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The shape of growing dendrites during the solidification of cast steel depends onmany different parameters. This includes the casting technique,

the applied cooling conditions or the casting geometry. Alloying elements such as carbon, silicon or manganese have a major influence on the

solidification behaviour and therefore on the morphology of the growing dendrites. In this paper, a method is presented which enables the

reconstruction of three-dimensional dendritic structures by using concentrationmaps of a certain alloying element. For this purpose, a sample of

a conventionally produced St52 continuous casting steel has been investigated. To determine the required two-dimensional maps, an electron

probemicroanalyzer (EPMA or ‘‘microprobe’’) with wavelength dispersive spectrometers (WDS) has been used. After the EPMAmeasurements,

a commercial software tool has been utilized to process the concentration maps to three-dimensional structures. This processing includes an

iterative numerical method which allows estimating the curvature effect on the measured concentration patterns and therefore on the dendritic

shape.
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Introduction

Nowadays several investigation methods are available
to reconstruct three-dimensional shapes. Their application
depends on the required purpose. In the field of metallurgy,
computed tomography (CT) has become a sophisticated
method to visualize the structure of metals [1]. To gain
accurate results using this method for volumetric analysis,
sufficient density differences within the sample are required.
CT also allows the examination of the surface topography of
a sample. As an example for suchmeasurements, the surface
of a partially solidified dendritic structure after decanting the
remaining interdendritic melt is illustrated in Figure 1.
Another possibility to produce three-dimensional metallic
structures is the serial sectioning method. Several variations
of this method have a long tradition in the field of
metallography [2]. The reconstruction is always based on a
set of light microscopy images taken from polished surface
areas at the same lateral sample position, but at different
depths. Today the sectioning and polishing of the inves-
tigated samples as well as the image acquisition is done
semi-automated [3, 4]. It is obvious that this method needs
adequate differences in contrast between dendritic and
interdendritic areas. Many non-ferrous alloys provide such
contrast after solidification, but occasionally this can also be
achieved by etching the sample’s surface.
Both described methods have one main disadvantage:

only the shape of the final solidified structure can
be reconstructed. Therefore, it is not possible to visualize
the shape of the growing dendrites during the solidification
process. To gain information about the changing structure
with ongoing solidification, it is necessary to focus on a
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detectable parameter which varies with the volume of solid
fraction. For the reconstruction method presented here, this
parameter is the concentration of the alloying element
manganese (Mn) inside a solidified metal sample. The Mn-
concentration can be measured at room temperature after
solidification has been completed.
When cooling down from the liquid, dendritic crystals form

with different composition to the melt. The amount of a
certain alloying element inside such crystals depends on its
specific segregation behaviour in the presence of iron and
other elements. Hence, it can be enriched or reduced in the
solid phase in relation to its average content in the melt [5].
For instance, the concentration of Mn increases with
advancing solidification. Considering that the change in
concentration of a certain alloying element is more or less
proportional to the increasing fraction of solid, the concen-
tration distribution at room temperature within a dendrite
must approximate the distribution during the growth of the
solid phase.NeglectingOstwald ripeninganddiffusionwithin
the solid, the determination of the local concentration allows
an inference to the growth of the dendritic structure.
The idea behind the presented reconstruction method is

to measure the concentration pattern of a certain alloying
element at a defined sample position. The sample is
sectioned several times and at each layer the concentrations
are measured at the same horizontal position. Afterwards,
the measured patterns can be merged to a three-dimensional
structure by connecting concentrations which have a
predefined value. A similar method is used at microscale
level, where the sample material is removed with a focussed
ion beam (FIB) and the concentrations are measured by an
energy dispersive spectrometer (EDS) [6].
heim www.steelresearch-journal.com
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Figure 1. 3D-reconstruction of steel dendrites; computed tomogra-

phy measured at the ÖGI, Leoben.
Experimental Methods

Embedding the sample. The sample used for the
investigations was taken from an industrially produced
St52 continuous casting slab. The position close to the slab’s
surface (shown in Figure 2) was chosen to achieve an
oriented columnar dendritic structure. The final size of the
investigated sample area was about 3� 3mm in square.
For microprobe analysis it is necessary to guarantee the

conductivity of electricity between the sample holder and
the mounted specimen. To achieve this, non-conductive
samples and embedding materials (e.g. minerals, conven-
tional plastics) are sputtered with a graphite coating inside a
vacuum chamber. A possibility for conductive samples (e.g.
metals) is to embed them directly into a conductivematerial,
like a metallic alloy. In the recent study a eutectic tin-
bismuth-alloy with a melting point below 150 8C was used
for this purpose [7]. By applying this method, the
conductivity of electricity required for the measurements
is ensured inside the complete volume of both, sample and
embeddingmass, and not only on their upper surface. This is
a great advantage, especially if the surface layer is removed
several times between the measurements. A further
advantage is that the metallic embedding alloy does not
tend to evaporate and to contaminate the vacuum chamber of
Figure 2. Position of the investigated sample inside a continuous

casting slab.
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the microprobe, if the electron beam passes it during the
measurement. The mechanical resistance of the embedding
material to the beam is very important, since during the
measurement procedure the embeddingwas also analysed in
the vicinity of the sample. The lowX-ray intensities detected
there produced sharp border lines to the comparatively high
intensities inside the investigated sample area. Therefore an
exact alignment of the measured maps was possible by
orienting them along the detected sample edges. Figure 3
shows the investigated St52 sample, completely embedded
in the SnBi-alloy.

Polishing the sample. To achieve sufficient resultswith
quantitative microprobe measurements, it was necessary
that the examined surface areawaswell polished. To prepare
the sample for the measurements, the embedded sample
shown in Figure 3 was positioned in a semi-automated
polishing machine where the material was removed in two
steps: For the first step a mono-crystalline 3mm diamond
suspension on a satin woven natural silk clothwas used. This
suspension allows fast material removal. The second step
consists in a polishing performed with a mono-crystalline
1mm diamond suspension on a porous neoprene cloth.
During the whole procedure sufficient alcohol-based
lubricant liquid was added to cover the used polishing
cloths with a thin liquid film. The removed layer thickness
from the surface of the sample was 25mm (� 3mm),
checked by control surveys with a digital indicating calliper
which allows theoretically a measurement resolution of
1mm. Altogether, the concentration of Mn in five different
layers was measured.

Microprobe measurements. All concentrationmeasure-
ments presented in this paper were carried out using the
electron probe microanalysis. This is an efficient method,
which allows the non-destructive determination of chemical
compositions at solid materials like minerals, metals,
biogenic matter, etc.. At the electron probe microanalyzer
(EPMA), a high energetic focussed electron beam impacts
the sample’s surface and generates X-rays from a small
volume below the interaction spot. These X-rays are
characteristic for the elements inside the investigated
Figure 3. Embedded St52 sample (grey square in the centre).
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Figure 4. Typical concentration map for Mn in steel measured with

wavelength dispersive X-ray spectrometers (WDS).
specimen. The higher the measured X-ray intensity for a
certain element, the larger is its content within the sample.
To get a quantitative result for the chemical concentration of
an element, the measured intensity must be compared with
the value of a standard material which is well known in its
composition. Then CS is calculated with Eq. (1) [8]:

CS ¼ CSTD � IS
ISTD

� ZAF (1)

In the above-mentioned equation, CS is the unknown
concentration of a certain element at the investigated sample
position, CSTD is the known concentration of the same
element inside the standard, IS stands for themeasuredX-ray
intensity of this element in the sample and ISTD for its
measured X-ray intensity in the standard. The ZAF-factor
takes into account the influence of the atomic numbers on the
calculated concentration value as well as effects of
absorption and fluorescence.
The investigation of the St52 sample was conducted using

wavelength dispersive X-ray spectrometers (WDS) at a
JEOL 8200microprobewith the basic settings fromTable 1.
It takes approximately 16 hours to measure the concen-
trations of Mn with these settings. The result of a WDS-
measurement is an ‘‘intensity map’’, wherein each pixel
represents a small area with a corresponding value for the
measured X-ray intensity. To obtain values for the
concentration of a specific element, it is necessary to
quantify the intensity map with a known standard as shown
in Eq. (1). Normally this can be achieved directly using the
software implemented in the microprobe device; the
quantified map is then called ‘‘concentration map’’. For
the reconstruction method presented here, five maps (taken
from different depths in the sample) had beenmeasured. For
each pixel with a size of 5� 5mm, the value of the
corresponding Mn-concentration was clearly determined.
Figure 4 shows one of the original concentration maps for
Mn, measured at the JEOL 8200 microprobe.

Processing of the Concentration Maps

The commercial software package MATLAB1 was used
to process the concentration maps with the following
procedure.
Table 1. Basic settings of the JEOL 8200 microprobe.

Analysed element: Mn

Analysing crystal: LIFH

Acceleration voltage: 15 kV

Beam current: 250 nA

Preset value for the probe diameter: 0mm (focussed)

Dwell time per measurement point: 120ms

Interval between measured points: 5mm (in x- and y-direction)

Number of measured points: 660� 660
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Image filtering. As depicted in Figure 4, large jumps in
concentration between adjacent pixels can appear locally
which make the reconstruction of smooth iso-concentration
lines or faces impossible. Therefore it was necessary to
smooth these undesirable concentration jumps before
reconstructing the three-dimensional dendritic structure.
This smoothing procedure, also called ‘‘image filtering’’,
was achieved in two steps.
If the electron beam passes a non-metallic inclusion inside

the investigated sample, the detected X-ray intensity can be
up to ten times higher than the expected intensity found in
the surrounding area. In contrast, if there is a hole in the
investigated surface, it may lead to an abrupt decay of
intensity at this location. Therefore the concentration values
calculated from the measured intensities may become
extremely high or low, due to an inclusion or a hole
respectively. To remove such extreme intensity or concen-
tration peaks also known as ‘‘salt and pepper noise’’, a
median filter [9] was applied on the present concentration
maps. This filter is defined as:

CS0 ðx; yÞ ¼ median
ði;jÞ2Rx;y

fCSðxþ i; yþ jÞg (2)

In Eq. (2), CS0 ðx; yÞ is the new concentration value for a
certain pixel at the Cartesian map coordinates x and y. It is
calculated as themedian of the original concentration values
CSðxþ i; yþ jÞ at the map coordinates xþ i and yþ j.
The local coordinates i and j only exist inside the predefined
filter area Rx;y, which surrounds the pixel.
The application of the median filter removed only the

undesired peak values. Nevertheless, the resulting concen-
tration map was not very smoothed compared to the original
one and differences between single values at adjacent pixels
still existed. Therefore a Gaussian filter was applied to the
median filtered maps in a second step. It led to a blurring
effect and smooth transitions in concentration were
heim www.steelresearch-journal.com
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achieved. The Gaussian filter is expressed by the following
two equations [10]:

CS00 ðx; yÞ ¼
X

ði;jÞ2Rx;y

CS0 ðxþ i; yþ jÞ � Gði; jÞ (3)

and

Gði; jÞ ¼ e�
i2þ j2

2s2 (4)

In Eq. (3), CS00 ðx; yÞ is the new concentration value for a
certain pixel at the Cartesian map coordinates x and y. Rx;y is
the filter area surrounding this pixel andCS0 ðxþ i; yþ jÞ are
the median filtered concentration values at the map
coordinates xþ i and yþ j. The two-dimensional Gaussian
weighting function Gði; jÞ with the local coordinates i and j
is only valid inside of Rx;y. In Eq. (4), the standard deviation
s defines the width of Gði; jÞ. To process the present
concentration maps, the size of Rx;y was chosen with 9 x 9
pixels in square for the median as well as for the Gaussian
filter. To achieve a sufficient smoothing effect, s was set to
2 pixels.

Alignment of the concentration maps. After image
filtering, all concentration values of the five maps were
stored in a three-dimensional matrix which included
five layers. Each single map was allocated to one of
these layers. It was necessary to shift and to rotate them
to a specific position, so that the maps lay exactly one
upon each other. The required alignment of the maps
was achieved by adjusting them along their outlines
which were visible due to the large difference in the
concentration of Mn between the sample and the
embedding material. After preparing the concentration
matrix, its outer areas were cut off to ensure, that the
values inside actually belong to the investigated
sample and not to the surrounding embedding material.
This operation reduced the matrix to a size of
550� 550� 5 values, which corresponds to physical
dimensions of 2750� 2750� 100mm. To obtain the
three-dimensional dendritic structure, all entries which
contain a preset concentration value of Mn inside the
matrix were connected with iso-surfaces. But this
immediate connection does not include the effect of
curvature on the processed concentration values.

Considering the effect of curvature. In solidification
processes, it is known that the free enthalpy of the
solid phase increases with decreasing diameter of
the solid particles. Assuming a constant free enthalpy
of the liquid phase, this phenomenon leads to a
Table 2. Chemical composition of the investigated St52 steel in wt.%.

C Si Mn P S Cr Ni Cu

0.182 0.360 1.170 0.008 0.001 0.170 0.270 0.170
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reduction of the liquidus and solidus temperatures
related to the curvature of the solid surface [11]. This
temperature drop DTK caused by the curvature can be
defined as

DTK ¼ G � K (5)

K represents the local surface curvature and G is the
material dependent Gibbs-Thomson coefficient. Focussing
on steel, a commonly used value forG is 0.19Kmm [11, 12].
If we assign this relation to complex shaped dendritic
structures, it is obvious thatDTK can be negative for negative
values of K. Therefore, this leads to ascending liquidus and
solidus temperatures, which typically occur at the inden-
tations between the secondary dendrite arms for instance.
The relationship between the temperature drop DTK and
the concentration differences DCi

K due to curvature can be
written as

DTK ¼ �
X
i

mi � DCi
K ; (6)

where the proportionality factor mi characterizes the slope
of the solidus line in the equilibrium phase diagram for a
certain alloying element i. Note that in principle all alloying
elements of the investigated steel could have an influence
on DTK . However, compared with Mn, most of these
elements show only low concentration differences in their
corresponding microprobe maps. Therefore it can be
assumed that Mn has the main influence on DTK , which
then can be approximated as

DTK � �mMn � DCMn
K : (7)

For the investigations described here in this paper,mMn

was estimated by the commercial software package
Thermo-Calc1 Classic, database SSOL4 [13]. The
thermodynamic calculations were based on the chemical
composition of the St52 steel, given in Table 2. For the
calculations, the elements C and N were assumed to
be fast diffusing. Since the alloying element of major
interest was Mn, which generally has a low diffusion
tendency in solid steel, a Scheil calculation was
performed instead of an equilibrium state calculation.
For elements with poor solid-state diffusivity, the Scheil
method delivers results which are closer to real solid-
ification conditions. The results generated by Thermo-
Calc1 Classic and post-processed with MATLAB1

(Figure 5 and Figure 6) show that the slope mMn varies
during ongoing solidification and therefore with chang-
ing weight fraction of Mn (Figure 6). As a suitable linear
approximation, the constant values of �90 K/% for the
BCC phase and �34 K/% for the FCC phase are utilized
for further calculations.
Mo Ti V Nb W N Al

0.002 0.002 0.001 0.022 0.015 0.008 0.036
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Figure 5. Occurrence of the main phases calculated with Thermo-

Calc1 Classic.
Now, combining both Eq. (5) and Eq. (7), gives an
expression which relates the concentration difference DCMn

K

to the curvature K of the dendritic surface:

DCMn
K ¼ �G � K

mMn
(8)

Finally, Eq. (8) can be used to calculate the curvature
influence on the measured and filtered concentration values
CS00 as

CS� ¼ CS00 þ DCMn
K ¼ CS00 �

G � K
mMn

(9)

with

K ¼ div
grad CS�
grad CS�k k : (10)

The gradient of CS� was calculated by using a central
difference scheme, whereas it was only approximated by a
first order method at the boundary layers. To reduce the
influence of these boundary values, the number of layers
Figure 6. Weight fraction of Mn inside the BCC and FCC phases

calculated with Thermo-Calc1 Classic.
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was numerically increased by a cubic interpolation between
the concentrations in one direction. So the original matrix
containing 550� 550� 5 concentration values became a
larger matrix with 550� 550� 9 values. This reduced the
distance between each layer from 25mm to 12.5mm.
Generally it can be mentioned, that the higher the number
of available layers, the better are the achieved calculation
results.
It is very important to understand that the curvature K is

related to the unknown variable CS�. Since the present
problem is highly non-linear, an iterative approach is
necessary for the calculation of CS�:

Cnþ1
S� ¼ a � CS00 �

G � KðCn
S�Þ

mMn

� �
þ ð1� aÞ � Cn

S� (11)

The index n in Eq. (11) counts the number of executed
iterations. The initial guess is taken with C0

S� ¼ CS00 . In
practice, if the value for DCMn

K reaches the order of CS00 , the
solution of Eq. (11) shows an unstable behaviour. This may
happen if the value of mMn changes during calculation. To
reduce this unfavourable effect, a relaxation factor a was
introduced, which was set to a value of 0.1. The iterative
calculation was running until the residual Rn, defined
in Eq. (12), reached a small and constant value
(Rn � Rnþ1 � ::: � Rnþ1 << 1).

Rn ¼
X
x;y

Cn
S� þ

G �KðCn
S�Þ

mMn � CS00

� �2

CS00
2

(12)

In the following, two examples are given to illustrate the
change in shape of a surface by using the presented method.
These exampleswere chosen to check, if a given shape could
be recovered by the iterative curvature correction described
with Eq. (11). For the first example, an idealized parabolic
dendrite tip was produced by connecting a certain concen-
tration value inside an artificially generated concentration
field. This tip, shown in Figure 7a, represents the original
shape to be recovered. An additional concentration field,
related to the curvature of the artificially generated one, was
calculated by using Eq. (8). Afterwards, both fields were
superimposed. This changed the original concentration
values and therefore the surface of the idealized dendrite
tip, as depicted in Figure 7b. By applying the iterative
calculation method of Eq. (11) (G¼ 0.19Kmm,
mMn ¼�0.1K/%, a¼ 0.1) to the modified concentration
field of Figure 7b, it was possible to obtain the original
parabolic dendrite tip, as shown in Figure 7d. To achieve
this, 50 iterations were necessary. A second example
representing a more complex surface is shown in Figure 8.
The same procedure was applied to the concentration

matrix generated by the described pre-processing (filtering,
smoothing and aligning) of the microprobe data. The aim
was to calculate the change of the concentration field and
therefore of the dendritic shape due to the curvature effect on
the concentrations. Nevertheless, the iso-surface generated
from the experimental data ismuchmore complex than those
of the two examples shown before.
heim www.steelresearch-journal.com
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Figure 8. Examplefor recoveringagivencomplexshapeby iterativecurvaturecorrection; (a)givenshapeof fourartificialdendrites, (b)shapeafter

superimposing a concentration field related to the curvature - initial state for the iterative calculation, (c) shape after 10 iterations, (d) shape after

50 iterations. The shadings on the surfaces represent the curvature [1/mm], the arrows show the concentration gradient.

Figure 7. Example for recovering a given shape by iterative curvature correction; (a) given shape of an artificial dendrite tip, (b) shape after

superimposing a concentration field related to the curvature - initial state for the iterative calculation, (c) shape after 10 iterations, (d) shape after

50 iterations. The shadings on the surfaces represent the curvature [1/mm], the arrows show the concentration gradient.

Figure 9. Dendritic structure before (a) and after (b) considering the curvature effect on the concentration field; the colours on the surfaces

represent the local curvature [1/mm].

www.steelresearch-journal.com � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 649



steel research int. 81 (2010) No. 8 Process Metallurgy

Figure 10. Detail of the dendritic structure before (a) and after (b) considering the curvature effect on the concentration field; the colours on the

surfaces represent the local curvature [1/mm]. The arrow shows a small, strongly curved object which disappears by applying the iterative

calculation method.
Results and Discussion

Figure 9 shows the entire dendritic structures before
(Figure 9a) and after (Figure 9b) considering the
curvature effect on the concentrations. Both structures
were generated by connecting a concentration value of
1.00% Mn. Since there are no significant differences
between the left and the right figure, it seems that the
curvature has no relevant effect on the dendritic structure of
the investigated St52 steel. But on closer inspection, it can
be seen that small objects with a high curvature shrink and
even may disappear, as shown in Figure 10. However, the
appearance of isolated objects is not totally prevented
by considering the effect of curvature on the measured
concentration field. At the current state of investigations,
the reason of this phenomenon is unknown. Some of these
objects are secondary and tertiary dendrite arms, reaching
from outside into the reconstructed volume. But some
of them might also be caused by diffusion effects
which are not taken into consideration or by an over- or
Figure 11. Different fractionsof solid dependingon thepredefinedconcen

local curvature [1/mm]. The dark red plane surfaces are the boundaries of
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underestimation of mMn. Nevertheless, such isolated
‘‘concentration isles’’ also appeared in the results of
phase-field simulations performed by Warren and
Boettinger [14, 15].
Finally, to get the desired dendritic structure based on the

corrected concentration matrix, all entries which contain a
preset concentration value of Mn were connected with iso-
surfaces. Depending on the change of this value, it is
possible to illustrate different stages of microsegregation
during the dendritic growth, as shown in Figure 11 below.
The entire structure depicted has overall dimensions of
2750� 2750� 100mm. It gives an appropriate approxima-
tion of the shape of the growing dendrites with advancing
solidification. However, to get more precise three-dimen-
sional reconstructions for different fractions of solid, the
effect of a non-uniform temperature field on the micro-
segregation pattern as well as the alteration of micro-
segregation due to ripening processes and to the diffusivity
within the solid state have to be considered. These are
ongoing tasks.
trationvaluesofmanganese; the colours on the surfaces represent the

the structures. (a) 1.00% Mn, (b) 1.05% Mn, (c) 1.10% Mn.
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Conclusions

A method to reconstruct the three-dimensional shape
of dendritic structures is presented in this paper. This
reconstruction method based on serial sectioning of the
investigated sample uses a set of two-dimensional micro-
probe concentration maps which show the quantitative
distribution of Mn at the investigated surface area. These
maps are generated by an electron probe microanalyzer
(EPMA) equipped with wavelength dispersive spectrome-
ters (WDS). The WDS-device allows the accurate quanti-
fication of element concentrations at each measured point.
After the microprobe measurements, different image filters
are applied to the created maps to prepare them for further
processing. The concentration values of all filtered maps
are merged in a three-dimensional matrix and then the
curvature of this concentration field is calculated with an
iterative procedure. Based on the determined curvatures a
correction of the original concentration field is possible.
Finally all pixels which have a certain predefined concen-
tration value are connected with an iso-surface. Since the
concentration of the investigated alloying element (Mn)
within the solid increases during solidification, the surface
approximates the dendritic morphology at a certain solid-
ification stage. Provided that Ostwald ripening is ignored, it
is possible to visualize the growth of the dendritic structure
by increasing the predefined concentration value.
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