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Synchrotron x-ray imaging and stress measurements of diamond-anvil cell gaskets 
revealed large elastic strains at the diamond tip at a pressure of 300 gigapascals. The 
diamond, generally considered a rigid body, bent 16 degrees over a distance of 300 
micrometers without failure. To complement these measurements, a technique was 
developed that permits x-ray diffraction to be measured through a beryllium gasket. 
Measurements on tungsten and iron revealed the strain anisotropy, deviatoric stress, and 
texture and showed that the yield strengths of these materials increase by up to two 
orders of magnitude at confining pressures of 200 to 300 gigapascals. The results allow 
identification of the maximum amount of strain accommodated by the anvil tips before 
failure. Further development of ultrahigh pressure techniques requires relieving stress 
concentrations associated with this large elastic deformation. 

T h e  ability to confine and study materials 
at pressures in the multimegabar range 
(>200 GPa) is a result of continued refine- 
ments in the diamond-anvil cell (I) ,  in- 
cluding the development of the long piston- 
cylinder megabar cell design (2), the intro- 
duction of beveled anvils (3), the extension 
of the range of optical (4-6) and x-ray 
(5-8) pressure calibration, the advent of 
new classes of megabar devices (9, lo), and 
the development of increasingly sensitive 
and accurate microanalytical techniques for 
probing materials under high-pressure con- 
ditions (1 1). Despite these advances, how- 
ever, our knowledge of material behavior 
under extreme pressures has been limited by 
a lack of information on the three-dimen- 
sional distribution of stress and strain and 
the ultimate strength of materials under 
these conditions. Here we report the devel- 
opment and application of techniques that 
permit imaging and measurement of stress- 
strain distributions and deformation of ma- 
terials at multimegabar pressures. 

The behavior of materials in highly 
stressed states can differ considerably from 
that near ambient conditions. For example, 
otherwise strong and hard materials can 
develop texture and plastically deform at 
megabar pressures (> 100 GPa) (1 2-1 5). To 
date, however, estimates of the stress-strain 

states and yield strength of materials under 
these conditions have been inferred from 
indirect measurements and extrapolation 
from lower pressure data (16-23), or from 
higher pressure experiments using limited 
stress-strain geometries (8, 14, 24). In ad- 
dition to the fundamental interest in these 
properties (25), such information on high- 
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strength materials is crucial for extending 
the range of static compression techniques 
to still higher pressures. This extension re- 
quires direct determination of the stress- 
strain distributions of all load-bearing com- " 
ponents of the high-pressure device, includ- 
ing elastic deformation of the anvils and - 
elastic and plastic deformation of the gas- 
kets. Elastic deformation of diamond anvils 
has been inferred from optical observa- 
tions (15) and modeled theoretically (26), 
but it has not been measured directly above 
200 GPa (27). 

Two experiments were carried out with 

tra~smission profiles as a function of radial dis- 
tance across (C) the diamond culet for the Re-Ta 
experiment. Each curve gives the distribution at 
selected loading increments (numbered 1 to 5), 
where the pressure was determined from x-ray 
diffraction of Re. (C) shows the original shape of 
the anvil tips (blue). The dimensions of the central 
flat, culet, and bevel angles of the two diamonds 
are 10 pm, 300 pm, and 9, and 10 pm, 300 pm, 
and 8", respectively, giving a total bevel angle of 
17". The yellow region shows the gasket shape at 
the highest load and the extent of diamond defor- 
mation such that the average bevel angle is close 
to zero. A small grain of Ta (-5 pm) was placed on 
top of the Re gasket at the center before loading; 
its diffraction was consistent with that of Re, and it 
did not contribute measurably to the transmission 
profile. 
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diamond-anvil cells modified for im~roved 
stability and alignment in the multimegabar 
pressure range (1 0). First, the strain distri- 
bution in gaskets and the elastic deforma- 
tion of the diamonds were determined bv 
direct imaging of the topography of the 
diamond-anvil surface in situ to pressure 
P - 300 GPa. These observations showed 
that diamond can accommodate remarkably 
large strains localized over small areas in the 
anvil tip. Second, using various diffrac- 
tion geometries (Fig. 1) together with high- 
strength but x-ray-transparent gaskets, we 
directlv measured the deviatoric stress of 
the sample and gasket materials associated 
with the diamond's large deformations. We 

u 

used intense and highly collimated synchro- 
tron x-ray beams that permit diffraction and 
transmission measurements with microme- 
ter-scale spatial resolution in three dimen- 
sions within the samples (28). 

The first set of experiments was carried out 
to determine the pressure distribution and 
macroscopic strain of the anvil at ultrahigh 
pressure using the conventional geometry 
shown in Fig. 1A. Single-beveled diamond 
anvils with small central flats of 10 um were 
used together with rhenium (Re) gdskets. A 
small grain of tantalum (Ta) was placed on 
the central flat, and x-ray diffraction of the Ta 
and Re were used for Dressure determination. 

5 pm by 5 pm x-ray beam gives the thickness 
of the gasket as determined by plastic flow of 
the metal and the concomitant elastic defor- 
mation of the anvil (Fig. 2B). With increasing 
load. the 17" combined anele at the anvil tiv 
begins to decrease; that is, &e anvil tip beg& 
to flatten. At the highest loads, however, the 
originally straight slope of the bevel trans- 
forms to a cup, with the bevel angle reversed 
at the edge (c in Fig. 2C). The corresponding 
pressure distribution obtained from diffraction 
of the gasket with the same micro x-ray beam 
initially shows the sharp peaked structure as- 
sociated with the concentration of pressure at 
the anvil tip (Fig. 2A). With increasing load, 
the bevel angle decreases, and the peak broad- 
ens as the pressure on the culet edge increases, 
indicating the gradual loss of the central pres- 
sure concentration initially created by the 
bevel. 

Rastering the sample position in two 
dimensions perpendicular to the x-ray 
beam provides more detailed information 
(30). With the spatial resolution provided 
by the small x-ray beam, detailed features 
of the anvil surface, including the 16 fac- 
ets of the brilliant cut of the diamond, are 
apparent (Fig. 3). The image of the dia- 
mond tip shows that a large amount of 
macroscopic strain can be accommodated 
by the cupped anvil tip. The pressure dis- 
tribution determined from gasket diffrac- 
tion (Fig. 3) shows that the pressure falls 
off rapidly from the central region to the 
edge of the culet (the rim of the cup) and 
then decreases smoothly with radial dis- 
tance from the culet edge. When the bevel 
collapses [giving a shape essentially like 
that of the flat culet anvils used in the 
early lower pressure experiments (1, 2)], 

on the basis of their shock-wave equations of 
state (29). Initially-that is, at zero pressure- 
the combined bevel angle was 17". The cen- 
tral sample thickness was only 3 pm after 
gasket indentation, whereas the edges of the 
culets of the two diamonds were separated by 
45 pm of Re (cc' in Fig. 2C). Because the Re 
gasket highly absorbs x-rays, the magnitude of 
the transmission at a point measured with the 

the pressure advantage provided by the 
bevel is consumed, and the capability for 
further vressure increase at the center is 
limited. Numerous experiments show that 
diamond failure results when the cupping 
reaches a critical value such that the 
transmission at the rim is about one half of 
that within the cup. 

Complementary information is obtained 
from x-ray diffraction experiments carried 
out with radial diffraction geometries (Fig. 
1, B and C). With the axially symmetric 
geometry of the diamond cell, the stress- 
strain field is defined bv the radial and 
normal stresses u l  and u3 and their associ- 
ated strains and Ae3. The hydrostatic 
stress component is up = (2u1 + u3)/3 = 
ul + t/3, where t is the differential stress (or 
uniaxial component) t = u3 - ul (31). 
With a conventional geometry, the x-ray 
beam is nearly coaxial with the load axis, 
and the diffracted beam is collected at ei- 
ther fixed or variable 28 angle. This ap- 
proach measures diffraction planes that do 
not correspond to the maximum strains in 
the sample (32). In fact, the maximum 
stress-strain states reached on materials at 
multimegabar confining pressures are un- 
known. Although such effects were mea- 
sured at much lower pressures, they have 
only been estimated theoretically at multi- 
megabar pressures (8). There are no direct 
measurements because of the limited access 
to the sample allowed by the conventional 
geometry. The ideal geometry requires pass- 
ing the x-rays through the gasket to access 
the sample. However, typical high-strength 
gaskets such as Re strongly absorb x-rays 
and preclude such measurements. To solve 
this problem, we used x-ray-transparent be- 

Pressure (GPa) 

Fig. 3. (A) Three-dimensional view of the diamond deformation for the one-half the thickness of the gasket determined from the x-ray transmis- 
Re-Ta experiment at the highest load (load 5 in Fig. 2A). The Re gasket sion and therefore represent the average deformation of the two (symmet- 
casts a "mold" to give the deformation at the tips of the two opposed rical) opposed anvils. The superimposed colors give the pressure distribu- 
anvils. The horizontal scales show the radial distance from the center of the tion in the gasket measured with the micro x-ray beam at the interface with 
diamond tips (as in Fig. 2), and thevertical scale is the distance from the tip the diamond. (B) Magnified view of the central depression in (A) (the "blue 
of an anvil under load for a single diamond. The values correspond to lagoon"). 
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ry l l~um (Be)  ~as l te ts ,  which pernxt iiirect 
measuremei-its of ileviatoric strain> at mill- 
t i~negabar pressures. 

Polycrystalline LT! ai-iii Fe Lvere lowiieii i n  
,I sLiecially prepared Be gasket (33) mounteii 
at  the  10-pin tips o t  single-beveleii Lii;i- 
monds. T ~ m g s t e n  reillallls c ~ i h ~ c  [hail\--ten- 
tered-ci11-ic ( k c )  \ tr~icturel  at  mrgal>ar 
preh>ilre (S) ,  ivhereas Fe is 1.c~ at  lo\\. p e a -  
sure hut tr,~nsiorllli to  t he  hexagonal cloieii- 
packeil (hcp )  strilcture at  13  G P a  ( 1  3 ) .  T h e  
lattice strains n-ere tneasilreii in two direc- 
tions bu x-rav i i iffract~an 1 ~ 1 t h  all three 
geometries. Difhaction ilata ohtailled 
th ro i~gh  the. Be uasket (Fig. 4 A )  shoxv that  
t he  r e l a t~ve  ~ n t e n s l t l e , ~  of Liiffract~on 
differ iirasticall\- between the  t \ ~ o  iiirec- 
tions. inii icat~ng a strong preferreii orlenta- 
tioil ililcler ~ ~ l l l a x l a l  i i e h r m a t ~ o n .  A"isln Lire- 
\YOLIS meas~~remen t s  o n  E-Fe \vlth the  con- 
ventional geometry ( / 3 ), the  characteristic 
IPL? anLl 101 hexaeoilal retlections were 
ohstirveil. \\.it11 the  0c?l reflecti{~n nrarlv 
absent. T h e  Lliffractlon pattern trom the  
radial x-ray iiieasurement n i t h  ii, = 9P0 is 
therefore ~clentical to  tha t  obtained h7 axial 
cllffraction (+ is t he  allele between the  i i~ f -  
fiacticin vector anil t he  load axis). I n  t he  
raiiial n ~ e a s ~ ~ r e m e n t  n,i th jr  = Po% ho\\ .e~-er,  
the  OL?2 reflection 1s the  stronq peak, and 
the  li?P retlectioll is no t  ohserveii, inillcat- 
i n s  a l i s i~ment  of crvstallites \ n t h  the  c asis. 

1 Axial ,/; ' ' 11 P'J~+ I , ! ' / ,  

I ,,.% f,,Tc.u.,u.J)h- " '.~,b\.2.i,;.,,aJdi~~ $h.? .*,# n c ,  , , , "10, , , ' ~ I , j 

parallel t o  the  load ~iirect~i)i-i ( 13 ) .  
T h e  iiifterence ill d-spacii-is obtaineii 

fro111 the  I) = G o  and dr = 9L?" p,Itterns glr.es 
the  deviatorlc s t r a ~ n s  F = (d; ,  - Ll,;0)/3dr, 
where J:, = (LI-c T 1 ~ 1 ~ - ~ ) / 3  is the  LI-spacing 
iui~iier hyclrostatic pressure (34). T h e  pres- 
sure \vas iietermineii fro111 the  a!-erage tl,, 

~is111~ the  e q u a t ~ o n i  of state of IT' and Fe 
(13 ,  29). These data call lie useil t o  deter- 
mine the  iie~viatoric stress component t, 
which call be written t = o, - u j  = 
hG(F(hltl)) (21 ) ,  ~vhere  G is the  aggregate 
she,ir modulns anii (Fiitkl)) is the  average of 
F o\.er t he  measureii iliffraction peaks 1 ~ 1 t h  
indice.; ilk[. W e  fliicl tha t  t illcreases ~ v ~ t h  
illcreasing P, reaching values of -2P G P a  
for W and  Fe at  202 t o  3L7P G P a  (Fig. 4R). 
In  Flg. 4B, n-e also slio\v the  stress Llifference 
be t~veen  orientatlolls assuming tha t  the  
streis is eiluir~alent to  the  pressure ohtaineil 
from the  equations of state of each material, 
a n  approach tha t  sign~ficantly o\,eresti- 
mates t he  deviatorii stresT (15). 

T h e  maximum uniaxial stress r support- 
ed  by a material is iietermllleii hy its 
strength; tha t  is, t 5 o, = 7 7 ,  where u: 
anii ; are t h e  vlelcl anii shear streilgths of 

o tell as- t h e  m a t e r ~ a l ,  r e s~ec t ive lv .  It i; f 
s~imei l  i n  high-pressure experilneilts t ha t  
t = u .: hoxver-er, i n  general t varies with 
salnple en\. iroilment.  and  the  equality 
i ~ o n  hlises condition) 1li)liIs only if t h e  

Pressure (GPa) 
Energy (keV) 

Fig. 4. (A) X-ray ditracto;; catterns 17;easured tile three geometries sho'.P!n $1; Fg.  1 at the highest load 
[u,!Fei = 290 GPa; u,=(Vdi = 255 G?a]. (B) Dterentia stress of W (circles) and Fe (squares) as  a iunctiori 
oi cressure. The sold symbols are the values obtaned ior i' tne error bars reiect the excermental error 
and tne uncertantes 11 shear modc~lus G at ngh pressure (40, 411, and tne hatched regor1 reflects 
the ranye n measured r .  The open sylnbols are tne stress dliieiences ( l u )  deterrnned by a s sumr~y  
that the strains meas~lred at 1) = 0' and i) = 90' correscond to i/oumetrc strans svi~th the stress 
gverl by the P-Vequatori of state ! 13.  29) The values oi (T, for tne t'.~!o sarncles are not the same for 
the s a n e  load beca~lse  \vie deterlnne tne stress colidtions in, (T,, arid ri ior eacn comconent 
separately, Brdgman s (39) data for the yield strengths a, of botn mater,als are sho$.P!n by the stngle 
bold line at o w  pressures, and the dashed line snosvis the extrapolaton oi n s  data for W, The dashed 
lne ior Fe snovis an estmate oi the tneoretca strengin ior the hcp phase calculated from the scaling 
a, - 27 - 0.2G (25), ,"*!here G vias determined from recent ca lc~~la tons  (41) 

sample i iefi)r~ns plastically uniler pressnre. 
O u r  results lniiicate t ha t  t he  yielii 
strengths of W anci Fe exceeii 22 G P a  a t  
P > E X  to  3L?L? G P a  ( 3 6 ) ,  a s~yn i f i can t  
illcrease relati\-e t o  ambient  conditioll i  
[where uV(W" = 0 .6  G P a  (37)  a i d  u,(ct- 
Fe)  = G.P3 G P a  (38)] .  Moreover,  above 
-52 G P a ,  t is c o i ~ s l ~ i e r a l ~ l y  less t han  o, 
becauie iliamc~ncl cupping arrests t he  flow 
of t h e  sample. Th i s  difference is conflrmeii 
hl- spatially resol\-eii s-ray iiiffraction anil 
trailsmission measiiren~ents.  Orir flniiing 
tha t  t he  y~el i l  strengths of Vii and  Fe are 
higher thaln t he  ~ l n l a s l a l  stress colllpoilent 
is also supyorteii by t h e  theoretical  esti- 
mates haseil o n  scaling t o  t h e  shear inc>il- 
ulns (25) ailii hy the  extrapolation of 
Brii ign~an's iiata (39). Together  wi th  our 
oliser\-~ztions for i l ~ a i ~ ~ o n i l ,  these resulti 
Llen~onst ra te  t ha t  t h e  strength of these 
materials is dramatically eilhalnceii a t  
~ i l t r ah igh  pressures. 
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Silicon and Oxygen Self-Diffusivities 
in Silicate Liquids Measured to 
15 ~igapascals and 2800 Kelvin 

Brent T. Poe,* Paul F. McMillan, David C. Rubie, 
Sumit Chakraborty, Jeff Yarger, Jason Diefenbacher 

Mass transport properties of silicate liquids exhibit complex behavior as a function of 
pressure, as the tetrahedral framework structure of the liquid shifts to a more compact 
arrangement of atoms. For highly polymerized aluminosilicate liquids, oxygen diffusivi- 
ties pass through a maximum at pressures below 10 gigapascals, whereas up to 15 
gigapascals diffusivities continue to increase for sodium tetrasilicate liquid. A diffusivity 
maximum indicates a change in the mechanism of formation of 5-coordinated silicon or 
aluminum in the liquid. In the case of aluminosilicate liquids, this mechanism is restricted 
to aluminum sites in the network, suggesting that not only degree of polymerization, but 
also the ratio of aluminum to aluminum plus silicon strongly influences the behavior of 
magmatic processes at depth. 

T h e  ascent alld emplacement of magma 
arlthin Earth's crust and mantle are largely 
controlled hy the viscosity and density of 
silicate melts at  high pressure ( 1 ,  2 ) .  Recent 
studies have sholvn that viscous flo\ir in 
high s i l~ca liquids is determined by 0'- 
transfer reactions, involving the formation 
of S iOj  or AIOj  intermediate species (3-5). 
These high-coordinate species are also 
formed during cornpresslon of melt (4-9), 
which could explain the reduced viscosity 
reported for some silicic magmas at pres- 
sures extending up to 3 GPa, corresponding 
to depths of less than 100 km. W e  have 
obtained data on  the diffus~vities of the 
network-form~ng ions 0'- and Sii+ ill sil- 
icate and aluminosilicate melts at  pressures 
uo to 15 GPa, and we use the data to 
estlruate tnelt viscosity throughout the pres- 
sure range of the upper mantle to the tran- 
sition zone. 

Direct viscosity determinatiolls 011 alu- 
minosilicate melts had been litnited to  
pressures less than  3 GPa  (13-13). A t  
higher pressures (14-16), one can esti- 
tnate melt viscosity ( T )  by measuring the  
02- diffusivity (DC7:-) through the Eyring 
equation, 

T h e  properties of molten aluminosilicates 
depend on  the degree of polymerization of 
their tetrahedral frarue\i.ork, which is conve- 
niently expressed in tertns of the average 
number of nonbridging 0 atoms (NBOs) per 
tetrahedrally coordi~lated net\irork-forming 
cation (usually T = Si4+ or A13+ and is 
deflned for the liquid at ambient pressure) 
(2 ,  18). This paratneter (NBO/T) varies 
from zero (fully polymerized) to four, if all Si 
and A1 atoms are tetrahedrally coordinated 
to 0. W e  focused on  (i)  a fully polymerized 
aluminosilicate liquid with a composition of 
NaA1Si30, (NBO/T = 0) ,  (ii) a partially 
depolymerized aluminosilicate liquid, 
Na,AlSi;O,, (NBO/T = 0.25), and (iii) a 
further depolymerized Al-free silicate liquid, 
Na,Si40, (NBO/T = 0.5). 

For all the liquids, 0 '  d ~ f f ~ ~ s i v ~ t y  in- 
creased wit11 increasi~lg pressure (Fig. l ) ,  at  
least initially, as predicted from molecular 
dyllainics (MD) sirnulatiol~s (1 9-23) and 
co~ls is te~l t  wit11 the  results of other experi- 
mental studies of polymerized sillcate liq- 
uids (14-16). Only the Na,Si40,, samples 
were 3'7Si-enricl~ed, and Si4+ diff~~sivities 
were very similar to those for 0'-, also 
increasing as a function of pressure (Fig. I ) .  
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versltat Bayreutii D-95440 Bayreuth. Germany. 
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lvhere k~ is "le 'Onstant S. Chakraborty, Mlneraoglsch-Petrographsches r s t t u t ,  
IG-" 1 K - I ) ,  T is absolute tetngerature, Urlversltat K o l r  D-50674 K O I ~  Germarv. 
and X is the "jump" distance of the diffusing -To whom correspordence should be addressed, m a l l :  
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