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ABSTRACT

This research project aims to establish a techni-
que for crystal growth u‘sing pressure as a prin-
cipal control parameter for changing growth condi-
tions, and, combining it with a microgravity condi-
tion, to develop a novel process for material fabrica-
tion. In general, since the solubility of materials
depends on pressure, it is possible to control a super-
saturated condition for crystal growth by changing
pressure. In such a method the system supersatura-
tion can be set far more quickly and uniformly due
to characteristics of pressure in fluids than in a usual
method of temperature control. These characteristics
of pressure are quite advantageous for controlling con-
ditions of crystal growth. On the other hand, even if
a crystal grows in a solution whose supersaturation
is initially uniform, the crystal growth induces con-
vection under gravity because the growth produces
density nonuniformity through making a concentra-
tion distribution around the crystal. This convection
often makes the process complex and uncontrollable.
Therefore, in order to take full advantage of the merits
of the method of changing pressure, a microgravity
condition is indispensable.

In this project, we have developed instruments
and techniques for the method of using pressure as
a principal control parameter for crystal growth,
and have applied them mostly to fundamental studies
of crystal growth under gravity and in microgravity.
Main achievements of this projects are summarized as
follows. A technique of high definition optical mic-
roscopy for in situ observations of crystal growth
under pressure using a diamond anvil cell has been
elaborated and appiied to studies of solution growth;
effects of pressure on crystal morphology have been
studied; a pressure induced phase transition in a
single crystal has been investigated combined with
crystal growth in a solution, where new observa-
tions relevant to mechanism of the transition has been

obtained. The properties of high pressure ice, which

WFFE IS e OV

is relevant to properties of high pressure aqueous
solutions, have been investigated. Dynamic pressure
control has been applied to studies of dendritic
growth, where quick change of growth velocity of a
crystal has been successfully performed. The growth
of dendrites driven by pressure has been inves-
tigated both under gravity and in microgravity,
where effects of gravity on the growth have been
clarified and a theory on diffusion fiéld for dendritic
growth has been quantitatively checked bhased on the

experiment in microgravity.
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AUFGEIE, D% E-AHIERE T 58 L Wi
WO T (SRR L MER) 26 L, #EEIRO
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SARIEY LT OT, BEHT TENROFED T S
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W, BEEEICTEL IR, b LRI
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EV), D FFEITR VWK EREENHY, b
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F—" = FEAETDT 72, RRPRIGICE - 72bi)
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BB S5NTW5D,

1. 2 IfREE
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LR EE1T72 ) S e TE L, % BATHIEE )
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2.1 EHHEHBEREROA X -

BIZE, EEEEH L CGERRIREIZ L, T
RB3HDILeEZTHDL, BRI LOEEHT S
ERIIREARNTE S, /2, HERVEE LT
&, RmBELOEROREIIMETL, EAFOBEWELD
(ZLDBEVEL b, ZDEXENND D EZHIC
LBMRATEL, BMErEREONLZ L IIh
Bo CORMEFig 2.1 < — A 1> WHEIRIZRL
72o TCTREE 25003, RERE & IR S
L BEMOBMILTH Y, TOIEIEoT, IAL
DOMFER 2 WA RSN TH A ) BAERY 248 5
b, RELKEALERNTETLEY, &I, Z
D &) IR BRSO B ARREETH 5,
XPPRFEAE ORI, BUNEIRET WA Z L TR
TE572%59 (Fig. 2.1 <r—R2> ), iy, Gy
WIC & 2)IREAROFAEE, I X > THESRE
SFAEREARY BT SNV, FHFDHEE L WD
HEIE, £ 0ge, e BB 340 ERS
WCHARTEETELRVWECHRTH O, EEEILTE
BEM eIl 5 2 L ERICENH L, £2C, i
BEORD D ICEEZEE L HENEL SNLDIT
Thb,

FHRICIE, REEZEZ LRV ICEN2ERS
ETHMBBFIREL > b, WAROEIGIREICT
NBEFERIZ, D, Wl EBEZAZENTELD
T, FROREAEOMBEORIRIZED1ES ) FH
WX DR OBRAEEE 2 5 HE %, FEIHIEG: &
PR &9, IEDHIEE LN E D oMAeE
T, HLWERERNZEEL ) 5, Fig2.1 (I—
A A \ZHUNED T O ) I IR SR ) A A
VEIRYT, EAREETY, T ) AR
2.1 =23y ®XHIZ, wimic & ELMEHE
SNTLE I,

2.2 {EFTRTEE A& FEHEEE

B & ORGSR Z RIS 2 -0 (ST RE 2
D LERIE, BHOBEVENVPER SRS, bok
b, BRIZR o TWDZ LI X o THEALE I3l
WoENP L LENT S, #EOrORENRBED
FIMIZ BT HBEILEI) £ Table 2. 1L I F & 0

<Case 1>
temperature control (on Earth}

FERERY SR

<Case 2>
temperature control (micro-
o

<Case 3> <Case 4>
pressure control (on Earth) pressure control (micro-g)
A R A AL
solution sofution |
< =<
crystal =piston = crystal =piston 1
< <
= -
Fig.2.1 Comparison between a tempera-

ture-control and a pressure-control
method. In ‘Case 1 and 2, the super-
saturation is set by cooling the system;
nonuniformity of supersaturation arises
due to temperature gradient. In Case 3
and 4, the supersaturation is set by
compression; uniform supersaturation is
initially set very quickly. In Case 1
and 3, growth occurs under gravity,
where buoyancy driven convection is
generated. Pressure controlled growth in
microgravity (Case 4) gives the most

isotropic condition for crystal growth.

Table2.1 Solidification pressures for solvents at

room temperature”

Solvent Pressure (GPa)
water 1
ethanol 2
methanol 3

benzen 01
toluen 0.8

CCl, 0.2

CS, 1.3
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T2 A== LTCIIHGPaRRENRRKEIE R 5,

2.3 EHERE DGR
BRSO e &, B E LT, iR
BRBREIC X VEDY, ZOMEBEHENE L 5, &
BHEMEALE T 2 &, EHOEEREMGIEL/cTE RS
Nb, ZIT, cliEWPOBERTH D, MEDY;
&, EHEE M, & BUL B O IEBRALIZEE L % A I
e LTRBED Lidy,=1/4DTCE5 26h 5, 22
T, DIZEROBILHARE (RERER) Th b, Mk
AAZHKE L Ty, tp % BFED 1LIE, ¢c=15X10°m/s, D=
14X10"mY/sTHAHDT, L= 1mmD & &, t,=07X
10%, t;=18s& %Y, L=1cmD& Ht,=7X107%, t;
=180s& 72 B, HEHEAE < B ISR O EIBIGH (%
FEEED) T BHICRE R b, T XY, EHEHY
MASTR I TR O TRl 2 DS T e T 5
ZEhrb,

4 BREEOENRTFHE
BIRBEOET) R

ds/dP= (vg-v,)/ IRT(21n(7s)/ds)p,l (2-1)

WKEoTHZOLNA, 22T, siIBERORE, vt
fhh DIV, viIZBE OIS TV, 7 IXEE)

BRI TH D, PRHIBRORESE,LOEICETH S
DT, REDOTENVREIBEOIMASENVARE L DS
WIGEZ, M & 0 IRESHA T 5, BETORE
MREDPE SN T VWAL DIEH T YL LRV, KiC
X9 B3O OWMEERE OB IZDOWTIE, I
FrobhTwbd, WEICL->T, EHEFICRLE
TEEEDSHEINT 2 b D LB T B D DHH h KB,
—, KEBIZE - C, EWEOEHYATIE, B
BERENO LS LA L, 08 iE, KER
WHART Y KRE kA,

2.5 BEINEDOEHRE
HAHTT)TREIEREIZD 5 OET % APFZIT
AL Z0OBBIAEAI1ZA o/ AP=—dlns/dP
THzohb0T, @-1)RLY
Ao,/ AP= (v.-vg) /RT (2-2)
b, 1272, I ZCIEEIERE y OREKRFE
WMHTELE L, BREEBITABHBE T — 7085 n

BETH, MIENEEEL L72GEDA 6 /AP,
WEDBETF—F 2 HWT, C-2)NLhimsz e
TEBLRTTH D, Table2. 212, WL DHhDEHEE
DIRBEWNZDWT, 2R L#HEL, A0/
APDftEZ T L5,

Table2.2 A o /AP for several salts in aqueous

solutions.

Salts Ao /AP (%/10MPa)
AgNO, 14
Ba(NO,), — 88
Cdl, 17
CsCl 3.0
CsNO, 85
Cs,S0, 34
HgCl, 39
KBr - 0.6
KBrO, 0.7
KCl — 16
KClO, — 23
K,Fe(CN), 3.1
KHCO, 1.3
KH,SO0, — 28
KI 34
KIO, — 20
KMnO, — 05
KNCS 2.3
KNO, — 06
K,SO, — 26
NaCl — 12
NaNO, 1.9
NaNO, 0.1
NH,Br 3.6
NH,Cl 2.3
NH,CIO, 2.8
NH,NCS 1.0
NH,NO, 2.8
(NH,),SO, 2.0
Pb(NO,), 13
RbBr 2.0
RbCl - 13
RbI 3.6
RbNO, 6.0
Rb,SO, 44
TiNO, 4.1
T1,S0, — 29
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2.6 MBEREIC K DR

WE DR 2 W AP LR S g2 8 X DR
O ERATIZ

AT=(aV,/Cp)TAP (2-3)
THZHNE, 2212, o TETIEEE, VIR,
Cold DL 5O WO ELBFETH S, IRE
25C, APZIOMPak LC, KIZDWTATE RS
HE, #018CH LR DL, Ty ) - VOGHEIETE
WK &) BERBEFIKE VI LIRER L TH1.9T
EERBIEREC R D, b ok DIEBRIEICHR

BB DT, EEEORE EFITINLD b/MEIZE
EEHTHAHHN, WL, ERBEEzHVL EEIE
TBACI 22 D IR LH I L 2 e Wi RIS TR
LRIThE %R 620w THsb ),

BE0

1) WHE, WHEREBHEE "BERESEE, p89, L,
1992)

2) BARBEZE, VKB L UKEBE , plod, (GLir R,
1980)

3) S. Sawamura, Netsu Bussei 7, 36 (1993).
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3.1 EEREMBHER
HLXELRNTLEI R
FAXYEYFT7T V¥RV DAC) T VST MR
NEEEBETHY, EHRIAYEY Fe#E L THE
TOFEBFETHRZZE V)T ONEHE D >TWw
Bo AUINY NTH D7D IZHHMEEORE AT — VI
bOEDH I ENTE, BET COREMSGBILE LI
W LB E W D, bILbdZ 9 LA2DACOY:
BaEr L, SET TOBRD? S ORI EERT T
) DI EREREMGRHER YAV EY R T v ELE
WV E RS L7z, 196044124 F N72DACIE, X#RH
B+ 7~ CHGEL - BRI, F3F SERIRICEbR
T &, I CAREIICHEMBEBE LR L
Do 7z, ERERMEMEEHER CREb sz
DACHSTE ML, RIAVWGEIIBH IR TV b DL
Bbhhd,
EREREMER R O STHICEIEE L R L01
VEBIERMEDHIRI T 5, BB O L » XId s
B (B HAE) 12 7% 213 EBIOH K &  EBhREHED
Vo L2 LDACORE®E b, TEBIIEEE 260 5,
SOVEBDIE SRS L & 9 & 92 EDACOIREE DTS
0, EHEHE LV, bivbiud il o R Bl
WL v X0 LAFEIEEREDS 6 mmPl Rd 2 b D% 3
WL, #FNICADETDACERE L7z, WL v XE
ofEER & U TR0 DR S iz, BHIERBIEE
2170 A, REORIFELEELWETH S, &
WA OB EBIRHSLE L 2 1), B L
Dy F U7 ERL DR, BIEGRENL XL
F UBOBOENL v X CEE L CGREHNCH THLE
W%, TDIZOIITBEIEEEICZ o /2DACOHE DS
WHEE L TWDEI EDET L,
PEDEREDS & IR % L 72DAC%Fig. 3. 1LIT/R
T o ZODACIHEER CTOLRDPNZ 2HOWTSY A ¥ E
VRERIESAIAMET A HRE L ->TBY, BEE
GDENVOEAPSmm L BN A TH D,
DT AYEY T EN(A)IEFNENT5 8
L% b oy ¥ 7 A5 h—N4 FEOZITIL(B)
WHEHZEENRTEY, THOZITME RT3yl
ADTBKIZHDLETEDENFTHREL->TH L (S
DDACITEN ISR COMHICH b TH 5 720K

— 10 mm

Fig.3.1 The diamond-anvil cell for microscopic
observations. (A)diamond anvils, (B)
tilting diamond mount
(upper)
(tower), (C)tilting screws, (D)translat-
(B)cell body, (F)pivot,

(H)Belleville spring

hemisphere

and translating mount plate

ing screws,
(G)pole screw,
washers, (I) moving saucer, (J) fixing cap,
(K) bellows, and(L)clamp nut. Oil is
introduced into bellows (K) through a
stainless—steel pipe of 3 mm od. x 1

mm i.d. as indicated by an arrow.

WL Y XEIDACOTH»OHBZOFE L), NE
AT =X K)ICHEEREY AL, 797 F v b

(L) EFORL I E TR .

EERIEMSTEER 1T L CRICEIEE 2 5 D1,
FTAXYEY FBRIZEBNETH 5, Fig 3. 21287 &
ACFA4YEy FURIR242) 2B L TR 2 BEL
72%E, WA D) T ETRITIC & o TR
DFBMIES T D, ToabbEHOMIKE 2L
VA EWENZITLL o TEMTITA I LR
Bo WEDKELFFAVEY FOESIKET 5,
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diamond

A

s g

Fg—b

Fig.3.2 Aberration induced by a diamond win-
dow. The apparent position of the
sample shifts from S to S" when viewed
through a diamond window with thick-
ness d. The shift is larger for light rays
going to higher angles, and is depend-

ent upon the thickness of the diamond.

TWHORW L v X, #REL LTE{fibhs A
54 RTSAALELINERESIEEZ S0
B\, bbb IUTAEET T A (BHTE1.46) I L%
WIESNI6 L v R 74 YEr FERICE - 254
DONER RFED o720 FAYEY FEREN T ADH
WEOEAEZEET AL, EI15mmDHES S A
IEHES L Y A3 LT, BEELImm® ¥ A
YEY FPRNDODNELG 25 EDbhrolz, 74
YEY FOESEZZOEICRET A LICED, &i#
7 SRS IEEDS T & 5 X ) I o 72, FEMNIESC
B E BRIz,

3.2 AA4NVELCRPUCENEIERBWEEDY v
> TR
R OREICB JIZTIEIRRE RE 7912, E
NED vy TEEEERETo72 EHV Y v T1E
DACHNT — XZHN R B % B & o THRRRY
LR B 2 LITE DT o7, 1GPaDE] & 5
ERDLOILELRMERIRERETH o7, T A
47y b (InconelX750, JE X0.20mm, X£80.60mm) iZ7K
WY NFEHAL, EEVE-HEEIZLY
60msecf s TllE L 72, Fig. 3.3WETI T v » 7Dl
#RT . HIEY ¥ v 7 (R40) T E T A300MPa &
600MPa~FI 1 H D) HIZEL L7 LLY Y T

1400 e T T T

A R35-P (MPa) | |
— e R40-P (MPa)
—— R42-P (MPa)

1200 +

1000 |

P (MPa)

800 |
600 - —

400 | -

Time (sec)

Fig.3.3 Examples of pressure jump with a
diamond-anvil cell coupled with a hand

pump and an electromagnetic valve,

Pressure in the gasket is measured by
the ruby fluorescence method with a
photodiode array at intervals of 60
msec. The time of the pressure jump is

set to zero for each run.

BOEID DT A (~50MPas/sec) LR L TWwL 2 &
Bhhb, TWETATry PPEMOELEE Lo
TWo L NERL TV LEbs, BWHEND
5DMWIEY ¥ » 7 (R35) T, FJ71:1250MPa: 5
950MPa~fI0.2F8 D ) HIZEIL L TV B, PRI
HAT y N SBWEET, WEELIZN U2
HIREEL R Z 572018, EEISED RIS % - T
5LEZOND, —HELUMLEY ¥ 7 Th, WHIE
NPEL T v V TEPD R WGEIZLT LIRS
WLV (RA2), WE L ZOEILEDD B VIEAIC
&, FAT v FPAHIDACHO R T 1+ BL L 1 )b
7w vy — (=34, Fig 3. 1(H)) OBPERFZIRAIE
2 & A EEBLOWINDILENKE L, HBENOL
N EEACICREISE LR WO TE RN ) By
LB A7 M E L Tlnconel X750 ) 1285
HiR7 &b O WEIE R o L EERS AN,
REIEARWICRLTH - 72,
LRI OVDACIZ X BRI Y v v THEEORME
JISH S PR o7,
1. ERY vy v 7TREORR
AR ERL QREZEI ST 5T A7 v b



It HAT Je TR se s

BIEEPHR E B> C, BV Y v THEORF)S
HEL b, HMEODACOBE TIHENEILIcB L ZF 11
VIRV IR S

2. WMEBDOENRZOLTIL S ERABEROD N
L
WIERHZAZ T AT v b OB WO THIERHT S
EEVISEDSTEETH S, LOLAT AT v DL
B wizoil, PLowmEELTRELEIRTY
X, BMOEDNRESELZ EFFFIZLTHIL
Vo FREIC R B LB ATy b T A
Y FOM»PL SN CTHIREIEILT S, 20
72OV D O OFEEN 2 REEBRPARTERICZL 5,
FLFEE L CHE BERBRY BT ORETH
%o

NS ORER, BV ATy b OWIEET R R
L TR IE N 2 3 LA ADACO FHKMETH
B2, GEATAT v FERMEIRYIIRRTE RN,
Z T ThNbIEBUI OB 5 %4 b DAC
DAATy MELTHEZADTEZWIEEZ T
COPDOMBERBR L7 7 AP LADIE, TAHON
4 +¥), 778, p-BN, HEWHMEE % (TI-NiEE)
Thb, TNENOMEHIE L04-1.0mmDIIRTH
D, ThE&@HTAry PERILKESIZEN 2L,
04-07TmmDO R BHIFTHAT vy Ve Lz, ¥4YE
YET VEMZERIOmMmD b DR HH L, KRS
ATy MKENVE—ERFAL, BEIEEMNERLINE
SREBEBETOR A7) Y AR,

TSP TETCUILEAEENDR TP 272, T
7 TIXIS0MPatE O E N2 72 ST T
Clc# L o7z, p-BNIZ D AT ECIOMPall FDE
TSI o 7z, BMA 4T Inconel X7507%
EMOEBEA A v b EF L L) IETIF LS 505,
RNE ) BT BT b o fo, B E S
100MPaLl F Tl v b Bhbh b, fwme LT, %
EREWERZRT A Ay MISEERL 223 A
OB ol

995

3.3 HA4VERT7OENRIVERAWVE
R R IR ORISR
DACZ RS MEERRIME) HEOMBELAT I LD 5

ERDE NI B,

1. KBEWED S ORGSR EERITITE RO BT
(=FHIGPa) LT OIE N ATEHETH 525, =
DEI % TEE, TV —3GEIc LB ok
SEREEE (£ 10MPa) 1+ Tld e v,

2. DACCWERT AT v "FEHERTHZ LI
Lo TIETIDGAE - IS NBAS, T 2 BT
B TOREIREHI I 0 L,

3. WERICREEEST ATy bbb L TR
BEDEALT B,

4. HAT Y FFEHEER L CHEL %5701 F LR
FHAT 2 AT S I - ET 5 2 LT TE RV,

5. RERENARHR AT AT v MFOSRBIETHY
ZENBHY, HBBERCAMY L L TOEEE S
25 (E),

6. HAT v NOWHEBENETI D v v THEEZ
BRAZE 52 %,

INSDFEIZERY Ay M OBWEREFALT
JEJ 5 % 4T ) DACO FHMETH b, BTl
BVWRRFERR DD S v, LA LIEOKEL Z
M ERE L L WER, 1-& 2 ISR OFEE OB
BRFITREERICIIDACIIHECEMMN A EE LT X
BIEHA,

() ZF 0%, HE— 888 &% 2 TAry bEL
TR ZET, FAT Y FOETH LOBEIEHERL
726

SHEH

1) K.Takemura, O.Shimomura,
Instrum. 60, 3783(1989).

and T.Sawada, Rev. Sci.



FEHIBNC X 5 858 ER CB S 2058

4% RIS D720 D 3iE & Pl

4.1 GHEREFEDEI

FAXYEY KT N WIZBITAFEOBEME L
FEDBIEREOME & RS 572010, Fa ldtEsl
SEE D S TMERDOE IV ERS L7z, F%EEL
TWEDOPDOTFYAL O VERELLY, 22T
1, BAARICELE L R OB E LIV IC D W TR
o i, BB MUNESERD S Bas v MER
WKHLTIE, BR2HHOEVIHVWLGNRZ, T
DWTE, BIE, Hirlo TilhRs,

Fig 4. WX VO EZ IR T, LIV AREOMITHIZ,
D) Y - S ASE A A & D 1A R
BRI BN, FO—FFOHNS, [EEEE & RN % 5
IV ICEEREVEE SN TWD, gk
LoTEzoNTEBY, SHEEMANTHIEETE 5, RIE
B oM ST Bk IR S Tn b, 208
JE R, i o) (R A S RS 2 LY 1+
FAREIC o TWAD, Tl s TwaEE
A #EHE T (Nova Swiss) # & L72db 0T, WO b
DRI AR 5 F NS EIERE 2 ) 175 &
I o Tz, B ST T R 7 & EER
BILDBEIND, BBZMELTBIE T, L EIC

high-pressure cell

|
|
1
1
)

optical window

1
i
5|
1
I
. . )
rotation axis Nt
i
1
|
- = R Z
]
C ]
\ !
295mm

Fig4.1 A rotatable optical pressure cell. The

high-pressure cell can be rotated
without releasing pressure. The
maximum operation pressure is 2000
bar. The illustration shows the upright
position. Optical observations can be
performed at arbitrary angle with res-

pect to the gravity vector.
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Fig.4.2 The upper drawing shows an optical
pressure-cell. The lower drawing shows
the cross section of an inner cell cut

normally to the optical axis.
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Fig4.3 The pressure circuit and the optical con-

figuration of our experimental system.
(a) nitrogen tank, (b) pressure
regulator, (c) electric valve for compres-
sion, (d) electric valve for decompres-
sion, (e) booster-pump, (f) pressure
sensor for gas, (g) pressure sensor for
oil, (h) return mirror, (i) light-emit-
ting diode, (j) growth cell of the inner
cell, (k) optical pressure-cell, (1) laser
diode, (m) CCD camera, (n) VCR.
Paths of the reference and the test light
are shown by the dotted and the solid

lines, respectively.
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Fig4.4 A set-up assembled for the rocket ex-

periment.
(1) electronic controller, (2)video re-
corder, (3)CCD camera, (4) laser diodes

for the interferometer, (5)

objective
lens, (6) booster pump, (7) optical pres-

sure cell, (8) LED for transmission ob-

servation, (9) g-sensors, (10)return
mirror, (11)upper plate, (12)lower
plate.
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Fig4.5 Block diagram of the pressure-jump sys-

tem for aircraft experiments.
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Fig4.6 Performance for pressure-jump.
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error of the previous data.
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Fig.7. 1

Sequential images of the NaCl to CsCl
phase transition of RbCl in the gasket
hole (diameter: 0.6mm, depth: 0.5mm).
A sphere at the lower left part of the
hole is a ruby ball (diameter: 0.13mm).
A time at the lower left part of each
stage indicates a lapse from the time
when increased the pressure over the
transition pressure from 045GPa. The
pressure was increased a little between
(A) and (B). The pressure measured
after the completion of the transition was
0.60GPa. An arrow in (A) indicates the

starting point of the transition.
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Fig.7.2 Sequential images of the CsCl to NaCl
phase transition of RbCl. The initial
stage (A) is obtained after equilibra-
tion of the crystal shown in Fig.1(C).
The crystal involved several rhombic
voids. The pressure was reduced step-
wise every 20min from 0.80GPa. The
last reduction was done just before the
stage (A).
after the completion of the transition
was 0.30GPa.

The pressure measured

7.3 ExiBHE
PLED#F DOBEIE ORI, NaCllfEE & CsCIEIE

AT
5, HEEEEEOETVE LTI THREEATY
LELLELDELT, WIMETFLYEH BV, ZOEF
VT, BSOS L HHE TR LS,
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Fig7.3 Sequential images of the CsCl to NaCl
phase transition of crystals of RbCl
without voids. The pressure was
reduced below the transition pressure
from 0.64GPa just before the stage (A).
The pressure measured after the comple-

tion of the transition was 0.31GPa.
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cylinder
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Fig8.1 Schematic of the piston-cylinder ap-
paratus and the sample assembly used

in this study.
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thermal insulator
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liquid
nitrogen

press-frame I+ oil

Fig8.2 Schematic of the measurement of pres-
sure (P), piston-displacement (d1 and
d2), and cylinder temperature (T).
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Fig8.3 Experimental procedure to create the
low-density amorphous ice. (DCooling
down to 77 K at 1 bar, @compression
to 15 kb at 77 K, @decompression to 1
bar at 77 K, @heating to 130 K at 1
bar, ®cooling down to 77 K at 1 bar.
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Fig.8. 4 Schematic of the sample assembly for

measurement of the sample temperature.
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Fig8.5 Schematic of the x-ray diffraction
measurement of sample in liquid nit-

rogen in a glass vacuum flask.
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Fig.8.6 Schematic of the measurement of heat-
ing curve of ice sample from 77K to

room temperature at 1 bar.
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Fig.8.8 The P-T phase diagram of H,O and the
observed transitions. Heat evolution was
observed at a, b, and c. The phase
boundary between the metastable

low-density and the high-density

amorphs , estimated by Whalley et al.

(Ref. 7), is also shown.
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Fig8.9 Volume of the low-density amorph, the
high-density amorphs, and liquid water

at various P-T conditions.
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An ammonium chloride dendrite grown by dynamic pressure control method on Earth.
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Fig.10.2 Evolution of concentration distribution around a dendrite growing in microgravity.

The concentration integrated through the thickness of the solution is equal along each

contour. The concentration increases with distance from the crystal. The concentration

distribution, as well as crystal morphology,

has high symmetry. Here, T7=299.35K,

P=715MPa and ¢ =0.050. (a) is 36 s after initiation of the growth. (b) is 15 s after

(a). (¢) is 30 s after (a).
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Fig.10.4 Evolution of concentration distribution around a terrestrial dendrite. The symmetry in

crystal morphology and concentration distribution is significantly deformed in com-

parison with the growth in microgravity shown in Fig.10.2. Here, T=301.65K, P=77.
7MPa and ©=0.037. (b) is 15 s after (a). (c) is 30 s after (a).
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Fig.10.5 Evolution of convection pattern induced by dendritic growth in the terrestrial experi-

ment. Arrows show shifts of identical tracer particles for 3 s. (a) is right after the

initial compression. (b) is 45 s after (a).

(c) is 120 s after (a).
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Fig.1l.1 Geometry around a seed crystal.

Fig.11.2 A contour map for the integrated con-

centration around a dendrite growing
under microgravity. The phase shift be-
tween neighboring contour lines is A /2.
The longitudinal streaks are vestiges

of the original interferograms.
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Fig.11.3 Positions of interference fringes on the

z-axis (open circles) and the tip posi-
tion (closed circles). Error bars are
smaller than the symbols. The horizon-
tal lines represent reference positions

of fringes.
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Integrated concentration along the
z-axis obtained from the data in Fig.
11. 3. Herez denotes the forward dis-
tance from the tip. The different sym-
bols show different time. The error
bars originate from =1 pixel error in
digitized images. The solid line is the
best fit of the Ivantsov solution, Eq.
(11-3). The broken line shows con-
centration for the case that the tip
deviates 500 xm from the center of the

cell toward the y-direction.
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Tablel2. 1 Properties of water and Fluorinert
FC-75 at 25C

Properties Water FC-75
Specific gravity 1.00 176
Kinematic viscosity (cSt) 0.9 0.8
Vapor pressure (torr) 32 31
Specific heat (cal/g/K) 1.00 0.25
Heat conductivity (cal/cm/sec/K) 0.0014 0.00015
Cubical expansion (1/K) 0.00021 0.0014
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