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Using Confocal Scanning Laser Microscopy to Characterise As-Cast
Microstructures Using Cooling Rates Representative of Thin Slab Direct Cast
Steels.
Dr Carl Slater and Prof Claire Davis
WMG, University of Warwick, Coventry, CV4 7AL, UK
Abstract: To meet the increasing demand for better energy efficiency and higher production rates, a range of accelerated cooled
continuous casting methods are being used. Replicating the solidification conditions in the laboratory is challenging but essential if issues
such as segregation and microstructure development are to be understood. In this paper a method for analysing an as-cast structure both
in- and ex-situ at cooling rates of 1 and 50 °C/s, using a high temperature confocal scanning laser microscope, has been detailed. The
method has been developed to obtain directional dendritic solidification in an orientation that allows for solute rejection 360° around the
dendrite arms, replicating that seen in bulk casting. Experiments using an Fe-Al-0.1Ti alloy at rates of 1 and 50 °C/s from 1540°C are
discussed. A significant retarding effect, due to segregation, on the liquid-solid transformation kinetics was observed for the 50 °C/s
sample. Thermodynamic predictions, based on the Lever-Rule (ThermoCalc) and back diffusion via the Clyne-Kurz model, have been
used to predict the levels of segregation. The higher segregation expected at the faster cooling rate results in the formation of TiC in the
liquid after approximately 80% solidification, whilst at the slower cooling rate TiC is only predicted to form in the liquid after
approximately 93% solidification. The predictions have been supported with optical analysis of the resultant TiC precipitate shape,
distribution and morphology.
Key words: Steel, continuous casting, solidification, segregation, confocal scanning laser microscope

1. Introduction
Since the implementation of continuous casting techniques for steels in the 1960’s, its use has increased dramatically
with about 95% of the steel produced worldwide today being fabricated by this method [1]. The introduction of thin
slab casting (TSC) in the 1980’s offered major advantages in term of efficiency through the reduced capital and
energy needed for reheating and reduced rolling requirements [2].
A consideration for TSC production is how to control the homogeneity and refine the potentially coarse as-cast
microstructure. For conventionally continuous cast thick slab steel, the reheat stage and the multiple recrystallisation
steps that occur during hot deformation can act to reduce some of the inhomogeneity and refine the as-cast
microstructure. TSC relies on high cooling rates to achieve a fine microstructure required for strength, with the
reduced number of recrystallisation passes during deformation giving limited further refinement, leaving the final
microstructure heavily dependent on the as-cast structure. Therefore the secondary dendritic arm spacing (SDAS),
segregation (macro and micro) and grain size developed during casting have a strong influence on the final properties
and the relationship between these and the process parameters needs to be understood.
The cooling rates needed to simulate TSC solidification (up to 50 °C/s) are higher than those seen during thick slab
casting (1-12 °C/s). Currently the laboratory techniques available to replicate the high cooling rates seen in thin slab
casting are; splat testing and substrate immersion [3]. Both of these methods involve thermocouples embedded within
the substrate and cooling rates are extrapolated based on heat transfer kinetics. Whilst splat testing offers very high
cooling rates (>105 °C/s [4]), it results in a large amount of turbulent flow caused by the impact. This can result in a
dendritic structure that is not representative of that seen in TSC [3]. Substrate immersion testing allows for the full
range of cooling rate seen throughout most current continuous casting techniques (10-2000 °C/s [5]) and gives a good
representation of the dendritic structures that would be expected at the liquid/mould interface [2]. However, control of
the temperature is limited (through substrate design/cooling), with the temperature profiles having to be derived
through modeling the thermal conductivity through the mould wall [5]. Another limitation of the current testing
approaches, when used to examine micro segregation behaviour, is that the final solidified microstructure is examined
which is also affected by back diffusion after solidification and any subsequent solid state phase transformations.
These processes can reduce the as-cast segregation profile, masking some of the finer changes that occur [2].

This paper reports on direct observation and characterisation of key solidification (micro-segregation) and
microstructural (SDAS) features during solidification in Fe-Al-Ti steel at cooling rates that are applicable to TSC (1
and 50 °C/s).

2. In-Situ Confocal Scanning Laser Microscopy (CSLM)
CSLM works by concentrating a halogen light source on a single focus point corresponding to the sample location in a
crucible. A schematic diagram of the CSLM setup can be seen in Figure 1. By using a scanning laser, rather than a
conventional light source for observation of the sample, the resultant image has a high resolution in the plane of focus
that is unaffected by the radiation given off by the sample at high temperatures.
CSLM has been reported as a powerful tool in observing a range of solidification phenomena, such as; peritectic
solidification [6], [7] and macro-segregation [8]. All these studies used a technique involving a thin concentric circular
sample, where the central portion of the sample is melted, giving a stable solid/liquid interface. The sample is
subsequently cooled at rates up to 1 °C/s. The samples are ≤250 μm thick, allowing the formation of a central melt
pool with no significant through thickness thermal gradient, which can then give controlled solidification via planar or
cellular / primary dendritic growth. With regards to macro-segregation, Griesser et al. showed excellent correlation
between experimental and predicted nickel solute distribution across a 3.5 mm solidified span, where predictions were
made using DICTRA (a commercial thermodynamic/diffusion modelling software).
The emphasis of this paper is to discuss a method that can achieve the following microstructural outcomes using the
CSLM:
1. The analysis of micro segregation on the scale of secondary dendritic arm spacing. To achieve this a
consistent dendritic growth direction needs to be attained. This will be aided by the use of COMSOL
Multiphysics software to predict the thermal gradient within the sample.
2. To allow 360° solute rejection around the coarsening dendritic arms during solidification.
3. Allow for cooling rates of at least 50 °C/s to replicate the conditions seen in thin slab casting.
4. To allow a range of post solidification heat treatments from quenching to slow cooling. This will allow for
the analysis of back diffusion and post solidification precipitation.

Figure 1: Schematic diagram to show the experimental setup of the CSLM (adapted from [9]).

In order to assess the capability of the CSLM as a tool for micro-segregation analysis, this research has used Fe-Al0.1Ti alloy that solidifies as delta ferrite. Samples of approximately 3 x 3 x 3 mm were placed inside an alumina

crucible and positioned within the CSLM. A roughing vacuum pump was used to achieve a 100 mPa vacuum, before
back filling with 99.999% pure Ar, with the cycle being repeated three times to ensure an inert atmosphere. The
sample was heated to 1540 °C (10 °C above the liquidus) at a rate of 10 °C/s and held for 3 minutes to equilibrate. In
order to investigate the influence of solidification rate on the segregation profiles cooling was separated into two
segments; 1540 -1450 °C and 1450°C - RT (1450 °C was chosen as this is 10 °C/s below the predicted solidus for
equilibrium conditions). The cooling profiles are shown in Table 1, and were designed to allow insight into the
segregation profiles directly after solidification with varying amounts of back diffusion. During cooling a video
capture rate up to 60 fps was used to record solidification.

Table 1: Time/temperature profiles showing the four different profiles used in this study.

Profile
Name
1-1

Cooling rate from
1540 – 1450 °C (°C/s)
1

Cooling rate from
1450 °C – RT (°C/s)
1

1-50

1

50

50-1

50

1

50-50

50

50

Rationale
Back diffusion during and after solidification
Back diffusion during solidification but limited
back diffusion after solidification
Rapid solidification and back diffusion after
solidification
Rapid solidification and limited back diffusion
after solidification

Once molten the steel sample forms a hemisphere. Figure 2 shows the thermal contours within the sample during
cooling; the model was created using Comsol Multiphysics v5.0 and assumes continued, low level, heating in the
central region from the halogen light source, limited cooling to the crucible, due to its high thermal insulation and
high temperature (typically 50-80°C hotter than the sample at peak temperature), and predominant cooling to the
atmosphere from the free surface. Whilst the model had not been calibrated to provide accurate temperatures it allows
the primary cooling direction and thermal gradients to be determined. It can be seen in Figure 2 that the primary
cooling direction is nearly parallel to the viewing plane for the region inside the field of view. As solidification
progresses, the first solid observed on the surface of the droplet will be the secondary dendrite arm tips. Figure 3
shows schematically the dendritic growth that will occur within the viewing plane using this technique, where the
black regions show the surface structure that will be observed, and the grey area shows the subsurface structure. This
schematic is an idealised visualisation of the dendritic structure and in practice the secondary dendrites may not grow
normal to the viewing plane, however, if the secondary dendrite arms are rotated around the primary dendrite axis
then two sets of secondary dendrite tips will be visible on the surface (not necessarily appearing simultaneously) and
they will not be circular. Any rotation from normal to the droplet surface should not alter the SDAS or the rate of
liquid-solid transformation. This technique therefore allows for the measurement of dendritic growth on the scale of
the SDAS whilst also allowing solute rejection 360° around the dendrite arm. Through the use of a relatively large
sample a preferential growth direction parallel to the droplet surface with a thermal gradient between the sample
surface and the crucible exits.
Figure 4 shows time lapse images of three secondary dendritic arm tips that are visible on the droplet surface. The
distances between the arm tips were measured at time intervals of 1/60 s from first appearance until 5 % liquid
remained (the error defining the remaining liquid/solid fraction becomes much higher after this) allowing the liquid
gap to be measured as a function of time. Therefore the kinetics of final solidification taking into account microsegregation between dendrites can be observed. For this scenario t=0 is defined as the point at which the secondary
dendritic arm tips first become visible on the droplet surface. Although this does not represent the true first solid
condition, because the samples are of the same geometry and a number of repeat tests are carried out, comparisons
between the different cooling conditions should indicate any trends in solidification and segregation behaviour.
The SDAS for samples solidifying under cooling rates of 1 and 50 °C/s has been measured to be 40 and 25 μm
(standard deviation of 5 μm, with a range of 35-50 and 20-35 respectively) respectively, this is in reasonably good
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agreement with previous bulk analysis for this steel (carried out in a Gleeble 3500 machine where solidification of
samples with 10 mm diameter and 10 mm length under cooling rates of 10 and 50 °C/s gave SDAS values of 30 and
22 µm respectively) as well as literature values for a range of steels including ferritic stainless grades [5].

Width (mm)

Figure 2: Modelling prediction of the thermal contours seen within the molten steel droplet during cooling. The model was
created using Comsol Multiphysics v5.0. The areas marked in green refer to the field of view that was used to analyse the
dendritic growth.

Figure 3: Schematic diagram to show the observed (black) and the subsurface (grey) dendritic structure that is seen within the
viewing plane of the droplet surface.

Figure 4: Time lapse images taken showing three secondary dendritic arm tips coarsening in a sample cooled at 50 °C/s. The
distance between the tips, marked in the first image, is measured as a function of time to obtain the boundary velocity as a
function of fraction solidified.

3. Liquid to Solid Transformation

Liquid Phase Fraction

Thermo-Calc thermodynamic software has been used to predict the solid-liquid evolution with temperature for
equilibrium conditions (i.e. Lever Rule) and using the Scheil analysis (Figure 5). It can be seen in figure 5 that as
segregation occurs during solidification (dominated by Ti and Mn segregation in the steel in this study) a reduction in
the rate of solidification (for a constant cooling rate) will occur; the amount the solidification rate decreases is
influenced by the amount of segregation, with higher segregation (such as seen with the Scheil analysis) reducing the
solidus temperature more than for the equilibrium condition and hence reducing the solidification rate during the final
stages of solidification. The extent of segregation is influenced by the amount of back diffusion that occurs to reduce
the concentration gradient. In Figure 5 the initial ≈ 60 % of solidification shows very little difference between the two
prediction methods (full equilibrium and Scheil), however, the difference between the Scheil and equilibrium
predictions of the temperature corresponding to the last 5% liquid fraction is around 70 °C with this difference
increasing further for the final solidification fraction. If the final solidification temperature is depressed in such a
significant fashion this should be clearly observable during cooling in the CSLM.
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Figure 5: Thermodynamic predictions for the liquid-solid transformation using ThermoCalc software based on equilibrium and
Scheil cooling simulations.

Figure 6a shows the solid-liquid interface motion for the 1 and 50 °C/s solidified samples. The faster cooling rate
shows an initially high boundary velocity for the first portion of solidification, after which the rate decreases
significantly. The 1 °C/s rate sample shows a much less dramatic and gradual reduction in the -ferrite boundary
velocity. If segregation does not influencing the boundary velocity and cooling rate is the dominant factor then the
sample solidified at the faster cooling rate should solidify 50x faster than the sample cooled at the slower rate.
However, the initial rate of transformation for the 50 °C/s sample is only around 3.7x faster when compared to the
1 °/s sample (with the total time, t=0 to 5% liquid, occurring only 2.7x faster). Therefore, although at higher cooling
rates solidification does indeed occur quicker, a retarding effect is acting to reduce the boundary velocity, particularly
during the latter stages of solidification. The range of initial rates and total time for all the samples tested under the
same condition (3 repeats for each condition) was ±4 μm/s and 0.5 s respectively. This suggests a reasonable level of
consistency in the dendritic growth within the sample (and that factors such as the rotational orientation of the
dendrite have little influence on the measured results).
It can be seen in Figure 6b that the observed solidification of the samples cooled at 50 °C/s occurs over a temperature
range of 95 °C, compared to the sample cooled at the slower rate, which solidifies over 10 °C. As previously
mentioned, this temperature does not represent the full solidification range as the start of solidification cannot be
determined, only the time at which dendrite tips are observed, and as such a much shorter range was seen than
predicted (calculated to be 70 °C by Thermocalc for equilibrium conditions, Figure 5). However, for the purposes of
this study, the solidification fraction at the observed start of solidification is expected to be consistent for all the
samples, and therefore the relative changes seen between conditions are real effects.

It is evident that the retarding force acting to slow down the dendrite growth velocity and maintain a stable liquid
phase at lower temperatures can be attributed to the increased segregation seen at higher cooling rates where back
diffusion is limited.
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Figure 6: A typical measure of the transformation from liquid to solid in the inter-dendritic region plotted against a) time and b)
change in temperature from time t=0. The gradient of the first 10% of dendritic growth has been plotted in order for comparison
of the boundary velocities.

4. Segregation Predictions
Several empirical methods for segregation have been developed:
1. Lever-Rule (Equation 1) assumes complete equilibrium i.e. complete diffusion of the alloying elements in the
liquid and solid.
2. Scheil equation (Equation 2), assumes no diffusion in the solid and complete diffusion in the liquid) [10]. As
no diffusion in the solid is accounted for the last liquid shows an extremely high concentration of solute.
3. Clyne-Kurz model (Equation 3), adapts the Scheil equation to account for back diffusion during solidification
[11] and has proven a more representative tool for predicting segregation in steel [12].
4. DICTRA is a commercial software package that allows for back diffusion and takes into account the liquid
and solid solute concentrations to predict the phase balance at incremental time steps through the
solidification process (as well as considering subsequent solid state diffusion).
𝐶𝐿,𝑖 =

𝐶0,𝑖

(1)

1−(1−𝑘𝑖 )𝑓𝑠

Where 𝐶𝐿,𝑖 and 𝐶0,𝑖 are the liquid concentration at a given solid fraction and initial liquid concentration of element 𝑖
respectively. 𝑘𝑖 is the partition coefficient of element 𝑖. 𝑓𝑠 represents the fraction solidified.
𝐶𝐿,𝑖 =

𝐶0,𝑖

(2)

(1−𝑓𝑠 )1−𝑘𝑖

𝐶𝐿,𝑖 = 𝐶0,𝑖 (1 + 𝑓𝑠 (𝛽𝑖 𝑘𝑖 − 1))(1−𝑘𝑖 )/(𝛽𝑖 𝑘𝑖 −1)
Where β represents a back diffusion parameter and can be defined by:

(3)

1

−1

𝑖

𝑖

𝛽𝑖 = 2𝛼𝑖 (1 − exp (− 𝛼 )) − exp (2𝛼 )

(4)

𝐷𝑡

Where 𝛼𝑖 = 2 ( 𝜆2𝑖 2 + 0.1), D is the diffusion coefficient of element 𝑖, t is the solidification time and 𝜆2 is the SDAS.
( )
2

Figure 7 shows the Clyne-Kurz predicted liquid Ti solute levels during segregation at different casting rates. In order
to calculate this, time steps of 0.01s were used to 95 % solid fraction. The diffusion distance (for the 25 °C/s cooling
rate condition where no experimental data was available) was calculated by fitting to 𝜆2 = 𝑎𝑇̇ −𝑏 (where a and b are
constants and are 43 and 0.31 respectively determined from experimental data on this steel and 𝑇̇ is the cooling rate).
For conventional continuous casting methods for rates of 1-12 °C/s [13] then the Clyne-Kurz model predicts
segregation levels of Ti to be similar to that determined using the Lever-Rule i.e. equilibrium conditions (Figure 7),
this has been seen experimentally for segregation of nickel in steel at similar rates [8]. However it has been shown that
for processes such as laser welding (cooling rates of 100 °C/s and above), the Scheil equation is a much better
representation of the segregation behaviour [12]. Figure 7 shows that for the cooling rate seen in TSC of 50 °C/s, an
intermediary level of segregation of Ti is expected between the Scheil and Lever-Rule predictions.
In micro-alloyed steel, precipitates, such as (Ti,Nb)(C,N), are used to give grain size control, e.g. through pinning
grain boundaries during reheating. Segregation of the precipitate’s constituent elements will result in the precipitate
becoming more thermodynamically stable at higher temperatures in the segregated solute rich regions. Precipitation at
elevated temperatures can result in a much coarser precipitate distribution (this is particularly evident if the
precipitates form in the liquid phase), and this will have a direct influence on later metallurgical phenomena such as
grain growth or recrystallisation [14], [15]. In addition to this, the precipitates will show spatial inhomogeneity, due to
segregation, in terms of their volume fraction and size.
Figure 8 shows the influence of the Ti content on the dissolution / precipitation temperature of TiC (assuming that C
is a fast enough diffuser to give uniform spatial distribution), which is used as a strengthening precipitate in this steel
(the nitrogen content is < 0.001 wt.% hence TiN is not formed). It is predicted that at 0.2 wt% Ti content the
precipitates will form in the liquid phase. Precipitate formation in the liquid drastically reduces the limiting factor of
diffusion on coarsening, and precipitates grow at a much greater rate [16]. Therefore it is important to predict at what
point during solidification the TiC precipitates will become stable (i.e. liquid Ti content reaches the 0.2 wt%
threshold). Figure 7 suggests that at a cooling rate of 50 °C/s this threshold is reached with 20% liquid remaining,
compared to 7% liquid for 1 °C/s cooling. Therefore, at the higher cooling rate TiC will form earlier during
solidification when there is a greater volume of liquid such that more TiC might be expected to form, compared to the
slower cooling rate samples. In addition the high fraction of liquid may allow the precipitates to be swept up by the
solidification front, rather than being trapped between dendritic arms as the last liquid solidifies, influencing the
spatial distribution of the (large) precipitates.
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Figure 7: Evolution of the liquid Ti content as a function of solid fraction at different solidification rates.
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Figure 8: Thermodynamic predictions for the formation temperature of TiC in delta-ferrite – liquid with Ti content.

5. Analysis of the as-cast microstructures
SEM-EDS analysis was carried out on all cast trials to analyse the precipitate composition, size and number density.
TiC was observed to form on alumina inclusions, which are present as a result of contamination (oxidation reaction
with the high Al content in the Fe-Al-Ti steel) during the initial hold at 1540 °C prior to solidification, despite the use
of an inert atmosphere during the experiment. No noticeable difference was seen in the size and shape of the alumina
particles observed in all samples. The majority of particles observed in these samples were either pure alumina, or
alumina with a TiC coating. In the case of alumina with TiC coating the TiC layer thickness was measured (Figure
9a). At least 20 inclusions were measured for each sample assessed. An example of the compositional variation across
an inclusion seen in Profile 50-50 can be seen in Figure 10.
A summary of the inclusion types seen for the different solidification profiles (summarized previously in Table 1) can
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Figure 10: A typical EDX line scan showing the Ti and Al composition across an inclusion found in a

sample cooled with Profile 1-50.

Table 2. Both the samples that were cooled at 50 °C/s (Profiles 50-1 and 50-50) during solidification show a
significantly higher number density of alumina particles with TiC coating and a thicker TiC layer compared with
Profiles 1-1 and 1-50. It is not possible to tell whether there is any significant difference between the 50-1 and 50-50
samples – it might be expected that the slower cooling rate after solidification (50-50 sample) might show greater
coarsening of the TiC layer. The greater number of alumina inclusions with TiC coating for the faster solidified
samples (50-1 and 50-50) agrees well with the predictions made from Figure 7 and Figure 8, where the 50 °C/s
solidification rate was shown to result in precipitates forming at a larger volume of remaining liquid, where the larger
liquid connectivity allows for almost all alumina inclusions to be coated with TiC and the larger volume of liquid
forming TiC gives a higher total volume of TiC formed. At the slower cooling rate during solidification, the
segregation levels are not at strong; therefore there is a reduced amount of TiC formed (the 0.2 wt% threshold is met
when there is less liquid remaining). For these samples it is also apparent that slower secondary cooling rate (1-1
profile compared to 1-50 profile) allows for diffusion of Ti and therefore a higher ratio of alumina particles are coated
in TiC.
In addition to the alumina based inclusions, samples cooled with profiles 1-1 and 1-50 also contained pure TiC
precipitates (i.e. not formed on alumina). These are likely to have formed where, due to the small volume of liquid
remaining, no alumina inclusions were present. Figure 9b shows a typical TiC found in these samples, although TiC
are expected to be globular in shape [17], these precipitates show an elongated morphology; this may be due to their
formation in the very last stages of solidification, where their geometry will be restricted by the shape of the final
liquid pools. Precipitates of this form have been seen in work carried out by Reid et al. [18] and were formed during
the very last stages of solidification.

a)

b)

Figure 9: Micrographs of the cast CSLM samples. a) TiC-alumina inclusion found in a sample cooled with Profile 4 (50-50), and
b) TiC precipitate found in a sample cooled with Profile 1 (1-1).
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Figure 10: A typical EDX line scan showing the Ti and Al composition across an inclusion found in a sample cooled with Profile 150.

Table 2: Summary of inclusion size and distribution seen in the CSLM cast samples.

Profile
1-1

1-50

50-1

50-50
1Average
2The

Inclusion
Alumina
Alumina + TiC
TiC
Alumina
Alumina + TiC
TiC
Alumina
Alumina + TiC
TiC
Alumina
Alumina + TiC
TiC

Number density
(No/mm2)
2.0
1.3
0.8
3.2
1.4
1.2
0.2
4.1
0.1
3.5
-

Fraction of TiC coated
alumina inclusions
0.4

0.3

0.95

0.97

TiC layer thickness1,2
(μm)
0.7
0.6
0.9
0.6
2.0
1.5
-

value taken from 20 inclusions.

range of layer thickness varied no more than ±0.125 μm

6. Conclusions
A method of simulating the microstructural development (segregation and secondary dendrite arm spacing) during
casting conditions (principally the solidification rate) representative of thin slab casting has been investigated using a
high temperature confocal scanning laser microscope. The main advantages of the method presented here are:






Direct observation of the solidification structure in-situ during cooling.
High cooling rates can be achieved that replicate those seen in thin slab casting.
360° solute rejection allowed around the secondary dendritic arm tips during solidification.
Segregation on the scale of the secondary dendritic arm spacing can be achieved.
Two stage cooling (different cooling rate during solidification and post solidification) can be used to
understand the influence of back diffusion.

This paper has presented in-situ observations of dendritic growth in a Fe-Al-Ti steel during casting at solidification
rates of 1 and 50 °C/s (representative of that during thin slab casting). The initial secondary dendritic coarsening rate
was determined to be approximately 10 and 37 μm/s for the 1 and 50 °C/s cooled samples respectively, with the
SDAS for the samples being 40 and 25 µm respectively. A significant decrease in the solidus temperature, and
retardation in the solidification rate, was seen for the faster cooling rate sample due to increased segregation (of Mn
and Ti). The Clyne-Kurz method, in addition to the Scheil and lever rule, was used to predict the range of segregation
levels that may be expected for different solidification rates, including 1 and 50 °C/s. The critical Ti content (0.2 wt%)
that gives TiC formation in the liquid phase was predicted to be attained with 7% liquid remaining when cooling at
1°C/s with the increased segregation at 50 °C/s reaching this level with 20% liquid remaining. These predictions were
supported by observations of increased numbers of alumina inclusions with TiC layers for the 50 °C/s cooled samples.
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