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Orientation-dependent morphological stability of
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Crystal orientation influences the morphological stability of solid–liquid interface during directional solidification of
alloy, resulting in the variation of solidified microstructure. In this paper, the morphological evolution near grain boundary
grooves (GBGs) with different crystal orientations in a dilute succinonitrile alloy under low temperature gradient and
interface velocity is observed in situ. Under experimental conditions, the macroscopic solid–liquid interface is planar and
keeps stable, while in GBGs there emerge protrusion and undulation. It is found that the morphological stability of GBG is
dependent on crystal orientation. Specifically, for succinonitrile with a body-centered cubic crystal structure, GBGs around
the 〈100〉 crystal orientation keep stable, while those apart from the 〈100〉 crystal orientation become unstable under the
same conditions. So it is concluded that 〈100〉 crystal orientation favors the morphological stability of GBG.
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1. Introduction
Morphological evolution of solid–liquid interface during

solidification determines the microstructure and thus perfor-
mances of material. The morphological instability of planar
interface in directional solidification was explained well using
the linear stability analysis by Mullins and Sekerka.[1] Exis-
tence of GBGs along solid–liquid interface significantly in-
fluences the morphological stability. Coriell and Sekerka dis-
cussed the morphological stability near a GBG under direc-
tional solidification in a pure substance[2] and a binary alloy[3]

through linear stability analysis. The results indicate that al-
though the existence of a GBG does not change the stability–
instability criterion, it provides an effective initial perturbation
triggering the morphological instability of entire planar solid–
liquid interface. Recently, phase field simulation of morpho-
logical instability near a GBG during directional solidification
in a binary alloy was carried out by Yeh et al.[4] It is seen that
the solute diffusion into the GBG results in the hump forma-
tion and the later morphological waves triggering the morpho-
logical instability.

Schaefer and Glicksman[5] made first attempt to observe
the interface evolution near grain boundaries during direc-
tional solidification in a dilute succinonitrile alloy. They found
that the interface near grain boundaries first becomes unsta-
ble and then forms parallel ridges to initiate dendritic growth.
Noël et al.[6] also investigated experimentally the influence
of grain boundaries on morphological instability during direc-

tional solidification of a dilute succinonitrile alloy in a cylin-
drical crucible. These studies have made great contributions
to understanding the morphological evolution of a GBG under
directional solidification.

In solidification, the solid–liquid interface properties
are crystal-orientation-dependent. The interfacial energy
anisotropy has been proved to influence morphological stabil-
ity of a planar interface in theoretical analysis,[7–9] phase-field
simulation[10,11] and experimental studies,[12,13] and subse-
quent dendritic growth[14,15] during directional solidification.
It suggests that the interaction between anisotropic interface
properties and solute diffusion ahead of the interface brings
orientation-dependent solid–liquid interface stability. Consid-
ering the fact that the curved solid–liquid interface along GBG
includes continuous crystal orientations, there should appear
the crystal-orientation-dependent phenomena along the GBG.

In this paper, the morphology evolution of GBGs with
different crystal orientations during directional solidification
in a dilute succinonitrile alloy is continuously and in situ ob-
served with an optical microscope. Then the effect of crystal
orientation on groove interface stability is characterized.

2. Experimental apparatus and procedure
The sample used in our experiment was a dilute succinon-

itrile alloy, which has been universally accepted as a typical
transparent model alloy for metal and widely used in solidi-
fication researches. The succinonitrile alloy was filled into a
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thin sandwiched sample cell under vacuum. The sample cell
was made of two 50 mm×32 mm×0.17 mm glass plates glued
together by epoxy resin adhesive. The inner thickness of sam-
ple was 120 µm. Three crystal grains were chosen in the sam-
ple cell. The middle grain’s grooves were the research objects
for studying the effect of crystal orientation on groove stabil-
ity. So the crystal orientation of the middle grain was required
as follows: (i) its (001) crystal plane was oriented in the sam-
ple plane (the observation plane); (ii) its 〈100〉 crystal axis
was tilted by an angle with respect to the temperature-gradient
direction to make the left and right grooves asymmetric. Crys-
tal orientations of the neighboring left and right grains were
only required to be different from that of the middle grain to
form high angle grain boundaries. For the body-centered cu-
bic succinonitrile, its dendrite growing from undercooled melt
adopted 〈100〉 crystal axe as its preferential growth direction.
Thus the dendritic growth morphology can be used to assess
the grain orientation. Based on this, the grain selection pro-
cedure was as follows. i) The sample was melted and then
chilled to nucleate a large number of grains with random ori-
entation. ii) Through careful observation under a microscope,
a candidate for the middle grain was searched. It should have
four perpendicular primary dendrites in sample plane. The in-
plane sidebranches were perpendicular to the dendritic trunk
and the vertical constrained sidebranches were located in the
midline of the dendrite trunk. When this kind of grain was
found, all other grains were melted. iii) The other two grains
were produced on the side of the sample cell. Their crystal ori-
entations were very different from that of the middle grain. iv)
The selected three grains were controlled to grow epitaxially,
and each grain was adjusted to occupy approximate one-third
of the sample cell.

A self-designed temperature stage was set up. It con-
sisted of two copper blocks, whose temperatures were con-
trolled by circulating water from two thermostats separately.
One copper block was set slightly above the equilibrium melt-
ing temperature of sample and the other was below it. When
the sample cell was placed in the temperature stage, the solid–
liquid interface emerged between two blocks and two GBGs
formed at the intersection with grain boundaries. After at least
24-hour annealing at the temperature stage, the morphologi-
cal stability of GBGs was analyzed with respect to the crystal
orientation. Specifically, two sets of experiments were per-
formed. First, one copper was hot, and the other was cold.
Two GBGs formed. The left groove of the middle grain was
labeled as L1, and the right was R1. The temperature gradi-
ent was denoted by G1. Then the temperature of copper stage
was adjusted. The hot copper was cooled at a slightly lower
temperature gradually to freeze the sample. When the sample
was solidified entirely, the cold copper was slowly heated at a

slightly higher temperature to establish solid–liquid interface
again. After equilibrium time, two other GBGs formed. The
left groove of the middle grain was denoted as L2, and the right
marked as R2. The temperature gradient was denoted by G2.
The schematic diagram of two sets of experiments is shown
in Fig. 1. In two experiments, the sample cell was the same
and its position did not change. According to crystallographic
symmetry, the grooves at diagonal position have symmetrical
orientation. This experimental design can test the effect of
crystal orientation on groove stability twice in order to pre-
clude the influence of other experimental disturbances.
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Fig. 1. Schematic diagram of grain boundary grooves with respect to
crystal orientations.

The temperature gradient and the interface velocity in our
experiment were controlled to be very low. Under these condi-
tions, grooves were large-size and evolved slowly, which was
in favor of the observation and identification of their morpho-
logical stability with respect to the crystal orientation. The
temperature distribution between two blocks was measured
with an inserted K-type thermocouple and the temperature gra-
dient at solid–liquid interface was determined.

The morphological evolution of solid–liquid interface
was observed and recorded in situ with an optical microscopy
(Nikon Microphot FXA) and a CCD camera (Olympus DP25).
The macroscopic morphology was observed with a 2X objec-
tive and GBG morphology was observed with a 40X objective.
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The solid–liquid interface was extracted from the recorded im-
ages with Canny edge detection algorithm in Matlab. Then,
the interface velocity was determined from the interface posi-
tion with time and the morphological stability of solid–liquid
interface was analyzed.

3. Results and discussion
Figure 2 shows the temperature distribution between two

copper blocks by a K-type thermocouple inserted in the sam-
ple cell. Square symbols denote the temperatures under the
first experimental condition, and triangle symbols refer to
those under the second experimental condition. Two sets of
the measured temperature points are fitted with a quadratic
polynomial separately. The crosspoint of two fitted curves in-
dicates the solid–liquid interface position and the equilibrium
melting temperature of sample. The derivative of the fitted
quadratic polynomials is calculated at solid–liquid interface
position and thus the values of G1 and G2 are obtained to be
0.341 ◦C/mm and 0.211 ◦C/mm respectively. The equilibrium
melting temperature is about 55.98 ◦C. According to the liq-
uidus slope of −3.56 K/wt% in succinonitrile-water alloy, the
water content in sample is evaluated to be 0.6 wt% from the
equilibrium melting temperature.

The middle grain orientation is assessed from its high-
rate dendritic growth morphology as shown by images O1 and
O2 in Fig. 3. It is seen that dendritic stems and sidebranches
are perpendicular to each other, which suggests that the (001)
crystal plane of the middle grain lies in the sample plane. The
dendritic stems are treated as 〈100〉 crystal axes, as shown
in Fig. 3. The [100] and [1̄00] tilt 29◦ with respect to the
temperature-gradient direction and the [010] and [01̄0] tilt 61◦

correspondingly.
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Fig. 2. (color online) Temperature distributions between two copper
blocks.

After at least 24-hour annealing under temperature distri-
bution as shown in Fig. 2, the macroscopic solid–liquid inter-
face is observed in situ and continuously under low magnifica-
tion of microscope. It is seen that the macroscopic solid–liquid
interface keeps moving back and forth slowly. Through real-
time monitor of the interface position, the interface velocity is
measured to be less than 0.03 µm/s. The macroscopic inter-
face morphology is planar and keeps stable all the time.

Meanwhile, the morphology evolution of GBGs is also
observed and recorded in situ under high magnification of mi-
croscope. The typical still groove images extracted from the
recorded video is shown in Fig. 3. Apparently, the morpholo-
gies between the left and right grooves of the middle grain are
different under the same temperature gradient. The grooves L1
and R2 present protrusion and undulation, while the grooves
R1 and L2 have no deformation.
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Fig. 3. Dendritic growth morphologies of the middle grain and typical grain boundary grooves at G1 = 0.341 ◦C/mm (O1, L1, R1) and G2 =
0.211 ◦C/mm (O2, L2, R2).
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For further analysis of the detailed dynamical evolution
of these grooves, the groove images at four-minute interval
are processed with Canny edge detection algorithm to extract
groove morphologies of the middle grain as shown in Fig. 4.
The x axis is defined as being along the macroscopic pla-
nar solid–liquid interface, and the y axis is defined as being
along the temperature-gradient direction from the triple-point
of GBG. From Fig. 4, it is seen clearly that grooves L1 and
R2 fluctuate with time while grooves R1 and L2 keep stable.
Regarding the crystal orientation, the grooves L1 and R2 are at
the diagonal position in the (001) crystal plane and thus have
symmetrical crystal orientation. So are the grooves R1 and
L2. It can be seen that the groove stability corresponds to the
crystal orientation distribution. What is worth mentioning is
that the grooves L1 and L2 are on the left side of the sample
with the same grain boundary between the left and the middle
grains. And, the grooves R1 and R2 are on the right side of the
sample with the same grain boundary between the right and the
middle grains. Apparently, the grooves with a similar morpho-
logical stability are not on the same side, but at the diagonal
position. This indicates that the different morphological sta-
bilities of grooves under G1 and G2 are independent of grain

boundary, but relevant to orientation distribution. Specifically,
for the stable grooves R1 and L2, their crystal orientation dis-
tributions are around the 〈100〉 crystal axes while for the unsta-
ble grooves L1 and R2, theirs are apart from the 〈100〉 crystal
axes. This suggests that the 〈100〉 crystal orientation favors the
morphological stability of GBG. Figure 5 shows the interface
normal to the grooves L1 and R2 from one order derivative cal-
culation of their groove shapes, where [010] and [01̄0] crystal
directions are defined as the origin of y axis. It is seen that the
grooves L1 and R2 destabilize in sinusoidal perturbation mode,
which is similar to the destabilizing mode of planar interface
in directional solidification.

In addition, the macroscopic planar interface under G1

and G2 is stable all the time while part of grooves (L1 and R2)
becomes unstable. It means that GBG primarily loses its mor-
phological stability before the instability of the entire planar
interface. Meanwhile, it can be seen from Fig. 4 that the defor-
mation amplitude of groove L1 under G1 is smaller than that of
groove R2 under G2. This is probably because the temperature
gradient G1 is larger than G2. That is to say, the temperature
gradient is in favor of groove morphological stability.
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Fig. 4. (color online) Groove shape evolutions of the middle grain at four-minute interval (Each point in plot represents 15 pixels in image).

From the viewpoint of morphology, the relevant stabil-

ity characteristic of groove with crystal orientation reminds us

of the dendritic growth during solidification. Dendrite grows

along the 〈100〉 crystal orientation with a stable smooth tip

and wave-like branches behind it. So the stable tip is around

〈100〉, while branches initiating behind the tip is apart from
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〈100〉. Up to now, the questions “why does dendrite adopt
preferentially 〈100〉 as its growth direction?”[16] and “how do
sidebranches form?”[17,18] are still controversial fundamental
questions in solidification. The experimental results in this pa-
per imply that the orientation-dependent morphological stabil-
ity of curved solid–liquid interface may be an intrinsic factor
of dendritic pattern formation during solidification.
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Fig. 5. (color online) Groove normal evolutions of the middle grain at
four-minute interval (Each point in plot represents 15 pixels in image).

4. Conclusions
The morphological evolutions near GBGs with different

crystal orientations under low temperature gradient and inter-
face velocity are observed in a dilute succinonitrile alloy. Un-
der the experimental conditions, the microscopic solid–liquid
interface is planar and keeps stable while part of GBGs be-
comes unstable. It is found that the morphological stability of
GBG is dependent on crystal orientation. Specifically, for suc-
cinonitrile with a body-centered cubic structure, GBGs around
〈100〉 crystal orientation keep stable while those apart from
〈100〉 crystal orientation become unstable under the same con-
ditions. That is to say, 〈100〉 crystal orientation favors the mor-
phological stability of GBG.
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