a",·r. !'o1l1o-,·,/ twlll ,llIoIi," 011101 011'\" '111,,1111'11" 
l1l'rt· rl'l,orll'" art· 111(' ""rl- IIi Il r Ilallid ... 

" II I' ran Il.dl.l{,'\ :-,.i 11.'11 2<J ,lh' , t') .'iX I 

0.710 in . in length ha~ been satisfactory (but perhap~ not 
optimum) on a ve!;sc\ with a bore !-in. in diameter and 
~-in. long. 

In the present apparatus, t hc plast ic gaskcts reduced tht' 
pre load necessary to reach the Bi I-II transition from 
110 tons to less than 65 Lons. (A further reduction was 
effccted by the decompression caps to be discusscd.) In 
many hour~ of operation at 100 (JOO atm and 3()()() OC, no 
gaskct blowouts have occurred. A set of trials using steel 
rams and dies made with thc rore half-anglc () taking valuc~ 
between 25 and 55°, showed less than a 10% variation in 
the press load requifl'd 10 rearh the Hi I-II transition 
indicating that u~ing thl' prl'sl'l1t plastic ga!;keting, Ihl' 
systcm is nol especially sensitive to thl' angle for pre~sun'''' 
over thc 25000 at m range at lea~l . The set in lise at pre"l'nl 
has a conc half-angle -lO a. The materials used as consolida
tion gaskets have been Teflon or polyethylene. :'\yloll. 
Plexiglas, and phenol-formaldehyde resin have bl'l'n found 
unsuitable as gaskl'ts berau~e they do not extrude. Thl')' 
have been found to compress initially, then to rupture with 
explosive violence wht'n thl' load reaches a nitical value. 
Extrusion of the Teflon or polyethylene yields a desirable 
graded pressure distribut ion along the rone clements, hdp
ing support the rams and providing axial clamping of L11i.' 
dit,. Also, With the usc of a vertically acting press, thi.' 
IOl'atin~ and oril'nting elTert of the gaskets makt·s an)' 
:1uxiliary guidanl'e for thl' die and ils supporl ring:
unm'l'essa ry , l'on:-iderabl).' ~i mplifying Opl'ntt ion of tilt' 
unit. 

Sillrt· Lloyd, cI ul. o fi.·IXJr\ dilli rulties with pyrophyllill' 
gaskel extrusion on their tl'lrahl'dral anvil di.'vire. it i:
probabll' Ihal usi ng eXlrudablt- plast ic ('on;;olidalion 
gash .... along thl' edges of Ihl' pyrophyllite Il'lrahedron 
could Ill' advanlagl'ou:- on ",ulh devilT", 

I 1(; • .1, ('0 fl ' o/modi/ll'Il Iltiol),:mall andl Ikli'l' 
~ hn\\il1~ (riti(al flarallll· ll· r~ . 

" E, ( ', 1.111\01 . t ·, () . lt UII,,II . oIl101 1) , 1' .I0hlbll ll. J t{" ' l'a ro h \ ., 11 
Bur Sliinolar'd, (I.~C . S') , 1'G'I , 
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DECOMPRESSION CAPS 

The function of decompression caps, which are disks of 
hardened steel inserted into the pressure transmitt.ing 
medium, may be seen from the following, referring to Figs. 
1 and 3. Consider the consequences of advancing a ram 
through the small distance 8x. If there is no extrusion of 
the gaskets and the shear strength of the pressure trans
mitting material is small compared to the average pres
sures generated, there will be a pressure ri, e in the sample 
region 8Pl~BI(8x)/ (x+a) and a pressure rise in the gasket 
8P2':::::!B 2(8t/ t). Bl and B2 are values of the average bulk 
moduli of the sample region and the gasket, respectively; 
a is the axial half-length of the cylindrical hole in th ' die 
and t is the lhicknes of the ga~kel. If 8PI»8P2, the gasket 
will not cOhtain the high pressure sample region but will be 
hlown out or extruded at sufficiently high pressure and if 
the situation 8PJ«8P2 obtains, the stresses on the com
ponents will be unnecessarily large and lead to their pre
malure failure. Thu, , the situation 6P I'::!::!6P2 is the most 
clc:;irable. Assume now that both the sample region and 
gasket have the same average bulk moduli. Letting 
6PI=8P2, since t=xsin 0,8t=6xsin 0, we have 8x/( .r+a) 
=8.17 x which can be achieved only for the tondition a=O, 
i.e., for a "folded" gasket simple Bridgman anvil. In 
practice, extrusion of the gasket improves the situation, 
reducing 8P2,The purpose of the decompression caps, 
which are relatively incompre sible material such as steel, 
i:-; to increase the average bulk modulus of the sample region 
relative to the gasket in order to increase 8P1 relative to 
8P~, Their use reduces the press load required to reach the 
Bi I-II transition by about 25%. In addition, if one is 
using internal electrical heating, the caps distribute the 
the currenl over a larger ram area, reducing probability of 
lora I overheating and consequent fracture. We have used 
as clecompres, ion caps disks sliced ofT from a rlriU rod of 
appropriate diameter a:nd heat-treated by queOl:hing in a 
brine bath from red heal. The caps arc invaliably found to 
be cracked after a run, but t hey do not shat ter or now. The 
ah-.;el1ce of nonmetallic thermal insulation between the 

I'll:. -I , Proposcd variable suppurt scheme for rams, (,\ ) PH'S' 
I'la«'n, (B) "saucer backed" hachup hlock, ( ') initial gap, t (») ram 
,uppnrt ring, and (E) lungs\('n carhidl' ram, 

OF PRESSURES XX7 

1"1(; . 5, HypcriJoloirlal prestressed shape of die. The radial (limen 
sions are shown exaggerated, (1\) O.(J03-in. thick steel s trip between 
die and binding rings, (H) die, and (el hinding ring !WI. 

high temperature zone and the ram ends does not appear 
to lead to early failure of the ram . \\ 'e believe that the axial 
temperature gradient along the ram may even illcrease the 
ram lifetime by reducing the tendency of the matcrial of 
the small highly loaded ram end to intrude into the main 
ram body, an effect believed by Bridgmana,7 to cause the 
radial cracK failure of hi s anvils. 

STRESSED CORE COMPONENTS 

The 'geometric.al advantage" principle cli scu,;scd by 
HalJ b i~ seen to be operative for both the rams ancl the die , 
The rams hav<: the highes t s tre!-;ses acting only on tht 
renter portions of the diameter. The shrunk-on hardel1<:d 
steel ring provides lateral support for 1 he cylindrical part 
of the rams. The ram support rings shown in Fig, t provide 
insuOicient support with 0,004 in. initial interferenCl.' Oil 

the t-in, cliam, Ram failure occurs at about 130 ()(Kl atm at 
room t<:mperature with the presently used rings, fracture 
occurring by the characteri stic intrusion mechani sm de
scribed by Rridgman :1.7 V\'e propose to tryout an improved 
method of supporting the rams, hy which an important 
part of t he radial support will vary mOl1otnnimlly wi t h the 
axial load appJit'd, Th e method of accomplishing thi~ i" 
indica ted in Fig, 4. The "saucer l!at·ked" backup block will 
deform as the ram load is increast'd, attempting to force 
th(' ring elemt'nts to rotate in the direction of the arrows, 
This rotation must Ill' opposed by a shift of tl](' radial 
s tress ,<'j, incrl',LSing .'.j near the region Cl, at the l'Xpl'n"l' of 
thl' strcss at b, Thi s redistributed "tn's;.: should rcelut (
ram failure by inhihiting thl' intrusion ()f tilt' ram end into 
[hI' ram body or, one might say, hy making tIll' ;.:t resst's in 
tht' rritical n'gion more nt'arly hydrostatic .\ geometri(al 
advantage is expected to be gained in the stlTI support ring 
sinn' it would be called UpOIl to provide m;t.\imum raelial 

, 1'. w. Hridl'llHIIl, J . . \ ,,1'1. I'h.I'. 12, ~6(, I tl).=;t J. 
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FIG. O. ( ' rus~ ~l'':liun of hinding ring sct giving diamcl ral dimen$iuns. 
TIll' rings arc ass~m!ll~d frum the ou!sidc to inside. '~'hc 2.485-,i~ ./ 
2.J65-in. surface I~ hl1lshed after B-t -J) arc pressed III Illace. I he 
shim ring is split a~ially into four pic('cs fur ease of relllov:l of hr~kcl1 
dies. Smull adjustnll'nts in tIll' interferenc(, of the core 111 the nngs 
ilia), he nmel(' with thin sll'el shim slock wrapped around the core 
v('ssel. 

supporll'lT~ctively only along a fraction of it~ axial length. 
"Pinch ofT" of the ram by exce~~ivt' initial radial Rlre~s is 
avoided. The problem of ~Iiding fril"liot1 occurring in mo~t 
variable suppurt sy~t~m" i~ not prt'~t'n t becausl' all changes 
in stress would be a result of elastic deformation of the 
components. Probably the advantag~ to be gained. hy this 
variable support approach will be more r~adily applied to 
t he simple anvil devices which have a nat ll'r conical porI ion 
I han do our ram~, or to mull iple anvil devices. 

_\n additional support 10 the ram is provided by the ex
t rudahl~ gasht which esl ablishes ~(lme prl'SSlln: gradient 
along t hl' conical l'lem~nl s giving a "mult istaging" dTeet 
and avoiding a sharp stress disl'ontinuity. 

In Ihe case of Ihe die, thl' gcometrical advantag~ is 
gained by permitting only thc ccntral part of its axial 
I~ngth to be !'tre~sed by th~ intcrnal pr~ssurl'. This r~duces 
the net splilling forl'~s, bUI at thl' same time, sl'ls up an 
additional strcss sy~tet11 who~l' dTeds can hl' desl'rih~d a~ 
forcing dements parallel to I he cylindrirall'xtcrnal sttrfacl' 
of the die into a barrd shaped t'onliguration. This hyputh
c~is is ronllrml'<1 by t he mode of failure of I hl' dil's. 
Cracks pcrpendicular to the axis of thl' die begin un the 
Oilier Cir(lllll(erfll(c Ilear it ... middle and ultimately rl'!'ult in 
its failurt,. J\xial damping applied ncar the dil' cirrumf~r
enel', although it r~dul'~~ th~ t~nd~ncy of this failur~ to 
occur, requir~s additional mechanical equiPlllent. Tht' 
damping provided hy the compressed gasket, in conlras~, 
aggravales the barrding condition. Our approach to thiS 
problem has hecn to use Ilonrylindriral radial support 
shown in much l'xaggerated form on Fig. 5. This could be 
accomplished by a precision grinding operation on the shim 
ring or by wrapping a "mooth bevd-edg~d piece of thin 
sted stock around the middle or t he die. We have chosen 
thc laller approach. Note that the inilial noncylindrical 
support stH'sSCS put a compre~si\'e stre~s along t he ~xternal 
cylindrical elet11ents, and a ll'nsil~ stres;; along Ihe int~rnal 

denwnts which must fl'SUIt in a limit to the amount ()f 
noncylindriral support it is p()~sible 10 us~. Th~ axial 
stresSl'S due 10 til(' compressed gasket arc now applied 
advantag~ou~ly 10 thl' support uf tltl' di~, opposing the 
axial tensions tlear t h~ rort'. 

]n summary, this modification to tlt~ usual support ha:. 
made thl' stresses in the critical rore regiotl mllr~ nearly 
hydro~latir when the sy~lem is at high pressllr~. The 
advantag~ of thl's~ simple modifications is lhat tIll' 
ccmented tung~tl'n carbide structur~ need 1I0t be as ma~
siw as otherwise would be Ihe case, giving correspondingly 
lower rost~ of const ruct ing the high pressure eCjuipml'n t, 
an important advantag~ for small laboratory or productiun 
work. An additional advantage gained by this support 
modification is that for a givl'n set of binding rings, one is 
allowed high~r maximum radial support ~tresses on thl' 
center uf thl' die than otherwise would he possibl~, i.e., thl' 
g~omet rical advan tage principle is operating for thl' bi//(lilll( 
rings because t hey arc forred to provide maximum sup
porting stress along only a short portion of tltt'ir H'\ial 
lenglh. 

BINDING RINGS 

The dimensions of the binding rings used arl' shown ill 
Fig. 6. The rings have been assembled from th~ oulsid~ ill. 
The material of the rings is Nalionalloy No.7 gun sled' 
made up as pancake forgillgs and heat-treated 10 a hard
ness -l8/ 52 Rorkwl'il "e". Thl' ~afety ring i~ left anncaled . 
1t is believed that the pancake forgillg leaves a desirahlt· 
crystallite texture. The shim is made of Neor9 hardelll'd and 
drawn to 60, 63 Rockwdl "C" then "Electrolized"lU 011 it:. 
external conical surface to reduct, the frictional forces pres
ent durin~ assemhly. Fincly ground mulybdenum disulfidt· 
was u~ed as a lubricant in all assembly op~ralions. Thl' 
O.003-in. t hick b~vcl-edg~d ~tecl shim used to provid~ tIll' 
dl'vialions from <:ylin<iriral support, shown in Fig. 5, pro
vieles an interference in additional to those shown on Fig. ('. 
There have been no bindi ng ring failures wi t h the ahon· 
comli t ions. 

The apparatus i" being used at pr~sent to study high 
pressure-high t~mreral ure r~al'l iOlls. Several minl'Tal syn 
t hesl's have bl'l'll su('c~ssf ully compll'l ~d at present, a mont-: 
them cOl'sile, alman<lit~, and diamond. 
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