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Giant Facets at ice Grain Boundary Grooves 
k. A. Wilen and J. G. Dash 

The energy barrier for nucleation on the basal plane of ice has a striking manifestation 
when the basal orientation is present in a grain boundary groove. As the ice-water interface 
containing the groove advances. large planar facets grow out of the grain boundary. The 
facets exhibit dramatic hysteresis, and they can be up to 30 times larger than pred~cted 
by equilibrium models. Measurements of the growth direction of the facets yield ins~ght 
into the nature of the nucleation process. The facets also provide a way to study the 
relaxation of twist along grain boundaries. 

W11e1l a pol\-cr\-stalline ~ o l ~ i i  comes illto 
contact \\-it11 another ~ h a \ e .  >mall iniienta- 
t ~ o n s  of the sol~il  >urtace for111 \\;here grain< of 
Llitfere~~t orientations nleet. T11e.e iniienta- 
tions, termed gr~i1-i hi)~ll-iiiar\- qroiJves, are 
ol~se~-veil In a nu~nher  L J ~  Colltexti. s~1cl-i as at  
the aurhce of a ~x)lisheil s i ~ l ~ i l  inuot thar has 
1.ee1-i anl-iealeil or at the bo~~nclary- i>t a 5oliLi 
\vitll its o\\.n melt. Grain bollnLlary qroo\,es 
1~~1l.e a lL)ng histor\ 111 the , t u i l ~  of i~-irtall~~rgy 
( 1  ) .  Tl-iev are \\ell i~nclerstiii>Ll tl-ieoret~cally 
anil esperiinentalIy anil can pro\-1c1e i ~ s e f ~ ~ l  
inf~irrnation al'oi~t material properties, s l ~ c h  
as 1nterL1ce enerpies ,~ni i  iiitf~i.;ii)n c o ~ ~ s t a ~ l t i  
( 2 ) .  

Gr ,~ i~ - i  l~ i~uni lar \ -  5r~mI.e. at  a wl1~1-melt 
i~ l t i ' r f~~ce  are ana loq~~us  to the me1-iisc~15 of a 
liilllid thar 11-ets the \\-all cif a vessel. T h e  
I~iiuiil rises tci t i  certa11-i h e i ~ h t  L Ixcauie it 
can reiiuce the xlrtace e n e r p  1.i a11 all loi~nt 
prapi)rtio~-ial to trL, \\;here cr is the ditter- 
ence in >urf;ice el-ieruv I'etu e r n  the dry and ,- , 
\vet \\.all. Hi)\vever, the rise in height is 
limited by the cost in gra\.itatioilai energy-, 
propi>rt~onal to LjpS, n.here g 15 the gravi- 
t a t~ona l  ci>nstant a n ~ l  p is the l i q ~ ~ i i i  ile~-iiity. 
Apart fl-0111 ueo~l-ietr~cal facti~rs, the rlse L 1s 
((r  pg) ' '. Fc)r CI grain I X > L I I I L ~ ; I ~ Y  qroi>\-e, ill- 
stead of the cost Jue  t c~  51-a\,ity, there is A 

tree e11er~i- cost due to the  presence of < , ,  

.;ilperccioled 11qu1il ~ n s ~ i l e  the groove. T h ~ s  
ciist 1.; qive1-i I.\- the p r o i l ~ ~ c t  of the vc11~1me 
of bupercooleii lliluiil ancl the ilitference in 
tree energy- Ilet~\,eei-i sol~il  anil 11q~11~l at  the 
,i\.eraie temperature ii-i the 2rool.e. Replac- 
ing pg, then, \ye have (ql,,:'TC)(ilT!"ls), 
~vhere  q,., LS the latent heat ot  n l e l t ~ ~ l ~  per 
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unit voll~ine of the sol~il ,  T,, 1 ,  the melting 
temperature, and dTdx is the temperatilre 
gmdiellt 111 the  groove. Tl-ie proove size 1s 
~11.el-i 1ly 

\\-here cr' 1s the grain l~ol ln i iar~ 11-iteri'ace en- 
e r q .  i-\nisotroyy in the il-iterhce energies anil 
the iiiftere~~ce in thermal co~-i~luctivit~e; lye- 
t~veel-i the soiiii liquid must he consiilered 
to calcliiate the es,ict crocx-e ihape. Indeed. a 
measureme~-it a t  the shape can he used to 
deternli~le the ani>otri>py in tl-iz cry,tal \~lrf;ice 
free energy ( 3 ) .  Neverthelesb, the 01-erall slze 
scale for the groijve >h i>~~l i i  be set 1.y the 
"cal-.illarT- lenutl-i" L as gi\.en aho1.e. 

W e  were therefore silrprlsed to  c1hser1.e 
pla~-ie-taceted yrocives in ice n-hose linear 
iiii11ensio1-i~ exceeiieil the  especteii \-slue 
hy  nli)re than  a factc~r of 3Ll. .\iIjace~nt t~ 
t h e e  faceteJ groi>ve> \\.ere typical 1.ol11-iiieil 
yr~xJviis whixe i l~mensions  \\.ere correctlv 
gir-en 1.p tl-ie cal~il iar\-  lei-igth. hloreol-er, 
t he  tacet size \vas no t  a s~nule-valued func- 
ti~111 of the temllerari~re grailient: Con>id-  
era l~ie  h~s te re s i s  in facet size \vas ol.serl-ed 
as the  ice-\\-ater 11-irerhce aii\-anceL1 or re- 
treated. T h ~ s  hel lav~or  1s e s p l a ~ n e d  \.\- a 
n ~ ~ c l e ~ i t i i i ~ l  I ~ a r r ~ e r  to gron-th 1-iornlal to the  
plane faceti, III contrast t o  the  gron-ill ot  
r i ) ~ ~ n i i e ~ l  orientatlonh. 

T h e  cell llsed for tile Ice urc~\\-th mea- 
burement\ has been ileicril~zd previously 
(4). Ice is gl.on.11 in the shape of a th in  ilisli 
( F q .  I X ) .  T h e  t empera t~~re  call he ci\n- 
trolleil l ~ \ t h  at  the  center of the Jisk as \\;ell 
as arc~l~ni i  the  perinleter of the  cell. By 
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aill~1st~ng I ~ o t h  tenlperatLlres, the radlr~s of 
the Ice al-iLi the radial temperature g ra i l~e~ l t  
call be set inciepenLle~-itly. T h e  ice na5 nu- 
cleated 1.y briefly touching d cottiin t ~ p  
cooled in liclilici 1-iltro~en to the center i ~ t  
the cell. T h e  ice then fire\\. out ti) solvle 
steaii\--state raiiius i le term~~lei l  1.y the tern- 
perarure conilitions. Once  5reaiiy state a-as 
reached, the temyeratl~re co l~ ld  he rampeii 
5 0  that  the ice ilisk raiiii~s sl(>\\;lJ. increa5eil 
or iiecreased. T h e  Ice was esami~le i i  along 
the  asla1 ilirection with a micro5cope, ei- 
ther iiirectlv or bet~veen crosxii pnlarizers. 
Image; n.ere il~g~ti:eJ anii .tored on corn- 
purer iiisk or \Yere recorded on p h o t o g r a ~ h -  
ic film. A typical Ice ilisk co11taineJ fri~11-i 6 
to 10 ilitferent ilomains, iiiviileii by f i r a ~ n  
1~0~11-iilarles. T h e  grain 1~1~11-iiIar1es generall\ 
esteniied raiiiallv out to the  ~ce-water  Inter- 
f'lce, \\-here grooves \\;ere olxer\.eil. 

There \\;as a large differe~-ice in size lie- 
t neen  faceted groove> and roi~nded grooves 
on  ailjacel-it grain Ix>u~-iilar~es (Fig. 1 R). TI) 
l~l-iderstanii the o r ~ q i n  of these large facets, 
a -e  olxerved their development. As the ice 
ilisk raiii~l. Jecrea5ecl (Fig. ?A, top row), the 
faceti shr~:nk, 13~1t the ~ntersectiiin 1~et~vee1-i 
the facets did not n-ii~ve llntii the facet> 
reached ;I m i ~ l i n l i ~ m  s i x .  After that,  the  
whole qri>o\-e receiieil ~ v i t h o ~ ~ t  change i ~ f  
ahape or size. A5 the ice nas  re~ro\v~- i  (Flc. 
:A, 17otti~tll ro\\;), the  facet. yreiv, hut again 
the line of i n t e r sec t io~~  n-as initially tiseil. 
W h e n  the facets reached a m a s ~ i ~ ~ u ~ l - i  see, 

the  ice disk edge and facets mL>ved in ~11-11- 

son. T h e  facet slze was nix  a \~~- i~ le -va lue i l  
f i lnc t~nn of the co~liiitiij~ls I ~ L I ~  i l e ~ e n ~ l e i l  011 

the ~nal-il-ier in n-hich the facet n.a5 formed 
(Fig. 2 A ) .  This llellav~or nas  reyrocl~rced 
nunlerous tiines for the facet sho\\;n anii fix 
se\.eral L>tl-ier facet5 a5 well. 

T h e  explanation 1s as fci1lon.s: T h e  sur- 
face of a crystal ma\- have orie~-itations thar 
are either "flat" or L'rougl-i" (5, 6). A tlat 
o r i e~ l t a t lo~ l  is ~11100th 011 a m i ~ l e c ~ ~ l a r  scale 
al-iii co~-is~sts of a sll-igle crystal plane. 
C;r~)ivth 011 a flat plane requires the un~ler-  
coollnq to be larger tlla11 A threshiild value 
ti) 1-iucleate ;I tn~o-d1men51onaI (?D) isla~-id. 
T h e  val~ie  of the rhre5holil ,~ndercoolinn 
A T  correspond. to an  e n e r q  hari-lei. fi\r the  
to rma t~on  o f  a nr~cleus of' a critical ra i i~r~s:  
llilclei 5maller than this \\.ill shrink, \vl~ereas 
larger i\nes ~ ~ 1 1 1  grew (7). Converbel\, there 
la ni\ barrier to grolvth i>n a ro l~gh i~r lent ,~-  



Fig. 1. (A) Experimental 
setup. Ice is grown from 
a cylindrical disk-like re- 
gion of water 0.8 mm in 
height and 1.9 cm in di- 
ameter that is faced by a 
thin plate of glass on the 
bottom and a polymer 
membrane on top. Cap- 
illary lines that enter 
through the sides allow 
the cell to be filled with 
water and also allow ex- 
cess water to escape as 
the water freezes. (B) A 
faceted grain boundary 
groove and a typical 

Grain 
boundary 

c w  
danain 

rounded groove (bottom left corner) at adjacent grain boundaries. The pho- rather are tilted back slightly. Thus, the facets intersect the cell windows in 
tographed region is 0.6 cm by 0.25 cm. The temperature gradient in the ice a larger "V" at the top and a smaller "V" at the bottom. The interference 
at the disk edge is -0.7"C cm-'. The two facets form a "V"-shaped notch fringes along the grain boundary result from the birefringence of the ice. The 
at the edge of the ice disk. The facet planes are not perfectly vertical, but spacing of the fringes depends on the grain boundary orientation. 

tion because it is always covered by many 
steps and crevices. Growth on a rough sur- 
face proceeds at any undercooling (5 ) .  

For ice crystals close to O°C, the plane 
normal to the c axis (the "basal" plane) is 
flat and other orientations are rough. Mea- 
surements of the ice crystal growth velocity 
perpendicular to a dislocation-free basal 
plane were first performed by Hillig (8), 
who found a form for the growth velocity 
that was consistent with an activated nu- 
cleation process (5, 6). Below a supercool- 
ing approximately equal to 0.03OC, he 
found no measurable growth. 

In the present experiment, the 2D nucle- 
ation barrier results in the formation of large 
facets during growth. Suppose that a basal 
orientation is present on both sides of a grain 
boundary groove. The coldest temperature of 
supercooled water adjacent to the facet 
planes is proportional to the size of the 
groove and the temperature gradient in the 
cell (Fig. 2C). Initially, growth can only 

occur in a direction parallel to the basal 
 lanes because the undercooline is too small 
;or nucleated growth. As the ici disk radius 
increases, the facets grow and the tempera- 
ture at the intersection of the two planes 
drops. When the undercooling exceeds the 
threshold value, crystal growth perpendicu- 
lar to each facet plane ensues, and the fac- 
eted groove progresses with little change of 
shape or size. The maximum size of the facets 
corres~onds to the undercooline needed for - 
the faceted groove to advance at the same 
velocity as the ice disk edge. Repeating the 
experiment for other temperature gradients, 
we found that the maximum size of the facet 
depends inversely on the gradient, as expect- 
ed. Our measurement of the threshold un- 
dercooling temperature is in reasonable 
agreement with that measured by Hillig (8). 

Faceting that results from the anisotropic 
growth of crystals has been studied both 
experimentally and theoretically in a num- 
ber of contexts (9). What is distinctive in 

the present experiment is that the facets 
evolve from crvstal orientations in a erain " 
boundary groove, and once formed, the fac- 
ets persist indefinitely, even in the absence 
of further growth of the ice disk. The latter 
point is a result of a self-limiting aspect to 
the facet erowth: If the ice disk radius is - 
fixed, growth normal to a facet plane (from 
the adiacent su~ercooled water) will result in 
a decrease in the facet size, which in turn 
reduces the supercooling; when the super- 
cooling drops below the threshold value, the 
facets will cease to shrink (Fig. 3). 

The 2D nucleation on facets mav be 
heterogeneous or homogeneous. In contrast 
to homogeneous nucleation, heterogeneous 
nucleation occurs preferentially along the 
boundaries of a flat surface. This results in a 
decreased nucleation barrier and a reduced 
threshold undercooling. In Hillig's experi- 
ment, he concluded that the nucleation was 
homogeneous because the growth rates 
were not affected by the foreign substrate 

&wing the evolution of 
the facets as the 'ce disk 
meb (top) grows 7 f ~ ~ = ~ ~ T  T(&) Or 

Worn). The elapsed 
time for each series was 

4 4 T(Q Or Urn)  
IODerBdrradk. 

1 hour. (Bl Diaararn of 
the hystekhi in -f;acet size. (C) hrdution of facets. A cross section of the disk is shown at times t, and t,. 
The ttmpmtm at the ice disk edge is pinned to 0°C. For a constant radial tempemturn gradient in the 
ice neer the edge, Wte temperature at the vertex decreases as the facets grow. 

-200i,, , . 8 ,  , , . #  . , , 1 , , . , # ,  . , , , , , , , , , . 4 150 
1000 2000 3000 
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Fig. 3. Facet size (crosses) and ice radius (circles) 
plotted versus time. Initially, the temperature is 
ramped so that the facets and ice disk edge ad- 
vance in unison. During this stage the supercool- 
ing (and corresponding facet size) is slightly larger 
than the threshold value. When the temperature is 
held fixed, the ice disk edge becomes nearly sta- 
tionary, and the facets relax to a smaller size, 
which effectively "shuts off" further relaxation. 
(This sequence is subsequently repeated.) The ice 
radius at the start of the run R, ;- 0.6 cm. 
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(glass) that formed the  perinleter of the  
l m a l  plane. Our  geometry differs fro111 Hill- 
ip's 111 that each facet i hor111de;l b\- both a 
forsign material ( the  cell \tiniion.s) anL] the 
other facet. T h i  geolnetr\- al1on.s us to mea- 
sure the relati1.e ~ r o \ \ - t h  veli)cit\ of the t\vo 
facet planes. T h e  maxim~lm ~~ni le~-cool ing is 
the same tor both face,. T h e  ratio ot  the 
velocitle of the  tn-LI faces cletermine\ the 
iiirection ot  advance of their intersectic>n. If 
the 1-elocitv I' of each face is given 1.v an  
indepen,lent nucleation process, then this 
ratio \\.ill be g i ~ ~ e n  by ( 1 L?)  

n-here a l  anL{ a2 are related to the nucle- 
ation l~arrierh on the  ~nii~vi;l~lal  facet ala~lez.  
For a homogeneous :L> n ~ ~ c l e a t i o n  procebs, 
1, = X I - ,  ~3re~licting a \recific direction tor 
the  facet gro\vth. For heterogsneo~r,- nncls- 
a t l ~ ~ n ,  a ,  i a;,  anii as the \upercooling is 
JecreaseL1, the velocity of ~ ) n e  of the r.lane\ 
mo~11J predom~nate,  can\ing the facets to 
move in a Liifferent, \vsll-~leflneii d i rsc t~on.  

\S'hen the temperature is rampecl iluick11-, 
cauiing the ~ c s  perlnleter to ailvance at a high 
velocity, the facets pro\\. out in a 1:ursly radial 
Liirectinn (FI. 4). This i> ivhat m~gllt  he es- 
pected \\hen the groi\-th rate ot  each facet is 
limitecl b: the di5sir.ation of latent heat. In 
the l i m ~ t  of slow gron th,  we expect the hce t  
gro~vth to lie go\.erl-ied h\- ~nterface processes 
\uch as ?L> 11~1cleatii>n. O n  reduc11-i~ the 
gro\vth rate, the growth ilirectio~l change\ anLl 
al~proac1xs a nen. heailing that is rare-incie- 
Fe~lilent. Interesti~-igl~, chi.; direction ii n ~ ) t  
the one ~ht:lineii h\- assumin: either homoce- 
neorls or heterogeneous nucleation. C o n e -  
i l~~entl\- ,  bye spec~rlate that the gro~vth process 
tor each ~lal-ie is not l n ~ l e ~ ~ e n d e n t  of the oth- 
er, but rather ii co~ltrolled in some llil~ltri\-ial 
way hv t h e ~ r  cc~mmon hounilarv. 

Tlie pxience c ~ t  the faceti also prov~ciei an 
oppdr t~ l~~ i ty  t ~ )  ,stuclv the relauat~on of t\v~zt 

Fig. 4. The poston of the veriex icrces) plotted 
reIat1:'e to the ce-water Interface (bold inei at 
equally spaced iiine intervals. The \vertex initall\] 
grovis oc~i qc~ickly n a radial drect~on but con- 
?:eryes to a neihJ ddrecto~i as i -e  groir5!th slows. 
Also shoivn are the t-eoretca directons for -0- 
rrogeneous ,luceaion (u. = cr,) and heieroge- 
neocls nc~cleaiion (R, = a,). 

along prain lx)~~niiaries. '4, the ice interface 
grow, out, the grain lx)unL1ary i l r ~ s n t a t i i ) ~ ~  dt 
the ice e&e is pinneil to the line of intersec- 

L 

tlon <)f the t\j-o hasal taceth. Once t;>rmeil, 
honever, a graln l~ounilar\- \voulcl like to relax 
to a11 orientation that mi~-iim~:es its tree en- 
erg>-. 111 the absence ~> t '  all\ anisotrL)p\- in the 
interfacial energie. the m i ~ ~ i m u m  ensrgv orl- 
entatlon n-auld he 1,ertlc~l ireruendicular to 

~L A 

the plane of the ice disk) l~ecauie this 11li1li- 
lllires the craln horr~ldary area. \X7hsn aniso- 
tropy is included, the grdi11 1~>~111iiar\- 111av 
prefer sollle other orlentation. I11 Fiy. 16,  the 
grain bor111;Iary ha\ relaxeLi trom the pinnsil 
o r i e n t a t i ~ ) ~ ~  at the eLlge to a lllors snerget~callv 
favL)reii one at s~llaller railirr\. 

T h e  faceted ?roo\ es a l ~ ~ e r v e J  1ler.e \yere 
not rare examples: t\-pically, 10 to 1C"u of 
all gro~)ves \yere faceted. This percentage is 
attrilyuteii ril the cell geometry anil the 
manner in \vhich the ice i\ n~rclsareJ.  KLI- 
cleation is accompii:hc.ii 17v suddenly 1111- 

pilsine a sharpl~ lo~ver temperature at the 
center of the top face i>t the cell, fL~rc in~  a 
temperat~rre gradlent 11i~rmal t ~ )  the \vinLio1v 
plans. Initial gron.th is in the qallle iiirec- 
t i ~ ~ n ,  L l u r i ~ ~ g  11-hich the tastsht qron-111g do- 
mai11s 11121- \~e i lgs  out other ~>rient,~tionh. 
Became ice griws fastest alonc! the  n axis, 
the  re\ult is to produce ilomaim ~ v i t h  the c 
asis m o t l v  111 the plane ~ > f  the  ice dihk. 
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Partitioning of Tungsten and Molybdenum 
Between Metallic Liquid and Silicate Melt 

Michael J. Walter* and Yves Thibault 

The "excess" of siderophile elements in Earth's mantle is a long-standing problem in 
understanding the evolution of Earth. Determination of the partitioning behavior of tung- 
sten and molybdenum between liquid metal and silicate melt at high pressure and 
temperature shows that partition coefficients (D,,,,,,,lll,,,,) vary by two orders of mag- 
nitude depending on whether metal segregated from a basaltic or peridotitic melt. This 
compositional dependence is likely a response to changes in the degree of polymerization 
of the silicate meli caused by compositional variations of the network-modifying cations 
Mg2+and F e 2 .  Silicate melt compositional effects on partition coefficients for siderophile 
elements are potentially more important than the effects of high pressure and temperature. 

l f  core h rmat ion  11 the Earth \\-a> a s~mp!e 
eLluilil?r~nm process nherehy nletal scqregat- 
ed fronl sil~cate,  tlle11 the alxiniianct of 
s ic i~ro~l l l le  (~ i l e t a l ->e t .k i~ l~ )  e le~i le~l ts  re- 
tallled 111 the  s~licate m , ~ ~ l t l e  ot the Earth 
shoulcl reflect the ic>~ld~tic>l~s ot  e q ~ ~ l l i l l r ~ ~ ~ ~ l l .  
0 1 1  the basis a t  metal/~ilicate partitioning 
data collecteLl at 1 atnl and lo\~.-tempera- 

ture conilitions ( I  hCL? to 192C K) ( 1 ,  2), 
i ~ c i e r o ~ l ~ ~ l e  e l e m e ~ ~ t s  are overabundant in 
the Eartll'h ripper mantle by ai m n c l ~  as 
sel.eral o r i l e ~  o t  magni t~~i le  (3) .  Recent nu- 
iuerical models ot  the thermal histi~ry i>t the 
early Earth that are based 011 larqe-lmpact 
a c ~ r e t i ~ ~ ~ l  1110~1e1,< (4) preclicr large or n.llole- 
hale ~ l l e l t i l l ~  (>f the proto-Earth (5. 6) .  I t  




