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Fig. 1. Orientation definition of hexagonal ice and related crystal optics principles.

coordinates A-P-L (direction A-A is the direction of analyzer, direction P-P is the direction of polarizer and direction L is the

(a) Graphical representation of optical

direction of incident polarized light) and Cartesian coordinates zyz of specimen box and of crystallographic coordinates of ice
crystal (including basal plane (0001) and the preferred orientation (1120)). Note that the red line which is at an acute angle o
(tilt angle of optical axis) to the incident beam L indicates the position of the optical axis relative to the specimen box and the
other red line lying in plane A-P is the projection of optical axis in this plane, the angle of this projection line with direction
P-P being extinction angle 5. (b) ANq-a curve shows that the birefractive index AN, monotonically increases with tilt angle
of optical axis a(0° < a < 90°) to a maximum value. (c) The polar curve of dimensionless intensity I /Ip against extinction
angle 8 has a quartic symmetry: when 8 = 0°, 90°, 180° or 270°, extinction will appear and such direction is called “extinction
direction”; on the other hand, when g = 45°, 135°, 225° or 315°, the intensity I, /I will reach to its maximum value and
such direction is called “45° direction”; in other directions deviating from “45° direction”, the intensity will be much lower. In
addition, when « decreases (a1 < ag < a3), the interference effect is reduced with a corresponding effect of lower maximum

value of I /1.
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Fig. 2. Orientation relation between two specimen boxes and the S/L interface morphology in Bi: (a) The orientation

relation of Ip in Bg in optical coordinates A-P-L is ag, Bo; (b) the orientation relation between Bp and Bj, with the

projection of optical axis parallel to P-P direction, with the orientation relation of I; in Bj in optical coordinates A-P-L

being a1 = o, 1 = 0°; (¢) the S/L interface morphology in B1, when the interface becomes instable, basal plane lamellae

grow and extend themselves in the direction perpendicular to the direction of G, the pulling velocity being Vj, = 19.4 um/s.
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Fig. 3. Orientation relation between two specimen boxes and the S/L interface morphology in Ba: (a) The orientation
relation of I; in B in optical coordinates A-P-L being of = 90°, 8] = 90° — ap; (b) the orientation relation between By
and Bg, with the projection of optical axis lying in the plane A-P and the angle between the projection of optical axis and
the direction of G and tilt angle ag of optical axis in By and B; being complementary angles, with the orientation relation
of Iz in By in optical coordinates A-P-L being as = 90°, B2 = 90° — ap; (c) the S/L interface morphology in B, the pulling
velocity being V}, = 4.63 um/s, typical of edge plane instability perpendicular to its optical axis with lamellar morphology.
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Fig. 4. Orientation relation between two specimen boxes and the S/L interface morphology in Bs, and Bsp: (a) The
projection of optical axis is parallel to the direction of G, with the orientation relation of I3, in B3, in optical coordinates
A-P-L being a3 = 90°, B3, = 0°; (b) the projection of optical axis is normal to the direction of G, with the orientation
relation of I3}, in By in optical coordinates A-P-L being az = 90°, B35 = 90°; (c) the S/L interface morphology in Bs,,
the pulling velocity being Vj, = 10.3 pm/s, typical of basal plane instability; (d) the S/L interface morphology in Bgy,
the pulling velocity being V;, = 13.4 um/s, typical of edge plane instability perpendicular to its optical axis with lamellar
morphology.

196401-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 19 (2018) 196401

K5 SIEMERRUL By WEISSRREKIES  (a) SRDCHIRIBEE S LI7FFAT, Bay W Lsp A0 T RMBOLY MR R A-P-L
IR R A of = 0°, By, AFLE, (1120) 5 G s v 505 (b) SRR S L 77 FFAT, Ba W Ly AN T R
HFR R A-P-L FIUEIR RN aq = 0°, B AFLE, (1120) 55 G PTRKE S v ~ 33°; (c) By WRISEBRAETES, Jy st UK T 2%

o, WFE GBI V), = 100 pm/s

Fig. 5. Orientation relation between two specimen boxes and the S/L interface morphology in By: (a) The projection

of optical axis is parallel to the direction of L, with the orientation relation of I3}, in Bg} in optical coordinates A-P-L

being oy = 0°, B}, non-existent, the angle between preferred orientation (1120) and G to be measured in Fig.5(c); (b) the

projection of optical axis is parallel to the direction of L, with the orientation relation of I in B4 in optical coordinates

A-P-L being a4 = 0°, B4 non-existent, the angle between preferred orientation (1120) and G being v & 33° £ 1°; (c) the

S/L interface morphology in By, typical of basal plane instability. The pulling velocity is Vj, = 100 pum/s.
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P-Lg B4, ME B WAL E, EHKITEIE
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HAMERR, PRi8 By WHIA A N T, By WHI T, Y
e, B (0001) 5 By JHH 2payps T17, BIL, 55
TG AR R A-P-L AL R RN ay = 0° (58
BVHG), Ba AAFAE. AT B 504 Wrids FL 1
K.

E 7S AR B 280 X F AR A Sk R,
R AR A T ) A A B AR KA B, —
O [8] BE AN Péclet 2 1K) B 4. [l 55 Péclet 25 1Y 1
K, AR T ) AR T 1) 1 Sk A S A0 e AN
E O I R TR RS A (215 =1 L il DR N M o
[ 2 4 T, o R T R AR K P8 Hpe-
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0 °C PRI (9 B R B & % o P 1070 m? /s,
1E LT A B A B e R & PTOR, S AR KR R
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5 (c) B SEBRM & 45 R B cos v = cos 30° & 0.839,
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D D
2,65 x107* m x 100 x 107% m/s x 0.839
N 1072 m2/s
=22.2 > 10, (6)
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Abstract

The growth of ice crystal has been widely investigated by researchers from various fields, but efficient method that
can meet the experimental requirements for identifying and reproducing the ice crystal with specific orientation is still
lacking. In this paper, an ice crystal can be characterized with unique orientation information, where tilt angle of optical
axis «, extinction angle 8 and the angle « relative to preferred orientation (1120) in the basal plane (0001) and the
direction of temperature gradient GG are determined based on the properties of optic polarization of hexagonal ice in
the directional solidification. An integrated criterion for determining the orientation of hexagonal ice is proposed by
combining the crystal optics and solidification interface morphology. Precise manipulation of the orientation of single
ice crystal is achieved by using a step-by-step method via a unidirectional platform combined with a polarized optical
microscope. Three coordinate systems are established to achieve the manipulation of ice. They are the microscope
coordinate system termed as “A-P-L”, where A, P and L refer to the directions of analyzer, polarizer and incident
beam of the optical microscope, respectively, the specimen box coordinate system named “xyz”, and the crystallographic
coordinate system described by the optical axis and (1120) in the basal plane (0001). Ice crystals are all confined in a
series of glass specimen boxes filled with KCI solution (0.2 mol/L) and the growth sequence of the single ice crystal from
one specimen box to another is specially designed to ensure the specific orientation relations among specimen boxes, and
the orientation relations among the specimen boxes are adjusted according to the integrated criterion. Single ice crystals
with three typical orientations (as = 90°, 832 = 0°; ag = 90°, B3pb = 90°; s = 90°, B4 dose not exist, v = 33°) relative
to the microscope coordinate A-P-L are obtained, and their morphological characteristics of S/L interface are observed
in situ under different pulling velocities (10.3 pm/s, 13.4 um/s and 100 pm/s, respectively). In this paper we successfully
solve the problem of orientation determination and manipulation of ice orientation in the study of directional solidification
of ice crystal, which may provide an effective experimental approach for investigating the theoretical problems concerning

ice crystal growth.

Keywords: hexagonal ice, manipulation of crystal orientation, unidirectional solidification, crystal optics
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