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Abstract
In the frame of the DECLIC project of the French Space Agency (CNES), a specific device dedicated to the in situ and real time observation
of directional solidification of transparent systems in 3D configuration has been developed. A method based on interferometric analysis is
presented to quantitatively characterize the shape and growth of dendrites so that measurements of critical parameters such as tip radius and
growth rate of individual dendrites belonging to extended patterns are enabled. First results obtained on a succinonitrile - 0.1 wt% camphor
alloy are analysed. The accuracy of measurements and quality of the shape reconstruction are discussed through the comparison of the dendrite
contours obtained with different modellings of the dendritic shape (parabolic, parabolic corrected by a 4th order term, power-law).
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1. Introduction

The formation of solidification microstructure is very
important in the design and processing of new materials [1].
The interface patterns formed by solidification largely govern
mechanical and physical properties of materials, so that
materials and processing conditions can be designed to
obtain specific patterns which give optimum properties and
better reliability of the finished product. Dendritic patterns
are found in most casting and welding microstructures. An
improved understanding of the solidification microstructure
formation, and especially of the dendritic one, will lead to a
better control of material properties.

Among the parameters that are usually measured to
characterize dendrites, the tip velocity Vtip and the tip radius
R are of particular interest as experiments revealed that they
are uniquely determined by the supercooling or the
supersaturation in case of free growth [2,3]. For directional
solidification, a unique tip radius is obtained for steady-state
growth at given velocity and concentration [4]. This situation
is consistent with the statements of the most recent theories
on dendritic growth. The earliest theory that attempted to
analyse dendritic growth leads to the well-known Ivantsov
solution [5] that describes the dendrite tip as a rotational
paraboloid for which VtipR2 is uniquely determined by the
supercooling. This theory does not explain the sharp
selection of tip radius experimentally observed since a
continuum of solution exists for R. However, some of
Ivantsov hypotheses had to be corrected as anisotropy,
surface tension and kinetic effects were neglected in his
calculations. A linear stability analysis taking into account
the surface tension has been developed by Langer and
Müller-Krumbhaar [6]; it appeared that only a range of radius
values among the Ivantsov solutions is stable. The unique
operating point is quite arbitrary chosen as the marginally

stable dendrite tip radius, so that VtipR2 is uniquely
determined and only depends on the material. Even if
experimental results are consistent with this marginal stability
theory, one of its major drawback is to neglect anisotropy
since solely isotropic capillarity is included. Further
development led to the so-called microscopic solvability
theory [7] that predicts the existence of a discrete set of
solutions with only the fastest one stable against tip-splitting
when the anisotropy of surface tension is included. The
interesting point is that the relationship between Vtip and R
coming from this theory is exactly similar to the one obtained
from marginal stability, except that the characteristic
constant �* of this relation becomes dependent on the system
anisotropy.

This brief review emphasizes the tremendous efforts that
have been devoted during the past decades to experimentally
characterize dendrite tips. However, this characterization is
not evident as post-mortem determination of tip parameters
is extremely difficult to perform. In situ determinations are
more reliable so that such studies have been conducted on
some special organic systems that are analogous to metallic
systems in term of solidification behavior but have the great
interest of being transparent to visible light. For directional
solidification, studies have been carried out with those
materials in a configuration where the sample is constrained
between two narrowly-spaced plates [4,8,9]. Although very
interesting and fruitful, this quasi-2D configuration is neither
representative of materials processing nor capable of
producing extended 3D solidification patterns [10].

In the frame of the DECLIC project of the French Space
Agency (CNES), a specific device (called DECLIC-DSI)
dedicated to the directional solidification of transparent
systems in 3D configuration has been developed that enables
the continuous and in situ observation of the solid-liquid
interface. We here present a method and the first results of
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accurate characterization of the dendrite tips performed with
this instrument through interferometric measurements.

2. Materials and methods

2.1. Experimental set-up

 The present study was conducted in the laboratory model
of the DECLIC-DSI. Upward solidification is achieved by
pulling the crucible containing the alloy (Succinonitrile (SCN)
– 0.1 wt% Camphor ) down into the cold zone of a Bridgman
furnace at a rate VP ranging from 0.1 to 20 �m/s. The thermal
field is characterized by the temperature gradient G
established between a cold and a hot zones. A more detailed
description of this device has been given previously [11, 12].
The crucible is a cylindrical glass tube with an inner diameter
of ten millimetres and a length that allows about ten
centimetres of solidification, thus enabling the study of the
whole development of extended 3D patterns from the initial
stage to the steady state. The design of the system makes
possible the interface observation from the top as well as
from the side to get its macroscopic shape.

It is worth noting that a single crystal with one <100>
direction parallel to the crucible axis, i.e. parallel to the
observation axis, is first grown and kept as solid seed for
further growths. This orientation is required for a good
observation of dendrites. The technique developed to grow
such single crystals is described in Weiss et al. [13].

2.2. Principles of the interferometric analysis

The DECLIC-DSI is equipped with an interferometer
settled on the axial direction of the crucible, using a polarised
He-Ne laser (wavelength �=632.8 nm). The analysis of
interferometric images is used to determine the interface
shape and its motion. Interference fringes appear at the
recombination of the laser beam passing through the crucible
with a reference beam passing outside. The fringes result
from the difference of optical paths between those two beams.
Passing from one fringe to the following one corresponds to
a variation of the object optical path which equals �. This
observation mode provides patterns of fringes that can be
considered as interface level curves.

During the experiment, the main variations of optical paths
are attributed to variations of the lengths of different phases
(solid / liquid). Space variation is obtained by comparing the
optical paths of parallel rays crossing the interface at different
places but at the same time t; corresponding interferometric
fringes are related to the interface shape. Time variation is
obtained by comparing the optical paths of one ray at
different times; the observed sliding of fringes is due to the
motion of the interface. It is worth noting that, in the
following developments, the effects of concentration
variations on refractive indices are neglected considering the
fact that alloys of very low solute concentrations are used;
refractive indices are thus considered solely temperature-
dependent.

�����  Space variation

As illustrated in figure 1a, the optical paths (OP) of the
two rays at a time t differ only close to the interface, on the
thickness L, which is solid for ray 1 and liquid for ray 2. The
temperature field surrounding the interface is considered

homogeneous along the interface. If 1 and 2 correspond to
two side by side fringes, then:

OP1–OP2 = L(n�s–n�L) = ���� � � = L�n� (1)

with : L, difference in solid length between rays 1 and 2
�, laser wavelength
n�S, refractive index of solid at the interface

temperature
n�L, refractive index of liquid at the interface

temperature
�n� = n�S – n�L, difference of refractive indices

between solid and liquid at the interface

�����  Time variation

In case of stationary growth, the interface position is
fixed in the furnace frame (the interface rate V is equal to the
pulling rate VP). As represented in figure 1b, during a time
�t, the length of solid increases of VP�t and the length of
liquid respectively decreases of the same quantity. The optical
path of a ray taken at times t and t+�t is consequently
modified:

OP(t+�t) – OP(t) = VP�t(ns(TCZ) – nL(THZ))

with : nS(TCZ), efractive index of solid at the temperature of
the cold zone TCZ

nL(THZ), refractive index of liquid at the temperature
of the hot zone THZ

If �t corresponds to the crossing of 1 fringe, then :

� = �tVP�nSL (2)

with : �nSL = nS(TCZ) – nL(THZ), difference of refractive
indices between cold solid and hot liquid

�����   Refractive indices

It clearly appears from expressions (1) and (2) that the
knowledge of refractive indices in both solid and liquid
phases, and of their variations with temperature and solute
concentration, is critical to extract quantitative data from
interferometric images. Several measurements have been
performed to determine the variation of the refractive index
of pure SCN in liquid phase as a function of temperature, but
they are usually not completed by similar data in solid state
([14], unpublished data from Liu & Trivedi or other
unpublished data from Zeiss). The differences of optical
indices required for our analysis are calculated on the basis
of the only complete characterization of the SCN refractive
indices as a function of T, for both phases, that has been
done by MacFarlane et al. [15]. Using their data:

�n� = 0.0190

�nSL = 0.0340

2.3 Interferometric analysis applied to dendrites

An example of interferometric image of a few dendrites is
given in Fig. 2a; these dendrites belong to the pattern
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presented in Fig. 2b (direct top-view observation). On each
image, 4 to 5 fringes are neatly seen on a dendrite tip to
rebuild its shape. A software developed in collaboration with
H. Singer of ETHZ gives us the locus of each fringe in a
coordinate system (x,y) centred on the dendrite tip. Relation
(1) can be applied with �n� = 0.0190 so that we can attribute
a height to each fringe, setting the point z = 0 on the centre
of the tip and taking that 2 neighbouring fringes correspond
to a height difference of 33.3 �m. The dendrite profile is
therefore described by 4 or 5 points, which is not sufficient
to precisely rebuild the tip shape. This is the reason why this

spatial analysis is combined with temporal analysis by using
several successive images of the same dendrite.

The principle is described in Fig. 1c. The top view
corresponds to a schematic representation of 2 fringes f1 and
f2 located on a dendrite tip, at 2 different times. At t, these
2 fringes give 2 points on the dendrite profile as described
previously. Let us consider for example the motion of the
fringe noted f1 between t and t+dt. A fringe corresponds to
a precise value of the optical path so that the optical paths
of f1 at both t and t+dt are the same. The side view of Fig. 1c
points out the evolution associated to f1 during dt, hence:

Fig. 1 : Interferometry analysis of stationary growth
a) Spatial analysis: comparison of optical paths of two rays at the same time
b) Time analysis: evolution of the optical path of one ray between t and t+�t
c) Principle of dendrite profile analysis. The top-view is a schematic representation of real interferometric images. Side view

enables to visualize the variation of composition of the optical path of fringe 1 between t and t+dt

Fig. 2 : a) Top-view direct observation of the whole dendritic pattern.
b) Enlarged view of the corresponding interferogram

Succinonitrile –0.1 wt% camphor; VP = 20 �m/s; G = 17 K/cm
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(3)

This relation allows placing the point corresponding to
the fringe f1 at t+dt, at the distance dz of the point
corresponding to f1 at t. This adds an intermediate point to
the profile given by f1(t) and f2(t). Simultaneously, the same
analysis is performed for f2(t+dt) and fringes of superior
orders. An average of 8 to 10 intermediate images is used on
a time interval that roughly corresponds to the sliding of 1
fringe.

The data extracted from fringes are then analysed to
extract the dendrite profiles in two cutting planes: one along
the secondary branches ({100} longitudinal section) and the
other between secondary branches ({110} longitudinal
section), as depicted in Fig. 2a.

3. Results and discussion

The above analysis was conducted on a selection of
dendrites grown with pulling rates ranging from 5 to 20 �m/s.

An example of dendrite profiles in the two cutting planes
is given in Fig. 3 for VP = 20 �m/s. Such profiles are analysed
to extract the tip radius. The functions classically used to
describe the tip result directly from physical theories of
dendritic growth. The easiest method is to follow Ivantsov
description and to fit the dendrite shape by a simple parabola.
Recent developments integrate the importance of the
anisotropy of surface tension and lead to anisotropic shape
of the dendrite. Based on the theory of microscopic
solvability, Ben Amar and Brener [16] gave a solution for the
3D shape of a dendrite of cubic anisotropy corresponding to
a paraboloid corrected by a sum of terms depending on the
orientation; the correction terms become more and more
important going away from the tip and the parabola
approximation can be applied only very close to the tip.
Taking into account only the first non-zero correction term

obtained in case of low anisotropy, this solution can be
written in cylindrical polar coordinates (r,�,z):

(4)

with A4, a constant evaluated by the authors at 1/88,
independent of anisotropy strength [16].

The correction term of the previous equation grows faster
than the leading parabolic term, therefore limiting the validity
of this expression quite close from the tip. This led Brener
[17] to search for a description valid farther from the tip. In
his calculation, the time evolution of the cross-section of the
dendrite is studied using the non-axisymmetric shape
correction of the tip (eq. 4) as an initial condition. He
predicted the development of the 4 dendrite fins so that the
contour of the fins is described:

(5)

with x, the interface coordinate normal to the z axis, in a
{010} section of the tip (corresponds to a fin) ; and a of the
order of unit in case of low anisotropy.

In the following, these different fits are applied to our
experimental results.

�����  Parabolic fitting

Parabolic fits were performed to extract the tip radius.
Even if the possible length of fit is low, it appeared that it
is sufficient to get two completely independent tip radii
depending on the cutting plane, thus underlying the
importance of anisotropy. Some trials were carried out to use
a smaller fitting length, but the precision is not sufficient to
extract correct data in that case as the very extremity of the
tip is only very roughly described.

����� Fitting with parabola corrected by a fourth-order term

The earlier mentioned dependence of tip radius on the
orientation of cutting plane when fitting by parabolas was
already pointed out by Lacombe et al. [18] who applied
fitting curves including a fourth-order correction (eq. 4)
depending on the orientation to get a unique tip radius for
all orientations. The same technique was used in our study.
The direct determination of A4 and R simultaneously is
impossible in one step since different couples of values are
found for the two cutting planes. Therefore, we proceeded
by successive steps: by entering the same value of R, the
profiles corresponding to the two cutting planes give two
different values of A4 ; the resulting average value of A4 is
used to find new values of R, that are averaged and used to
find new values of A4 and so on until maximum reduction of
the differences between the 2 values of both parameters.
Results are given in Table 1.

As previously mentioned, the value of A4 was
theoretically evaluated initially at 1/88 = 0.011 [16]. Later, this
theoretical approach was slightly modified to integrate
anisotropy strength in A4 which finally led for SCN to a
value of ~ 0.006 [19]. Direct experimental measurements for
SCN are limited to those of LaCombe et al. [18] who obtained
A4 ~ 0.004 ; this value is also obtained by Karma et al. in

Fig. 3 : Dendrite contours in {100} and {110} planes
(Succinonitrile – 0.1 wt% camphor; VP = 20 �m/s ;
G = 17 K/cm)
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The expected decrease of tip radii with growth rate is not
verified. The presence of convection in our experiments that
strongly modified local parameters of growth is the most
likely explanation. Eq. (6) is applied by considering uniform
concentration and thermal gradient all along the interface but
it has been demonstrated that in our case, where thermal
convection is dominant, a very strong radial gradient of
concentration exists [22]. Depending on the location on the
interface, the local concentration varies on a large scale so
that the same tip radius may be obtained for example for a
twice lower rate if the local concentration is just locally twice
the nominal one. The local thermal gradient G, affecting eq.
(6), also varies significantly along the interface. Therefore,
valuable comparison with theoretical modeling would require
a more systematic characterization of dendrites all along the
interface, taking into account local parameters.

�����  Fitting with a power-law

Lastly, the contour of the dendrite in the {100} plane
were fitted with a simple power-law z = Ax� and led to the
determination of the � exponent. Results are also given in
table 1 and can be compared to the theoretical value of eq.
(5) equal to 1.67. Our determination led to � = 1.62 ± 0.08,
which is considered very satisfactory regarding the small
fitting length ; this power-law is supposed to better describe
areas further away from the tip.

4. Conclusion

This study presents a method based on interferometric
analysis to quantitatively characterize the shape of dendrites
grown by directional solidification and followed by in situ
observation during their whole growth. The specificity of the
system is to enable such characterization in case of extended
3D patterns, which has never been reported before. The
question of accuracy of measurements and quality of the
reconstruction based on interferometric images is discussed
through the comparison of the dendrite contours obtained
with different geometric modelling of their shapes. A good
correlation between experiments and theories is obtained so
that characteristic parameters of the fitting laws extracted
from our data are consistent with literature. The question of
accuracy also stresses the need of new determination of the
refractive indices for our materials, in the whole range of
their use, as these data are of major importance to get reliable
quantitative measurements.

Experiments have been carried out on a device developed
in the frame of the DECLIC project (CNES) aiming at the in
situ and real time observation of directionally grown extended
patterns in condition of diffusive transport. This need for
experiments in diffusive condition is once more enlightened
since strong discrepancies due to convection are here
pointed out between our experiments and theoretical analysis
built in the limit of diffusive transport. Space experiments
planned in 2009-2010 should provide further clarification on
the influence of convection on the dendrite shape selection.
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Table 1 : Analysis of dendrite profiles

VP Dendrite Parabola+4th order Power-law
(	m/s) name correction

R (	m) A4 �

20 D1 35 ± 2 0.0096 ± 0.0002 1.71 ± 0.02
D2 35.3 ± 0.9 0.0088 ± 0.0008 1.46 ± 0.03
D3 33.6 ± 0.4 0.0087 ± 0.0009 1.71 ± 0.04

15 D4 28.0 ± 0.2 0.0057 ± 0.0003 1.60 ± 0.06
D5 27.1 ± 0.3 0.0049 ± 0.0006 1.56 ± 0.05

10 D6 36.0 ± 0.1 0.0049 ± 0.0004 1.71 ± 0.06
D7 38.0 ± 0.2 0.0068 ± 0.0003 1.66 ± 0.05

5 D8 28.5 ± 0.3 0.0045 ± 0.0003 1.69 ± 0.08
D9 27.4 ± 0.4 0.0053 ± 0.0007 1.54 ± 0.09

case of phase-field simulations of 3D dendrites [20]. The
order of magnitude experimentally obtained in our work is
perfectly consistent with such values but a quite large
dispersion is noticeable since values vary from 0.0045 to
0.0096 which roughly corresponds to 0.007 ± 0.002.

The data of table 1 are represented in figure 4 to analyse
the effect of pulling rate on tip radius; these data are
compared to theoretical radius coming from marginal stability
theories [21] and usually verified experimentally in case of
diffusive directional growth [4,8] :

(6)

with �*~ 0.02, stability constant
m = -1.38 K/wt%, liquidus slope

 = 6.49 10-8 Km, Gibbs-Thomson coefficient
G, thermal gradient
GC, solutal gradient in liquid at the

dendrite tip : 

k ~ 0.2, partition coefficient
DL ~ 0.23 10-9 m2/s, diffusion coefficient of camphor in

liquid SCN

Fig. 4 : Variation of tip radius with pulling rate – Comparison
with theory calculated from eq. (6)
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