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Abstract

Understanding the impact of thermo-solutal convection during alloy solidification is of
central importance in the casting industry. Convective flow generated from density variations
in the liquid is at the origin of many casting defects, such as chemical segregations and freckles,
to which Ni-based superalloys used in jet engines are known to be highly sensitive. In this

article, we present experimental results obtained during directional solidification of a CMSX-4
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single crystal superalloy observed in-situ by means of synchrotron X-radiography at the
European Synchrotron Radiation Facility (ESRF, Grenoble, France). The use of a high-
temperature directional solidification furnace, an intense monochromatic beam and a high-
speed X-ray sensitive camera allowed the direct observation of the development of solute flow
to be performed during dendritic growth of a Ni-based alloy. The transient stage leading to the
formation of a dendrite network and the interaction with the concomitantly developing
convective pattern are studied. The impact of solute flow on the dendrite growth velocity is
characterized for three cooling rates. Measurements of dendrite tip positions show that the
convective flow above the solidification front induces a periodic oscillation of the dendrite
growth velocity and that the oscillation amplitude decreases for higher cooling rates. The
development of residual liquid areas is observed on the sides of the sample. Fragmentation of
dendrite parts occurs during the solidification of the residual liquid areas and leads to the
formation of spurious grains. The experimental results are analyzed by using a Rayleigh

number-based model, highlighting the need for direct simulations in the future.
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1. Introduction

Nickel-based superalloys are nowadays the reference material to produce blades for
advanced turbine engines. Creep-resistant turbine blades and vanes are produced by lost-wax
casting and directional solidification, enabling an accurate control of the microstructure and the
manufacturing of single-crystal parts [1]. The need for higher turbine efficiency encourages the
use of materials that are resistant to higher temperatures and stresses. Nevertheless, selecting
materials with improved mechanical properties sometimes increases the challenges to process
them. For instance, the widely used CMSX-4 single crystal superalloy is known to be sensitive
to the occurrence of freckles, which are defects causing the affected parts to be rejected.
Freckles appear as channels with a diameter proportional to few primary dendrite arm spacings.
Their length can vary from millimeters to centimeters and they are filled with a chain of small
equiaxed crystals [2]. In the case of a binary alloy with a partition coefficient less than unity
and having a negative liquidus slope, freckles may be formed as follows. First, solute
partitioning occurs at the scale of dendrite arms and solute is rejected in the melt, which
intensifies the local composition gradients and results in an increase of the solutal buoyancy
force. Then, segregation chimneys and convective plumes are formed, leading to partial melting
of dendrites and eventually to the transport and accumulation of fragments and/or equiaxed
crystals in the chimneys.

The understanding of freckle formation is difficult because it requires an accurate

knowledge of local chemical segregation during solidification, as well as the prediction of liquid



density inversion and mushy zone permeability [3,4]. Because it is of prime importance to
control the occurrence of freckles, several attempts have been made from the late 1960s [5] to
the early 2000s [6] to understand and characterize it by deriving freckling criteria. These studies
are summarized in [7]. It is possible to decrease or even suppress the occurrence of freckles by
increasing the temperature gradient and/or the isotherm velocity during solidification [1,2], or
by modifying the shape of the casting cluster. Simple predictors have been developed and are
used in numerical simulation tools to evaluate the risk of defect occurrence. We can mention
thermal based criteria and Rayleigh criteria: the thermal-based criteria use a combination of the
temperature gradient G and the velocity of the isotherms V, while Rayleigh criteria includes
the effect of alloy composition and mushy zone permeability [3,8]. However, too much
constraint is put on the process at the expense of productivity when such criteria are not accurate
enough. One of the limitations of those criteria is that the interaction between fluid flow due to
thermo-solutal convection and the mold shape is not accurately considered. For example, it is
well known that freckles can appear close to geometrical irregularities like section restrictions,
due to a local concentration of the flow [9], a tendency that thermal-based and Rayleigh criteria
fail to predict. Moreover, the internal surface of the mold (orientation, roughness...) do have
effects that are also not considered [10]. Therefore, there is a major interest in developing multi-
physical numerical simulations [11] that must be validated with accurate and relevant
experimental observations [12].

In-situ observation is a valuable tool to improve the understanding of the solidification
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processes [13], especially in the case of dynamical phenomena such as thermo-solutal flow
occurring during alloy solidification. The pioneer studies using transparent alloys reported by
Hellawell et al. [14] significantly pushed forward models of channel formation in the mushy
zone. Over the last couple of decades, X-ray imaging has been established as the method of
choice to carry out direct observations during the solidification of metal alloys [15]. Buoyancy-
driven flow patterns have been studied in Ga-In alloys using X-ray radioscopy with a laboratory
source by Boden ef al. [16]. Their results have been particularly useful to make comparisons
between experimental observations and numerical simulations of the formation of segregated
channels [12] and freckles [17] and to investigate the impact of forced convection [18]. The
study of alloys with a higher melting temperature such as aluminum-based alloy can also be
carried out using laboratory devices that provide sufficient spatial and temporal resolutions to
distinguish the growth microstructure [19-21]. To the best of the authors’ knowledge,
applications of these laboratory devices to the thorough investigation of flow patterns during
solidification have not hitherto been reported. On the other hand, there now exists a significant
body of works on the study of metallic alloy solidification using X-ray imaging at synchrotron
source facilities by taking advantage of the high photon flux [22]. Among the various in-situ
and time-resolved imaging techniques, such as synchrotron tomography [23-25] or Bragg
diffraction imaging (also referred as X-ray topography) [26,27], synchrotron X-radiography is
the simplest one to implement. Information on the composition variations in the liquid phase

during binary metal alloys solidification can be retrieved from images by using synchrotron X-



radiography with a monochromatic X-ray beam [28,29] and to some extent three-dimensional
spatial information [29,30]. The impact of thermo-solutal flow on the growth velocity of
dendritic microstructures has been studied in Al-Cu-Si alloys by Mirihanage et al. [31] and in
Sn-Pb alloys by Cao et al. [32]. Moreover, synchrotron imaging with high temperature furnaces
makes it possible to study high temperature materials of industrial interest. Yasuda et al. [33]
reported observations of the growth of oFe dendrites by using synchrotron radiography.
Tandjaoui ef al. [34] combined synchrotron radiography and diffraction topography to study
faceted silicon growth. First observations of dendrite growth and dendrite arm bending were
reported in a Ni-based CMSX-4 superalloy by Aveson et al. [35,36]. It is worth noting that the
dendritic pattern in Ni, Co and Fe-based alloys was recently observed by Azeem et al. by
synchrotron tomography [37].

In this article, we present experimental results obtained during the directional solidification
of a CMSX-4 single crystal superalloy observed in-situ and in real-time by means of
synchrotron X-radiography at the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). The use of a high-temperature furnace, an intense monochromatic beam and a high-
speed X-ray sensitive camera allowed us to carry out the direct observation of the development
of solute flow during dendritic growth for a commercial CMSX-4 superalloy. The concomitant
development of the dendrite network and of the convective pattern during the initial transient
stage is described. The relative influence of solute flow on the dendrite development for three

different cooling rates is highlighted. Observations of the development of residual liquid on the
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sides of the sample as well as the formation of fragments and their movement in the residual
liquid areas are described. Predictions of a Rayleigh number-based model adapted to each
experimental case of interest are compared to the results. The advantages and limitations of

such a model are discussed.

2. Experiments
2.1. Experimental procedure

Directional solidification experiments were carried out at the ID19 beamline of ESRF. The
alloy samples were solidified/melted vertically inside the GaTSBI (Growth at high Temperature
using a Synchrotron Beam for Imaging) experimental device schematized in Fig. la. This
device was originally designed to study silicon growth and a detailed description of the
equipment can be found elsewhere [38—40]. The sample was a single crystal of CMSX-4 alloy
with a sheet-like shape. The nominal composition of the alloy is reported in Table 1 [41].
According to the Thermo-Calc NI25 database [42], the primary solid phase forming from the
liquid state is disordered FCC with a liquidus temperature of 1384.2°C and a solidus
temperature of 1317.6°C. Values of 1378.4°C for the liquidus temperature and of 1330.8°C for
the solidus temperature were obtained using the Single Cristal database with the JMatPro®
software [43].

The dimensions of the sample before melting was 43 mm x 7.8 mm x 0.3 mm. Photographs

of the sample in its crucible before and after melting are shown in Fig. 1b. Shrinkage occurred



due to thickening of the sample after the first melting. The sample thickness was chosen to
obtain enough transmission of the X-ray beam and to avoid the superimposing of several
dendrite layers that would make the interpretation of the radiographs more difficult. The sample
width was chosen to obtain a network composed of several dendrites. The single crystal
orientation was chosen as shown by the reference frame displayed in Fig. 1b, i.e. with <100>
crystallographic directions perpendicular to the sample faces. The sample was housed in a
crucible made of dense alumina C799 (99.7 wt.% purity). It consisted of two plates maintained
together by molybdenum clips with a 0.3 mm deep slot in one of the plates to accommodate the
sample. The sample-crucible assembly was installed on a graphite holder connected to a
graphite rod with a motorized translation device. The directional solidification furnace is
composed of two heating zones made of graphite heaters that can reach up to 1800 °C in a
secondary dynamical vacuum environment at a pressure around 10 mbar. The temperatures of
the heating zones are regulated by two pyrometers with an accuracy of £ 0.1 °C. In the
experiments described here, the temperature of the top “hot” zone was set to 1475 °C and the
temperature of the bottom “cold” zone was set to 1255 °C, which corresponds to a temperature
difference AT, = 220 °C. The vertical distance between the two pyrometers was Az, =
5 cm. The average longitudinal temperature gradient applied by the furnace was Gp =
ATyyro/DZpyre = 44 °C-om’.

Melting/solidification cycles were applied to the sample while keeping constant the

temperature gradient between the heaters. Upward directional solidification was triggered after
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partial melting of the sample by decreasing the temperatures of the two heaters at the same
cooling rate. The temperatures of both heaters were recorded during every cooling, stabilization
and heating steps (Fig. 2). The temperature recordings were checked after the experiments and
no fluctuations above the accuracy of the pyrometers were noticed. The cooling rate values
considered in the present study are R; = -2 °C'min!, R, = -4 °Cmin' and
R; =—8.3 °C'min’'.

Synchrotron X-radiography was used to visualize in-situ and in real-time the evolution of
the solidification front. The X-ray beam energy was set to 40 keV using a double Si(111)
monochromator. This energy value ensured enough transmission of the X-rays through the
sample, as well as a satisfactory contrast between the solid and liquid phases. Radiographs were
recorded on a sSCMOS pco.edge 5.5 camera [44]. The optics were chosen to provide a pixel size
of 6.6 um x 6.6 pm and a field of view of 9.9 mm x 9.9 mm (Fig. 1a). The time intervals
between two successive images were 0.1, 0.25 and 0.5 seconds for the cooling rates of —8.3, —4
and -2 °C-min’!, respectively. It is worth noting that the distance between the sample and the
camera was approximately 8 meters. This large distance induced phase contrast in the images
[45], especially at the edges between the solid and the liquid regions. Phase contrast was used
to facilitate the visualization of the microstructure, since previous investigations have shown

that a low absorption contrast is expected for this alloy [35,36].



2.2. Image processing

The legibility of the raw images is made difficult by several spurious artefacts and required
the application of image processing procedures as illustrated in Fig. 3. Among the artefacts, one
can mention the variation of the X-ray beam intensity profile in time and space, and the surface
defects of the silicon crystals of the monochromator (Fig. 3a). A common image processing
used to remove these artefacts is to apply a flat-field correction using a reference image
recorded just before applying the cooling rate [28]. This procedure was not successful in
correcting the radiographs in a satisfactory manner because the graphite rod used to insert the
sample in the furnace was contracting during the temperature decrease. This contraction
induced a slight and gradual upward motion of the sample in the field of view that reached
approximately 60 pm during a whole solidification experiment. The resulting misalignment
between the images of the sample during cooling and the reference image used for the flat-field
correction lead to a detrimental decrease of the image legibility.

Two complementary procedures were devised with the image processing software Imagel
[46]. In the first process, the images of the sample were aligned to compensate for the upward
motion. The best results were obtained using the TurboReg plugin for ImagelJ, which is a sub-
pixel registration algorithm developed by Thévenaz et al. [47]. Then, a flat-field correction was
applied with a reference image recorded just before applying the cooling rate (Fig. 3b). The

resulting images clearly displayed the growth microstructure but also additional striated
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contrasts (horizontal black and white lines) corresponding to monochromator defects that were
no longer properly corrected (Fig. 3c¢).

The aligned images were also used for the second process and a frame differencing
procedure was applied. Frame differencing is a well-known technique used in computer vision
where the computer enlightens the differences between two video frames, for example to
highlight movements. In the present case, it was possible to reveal changes in the solidification
microstructure by dividing (or subtracting) an image by a previous one [48] (Fig. 3d). The offset
between the two images was chosen so that the amount of solid that was formed during the time
interval was clearly distinguished in the top part of the mushy zone (black dendritic structures
Fig. 3e). An overlay of the current and previous microstructures is also visible in the bottom
part. With this second image processing, gray-level variations in the liquid phase became visible
as shown by the white arrows in Fig. 3e. These gray-level variations correspond to changes in
composition due to solute rejection. Hence, the visualization of solutal convective flow ahead
of the dendrite network was made possible. To summarize, the frame differencing procedure
implemented with the ImageJ software [46] consisted of the following steps:

e Aligning all raw images with the first image by using the TurboReg plugin [47].
e Differencing successive frames with a constant offset.
e Choosing the offset so that the features of interest do not superimpose on the resulting images.

Despite the difficulty in interpreting the images obtained by frame differencing, the

visualization of convective flow and the correction of the monochromator defects make it a

11



valuable procedure to study the solidification of materials having a low absorption contrast

between their constitutive elements.

3. Results
3.1. Onset of thermo-solutal flow

An initially still solid-liquid interface was positioned at the bottom of the field of view by
partially melting the sample from the top and then by stabilizing for approximately 2 hours
between each experiment (Fig. 2). We will first focus on the experiment performed with a
cooling rate R; = —2 °C-min’! and for which the influence of convective flow on the growth
process was the most noticeable (Supplementary Movie 1). The initial solid-liquid interface is
shown on a raw image in Fig. 4a. The top part of the sample is fully liquid, and the bottom part
is fully solid due to the migration of the solute-rich liquid regions toward the top of the mushy
zone by Temperature Gradient Zone Melting (TGZM) as described by Nguyen-Thi ef al. [48,49].
The solid phase appears darker than the liquid phase and the interface is slightly convex. The
curvature of the solid-liquid interface was observed for each experiment. It is caused by a
transversal temperature gradient G, from the center to the side of the sample, due to the
complex radiative heat transfer between the furnace and the crucible as well as the different
thermal properties of the liquid, the solid and the crucible. A rough estimation of G, can be
made by using the procedure proposed by Bogno ef al. [50] in a study of a binary Al-Cu alloy

by X-radiography. The transversal temperature gradient was calculated using G, =
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(h/d) Gr with h the distance between the highest and lowest levels of the curved front and
d the corresponding transversal distance. By this means, it was deduced that the transversal
temperature gradient was of the order of 3 °C-cm™ toward the left and 5 °C-cm™ toward the
right. These values are much lower than the applied longitudinal temperature gradient G =
44 °C-cm™.

Solidification was visible shortly after application of the cooling rate. Growth was detected
by the development of a dark layer (Fig. 4b) corresponding to an initial phase of planar growth
without microstructure formation. The striations at larger distances are surface defects from the
silicon crystals of the monochromator that could not be totally corrected due to a technical
glitch that induced a sudden variation of the monochromator position. The light-gray layer
above the growth interface shown in Fig. 4b and measured in Fig. 4c corresponds to the
rejection of light solute elements during solidification. The rejection of light solute elements
reduces the liquid density and consequently the X-ray absorption. The build-up of the solutal
layer lasted for about 150 seconds and small cellular structures developed with a primary
spacing of approximately 50 um. Then, the solutal layer destabilized to form 4 solute plumes
(Fig. 4d) with a maximum height ranging from 1 to 2 mm before vanishing. The low gray level
dynamic and important noise in the images prevented preliminary attempts to use optical flow
approaches as carried out by Boden et al. [16]. However, a rough estimation of the ascending
velocity was obtained by manually measuring the displacement of contour lines defined for a

given brightness between two positions of the plumes. Measurements gave velocity values of
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the order of 25 to 35 pum-s! with an error of + 0.6 pm/s. It is worth noting that the solute plumes
were moving upward but also slightly toward the left. Growth was inhibited in the areas just
below the plumes due to the local accumulation of solute, as shown by the white arrows
numbered 1 to 4 in Fig. 4d.

Columnar dendritic microstructures were well developed after approximately 200 s (Fig. 5a)
and the solute plumes were not visible anymore. The solidification front exhibited no-dendrite
regions, as shown by the dashed white arrows in Fig. 5a, where the plumes were previously
observed (Fig.4d). Later, new plumes developed above the already well-developed dendrites
(plain arrows in Fig. 5b). The plumes overtook the dendrites because their ascending velocity
was higher than the dendrite growth velocity. The local accumulation of solute slowed the
growth of the well-developed dendrites and the previously lagging structures caught up with
the top of the solidification front.

The columnar dendrites kept on developing by successive deceleration and acceleration
periods correlated with the formation of plumes but also with the lateral drift of the plumes
from right to left (Fig. 5c). This drift velocity was measured manually and was of the order of
10 pm-s! to 20 pm-s! with an error of + 0.6 um/s. Concomitantly, a long solute plume
developed on the left side of the sample (vertical white arrow in Fig.5¢ and in Fig. 5d),
indicating that a large convective loop was formed in the sample.

When the solidification front reached the top of the field of view, the growth pattern was

composed of a columnar dendrite network with continuous formation of solute plumes drifting
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toward the left side of the sample, where a vertical segregated channel was formed. It is worth
noting that a vertical channel was also formed on the right-hand side, but much thinner.

The same sequence was observed during the experiment with the cooling rate R, =
—4 °C-min”! leading to a similar growth pattern as can be seen on Supplementary Movie 2,
except that the first plumes appeared when the interface was already destabilized, the plume
height was smaller (about 0.5 mm) with a slower drift velocity (about 5 to 10 pm-s™), and thin
vertical channels were formed on both sides of the sample. For the highest cooling rate R; =
-8.3 °C'min’', no solute plumes were observed above the solidification front, and only thin

vertical channels developed on the sides of the sample as can be seen on Supplementary Movie

3.2. Influence of cooling rate on dendrite growth

The growth microstructure when the solidification front reached approximately two thirds
of the field of view is shown in Fig. 6 for the three cooling rates. An average primary spacing
Ay = 330 pm, 317 um and 290 pm was measured for the cooling rates R; = -2 °C-min’’,
R, = -4 °C'min"! and R; =-8.3 °C'min’!, respectively. The dendrites on the left side and on
the right-hand side of the sample have different morphologies, which means that the sample is
made of two slightly misoriented sub-grains although a single crystal sample was originally
targeted. Measurement of the misorientation between the growth directions of the grains gave
a value of about 7°. A similar misorientation value was obtained by post-mortem EBSD

(Electron BackScatter Diffraction) analysis. The corresponding pole figures of both grains are
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shown in Fig. 6¢. The different growth orientation of the dendrites was therefore due to the
different crystallographic orientation of the sub-grains with respect to the temperature gradient
direction.

The position of a central dendrite tip (white arrows in Fig. 6) was measured as a function
of time for each experiment (Fig. 7, first row). The error on the position depends on the pixel
size and was £ 6.6 um. The growth velocities were calculated from the tip positions (Fig.7,
second row) with a systematic error of = 0.6 pm/s. Average gray values were also measured in
a 130 um by 130 um square box, centered 130 um above the tip (Fig.7, third row). The
brightness could not be directly converted into concentration values by using an adapted Beer-
Lambert law [28,29] because a monochromatic beam was used to visualize a multi-component
alloy. However, gray-level variations in the liquid phase were representative of the change in
density and composition. A brightness increase corresponds to an enrichment of the liquid in
light solute elements, allowing a qualitative interpretation of the impact of solute concentration
variations on the dendrite growth kinetic.

It is visible in Fig. 7 that solute flow has a significant impact on dendrite growth for the
cooling rates R; =-2 °C'min"! and R, = —4 °C-min’'. In both experiments, the dendrite tip
did not move regularly upward in the field of view, but successively moved upward and then
remained almost still. This trend was evidenced by periodic oscillations in the velocity plots.
The mean period was around 80 seconds for the velocity R;, with growth velocity values

oscillating between 25 um-s! and 0.5 um-s! and an average growth velocity (V;) = 7.6 um-s’
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!, The oscillation in growth velocity was also observed for the cooling rate R, = —4 °C-min’!
(Fig. 7b). The growth velocity oscillated around an average value (V,) = 15 um-s™ but the
oscillations were progressively damped. Here, the solidification front left the field of view
before a permanent regime was reached. So, it was not possible to determine if the oscillating
regime would have continued or if the solidification front would have reached a constant growth
velocity after a transient stage. The oscillations of the growth velocity were directly correlated
with the gray level variations. The maxima of gray level coincided with the minima of growth
velocity and vice-versa. The gray level variations corresponded to composition variations above
the dendrite tip due to solute flow. So, an increase (resp. decrease) in solute concentration ahead
of the dendrite tip coincided with a decrease (resp. increase) of the growth velocity.

The growth velocity for the cooling rate R; =—8.3 °C'min’' reached an average value
(V3) =31 pm-s"! after a single period of acceleration and deceleration (Fig. 7¢), typical of an
overdamped regime. The gray level above the tip rapidly decreased to reach a constant value,
indicating that the composition ahead of the tip remained constant after the transient stage.

Finally, the temperature gradients at the level of the dendrite tips was estimated by using
the relation (Gp) = R/(Vep) with (Vi) the average growth velocity of a dendrite tip.
Temperature gradient values (G;)=44 °C-cm’, (G,)=44.5 °C-cm™'and (G3)=45 °C-cm’! were
obtained. These close values sustain the fair comparison of the experiments. It is worth noting
that they are also close to the average temperature gradient applied by the furnace Gp=

44 °C-cm’!. Further investigations using numerical models are in progress to improve the
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understanding of the thermal behavior of the experimental device and will be the subject of

future publications.

3.3. Solidification of residual liquid areas

Solute flow developed above the solidification front for the two experiments with the
slowest cooling rates. However, vertical liquid channels were formed along the edges of the
sample even for the fastest cooling rate. A consequence of the liquid channel formation was the
development of residual liquid areas as indicated by the red circles in Fig. 8. The origin of the
residual liquid areas was the local accumulation of solute leading to the dissolution of the
microstructure. The enriched liquid had a lower solidification temperature, and consequently
the residual liquid areas solidified later during the cooling stage.

A sequence of images recorded during the solidification of the liquid area observed on the
left side of the sample during the cooling rate R; = -2 °C-min’! is shown in Fig. 9. The liquid
area reached a maximum width and height of approximately 0.65 mm and 2.5 mm, respectively.
With time, the microstructure started to slowly protrude in the liquid, as shown in the image
obtained by frame differencing (Fig. 9b). A small equiaxed dendrite was observed during its
fall from the top of the liquid area (white arrow in Fig. 9b). It was not possible to determine
with the current temporal resolution whether the grain nucleated in the liquid phase or
originated from the fragmentation of a columnar dendrite. Then, horizontal dendritic

microstructures grew, and dendrite fragmentations were clearly detected. Unexpectedly, some
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fragments moved upward (Fig. 9¢) and others settled down (Fig 9d) within an interval of a few
seconds. The residual liquid area was eventually filled with small misoriented grains and a
segregated zone was formed next to it, extending diagonally from the middle of the sample
toward the top left of the field of view as can be seen on Supplementary Movie 4 and above the

white arrow in Fig. 9e.

4. Discussion
4.1. Solute plume formation and evolution

The use of synchrotron radiography allowed the visualization of solute plumes to be
performed during the directional solidification of a Ni-based alloy. The first solute plumes
developed because the solutal layer above the solid-liquid interface was inherently unstable.
Solute rejected during solidification formed a layer of light liquid located below a heavier bulk
liquid at nominal composition. The liquid layer destabilization occurred when the buoyancy
force due to the density inversion overcame the fluid inertia, which is limited by the viscosity
and the thermal conductivity of the liquid, as previously explained by Hellawell et al. [14] or
Nguyen-Thi et al. [51].

Another experimental observation is that the first solute plumes moved upward but also
slightly toward the left side of the sample. On first analysis, this plume drift could be due to
convective flow already present in the vicinity of the solid-liquid interface. The transversal
temperature gradient gives rise to a curvature of the solid-liquid interface (Fig.4a) , which can

induce a weak convective flow from the highest position of the interface toward the sides of the
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sample although not detectable by gray-level variations in the liquid phase [50,52]. However,
such a flow would push the plumes in a direction opposite to the observation (i.e. from the
center to the side, while the plumes are moving from the side toward the center). The origin of
the plume lateral drift can thus be attributed to the fact that the first and largest plume formed
at the highest position of the solid-liquid interface, which was located slightly on the left side
of the sample. This symmetry breaking initiated the development of a convective loop moving
from the right to the left side, eventually leading to the formation of the liquid channel on the

left side of the mushy zone.

4.2. Effect of solute flow on dendrite growth

As reported in section 3.2, the measured primary spacing A; decreased from 330 um to
317 um and 290 pm when increasing the cooling rate or, equivalently, when increasing the
growth velocity. The relation A, (um) = 147 (G V)7°%3384 has been proposed by Bouse and
Mihalisin [53] to predict the primary spacing in Ni-based superalloys and was found to be
applicable to a wide range of superalloys, temperature gradients and solidification velocities.
This relation was also used in numerical simulations investigating the conditions for the
formation of freckle defects [6,8,54]. The calculated values for growth velocities of 7.5, 15 and
31 um-s™! are 464 pm, 367 pm and 287 um, respectively. Recently, Matache et al. [55] directly
measured the evolution of the primary spacing in CMSX-4 superalloy and deduced the relation

A1 (um) = 1865 V~925G7%5 that is appropriate for comparison with directional solidification
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experiments. The calculated values with this relation and for growth velocities of 7.5, 15 and
31 um-s™! are 537 pm, 452 pm and 377 um, respectively. A good agreement is obtained for the
fastest velocity and significantly higher values are predicted for the two other velocities.

The calculated values were determined from bulk sample analyses and the discrepancy
between the calculated and measured values occurs when the primary spacing is larger than the
sample thickness. This suggests that the microstructure confinement would decrease the
primary spacing. Recent numerical simulations carried out by Tourret et al. [56] using the
Dendrite Needle Network (DNN) model compared directional solidification of dendritic
networks in 2D and 3D configurations. The results showed that a higher primary spacing is in
fact expected for confined configurations in diffusive regime. So, another explanation is
necessary to explain the discrepancy between calculated and experimental values of primary
spacing. As the discrepancy is only observed for the two slowest growth rates, when solute
plumes above the solidification front were visible, it can be attributed to the impact of solute
flow ahead of the dendrite network. The same effect, namely smaller primary spacings
compared to diffusive theories at low growth velocity and with convective flow above the
solidification front, was also reported by Clarke ef al. [57] and Yang et al. [58] and is linked to
modifications of the solute field in the solutal layer above the dendrite network by convective
flow.

Concerning the oscillations of the dendrite growth velocity due to solute plume

development as reported in section 3.2 (Fig. 7), the same behavior was reported by Boden et al.

21



in Ga-In alloys [16], Mirihanage ef al. in Al-Cu-Si alloys [29], Cao et al. [32] in Sn-Pb alloys.
It was also recently analyzed numerically for superalloy directional solidification by Yang et al.
[58]. The increase in solute concentration above the dendrite tips was due to solute rejection
during solidification. Light solute elements flowed upward faster than the dendrites developed,
and the concentration gradient above the dendrite tips decreased. Consequently, the growth
velocity decreased because the concentration gradient above the dendrite tips is the driving
force for growth during directional solidification. In a similar way, the concentration gradient
increased after dissipation of the solute plume, increasing the growth velocity. After the early
stage of growth, the variations in solute concentration above the dendrite tips were linked to the
lateral drift of the plumes, with the solute concentration increases and the concentration gradient
decreases above the tips following the arrival of a plume.

The oscillation damping for the cooling rate R, =—4 °C-min’! indicates that convective
flow had less impact on the dendrite growth. It is also worth noting that the initial variation in
growth velocity for the fastest cooling rate R; = —8.3 °C-min’! is not related to the formation
of solute plumes since none were observed, but as a matter of fact corresponds to the initial
transient of solidification as described by Warren and Langer [59] for diffusive conditions. The
solidification front had to temporarily grow at a higher velocity to catch up the time necessary
to build-up a solutal layer from an initially still interface. This is also an indication that solute

flow did not have time to develop above the solidification front for this cooling rate.
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4.3. Impact of fluid flow in the mushy zone

The main results of the present experiments are the observation of solute plumes, their
interaction with the columnar dendrites and the formation of residual liquid areas and liquid
channels. These observations suggest that one possible scenario for the formation of spurious
grains, and possibly freckles, is the formation of residual liquid areas on the sample edges and
their subsequent solidification. The latter involves growth of dendrite arms located at the
periphery of the residual liquid areas and their fragmentation due to thermo-solutal convection.
The fragments are transported and can grow, eventually leading to an equiaxed grain structure.

The formation of plumes and liquid channels is due to the interaction of buoyancy and
frictional forces in the liquid. Thus, in a first approach , the Rayleigh number Ra thatis defined
as the ratio of the driving buoyancy force to the retarding frictional force associated with the
permeability of the mush is the dimensionless parameter of choice to characterize these
phenomena [6]. The Rayleigh number in the mushy-zone was calculated based on the definition

proposed by Beckermann et al. [8]:

Ra(h) = [(g K() )/ (an)][(p — p'(W))/pi] (1)

It is written for a given depth in the mushy zone h. The constants g, @ and v represents

the gravitational constant (equal to 9.81 m - s~2), the thermal diffusivity and the kinematic

4

viscosity, respectively. The av value was 610712 m*-s™2 for the nominal composition
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and the liquidus temperature obtained using the Single Cristal database of JMatPro® software

[43]. This value is close to the value found in reference [8] (i.e., 5- 10712 m* - s72).
Assuming that the longitudinal temperature gradient G, is constant in the mushy zone, the

local temperature T is computed using the relation T = T; — G, h where T, is the liquidus

temperature of the alloy. The relative density of the liquid phase is computed with the ratio:

(pL — p' (W) /p} 2)

where p. and p'(h) are the liquid densities at T, and at the local temperature T,

respectively. The mean permeability K(h) is computed with the relation:

R(h) = Ko (1 - &(h)’ /&5 (h)? 3)

where Ko(m?) = 6-107* A2 is deduced by correlation with experimental observations in
several nickel base superalloys. Note that the primary spacing only plays a role in computing
the permeability in the present analyses. The experimental primary dendrite arm spacing values
A, are used and are reported section 3.2. The average volumetric solid fraction &5(h) is

evaluated by:

S =3[y e 0)dy O
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where €°(y) is the solid fraction associated to a depth y in the mushy zone. The
solidification path and the liquid density evolution need to be computed. This is done using the
thermodynamic database NI25 provided by ThermoCalc [42] and the Single Cristal database of
JMatPro® software [43], with the Lever-rule and Gulliver-Scheil hypotheses.

The influence of the thermodynamic databases on the Rayleigh number is presented in Fig.
10a for a cooling rate R; = -2 °C-min’!. The plain red and black curves are obtained using the
Lever-rule solidification path with the NI25 and the Single Cristal databases, respectively. The
dashed red and black curves are obtained using the Gulliver-Scheil solidification path with the
NI25 and the Single Cristal databases, respectively. The differences between the curves come
from the very different liquidus and solidus temperatures that are considered, as well as the
solidification path computed from the databases. The main feature to notice is the temperature
range below the liquidus temperature where positive values of the Ra number are obtained due
to liquid density inversion, i.e. positive ratio (p} — p'(h))/p}. For every case, the Ra number
values increase very rapidly just below the liquidus temperature. This indicate that solute
rejection of light elements close to the solidification front is the driving force for the formation
of solute plumes and to sustain their development as experimentally observed.

The maximum of the Ra curves is higher with the Gulliver-Scheil model and more marked
for the Single Cristal database. For the same cooling conditions and with the Gulliver-Scheil

micro-segregation model, the Ra reaches a maximum value of 5.9-10 for the NI25 database

25



and of 1.8-10°2 for the Single Cristal database. Although, these values are much smaller than the
threshold value of 0.25 proposed in the literature for the occurrence of segregated channels [8],
the development of a diagonal segregated channel was nevertheless observed experimentally in
the mushy zone (Fig. 9 and Supplementary Movie 3).

The NI25 database predicts a positive Ra for a temperature range of 6 °C below the liquidus
temperature using the Lever-rule and 12 °C using Gulliver-Scheil, whereas the Single Cristal
database a temperature range of 22 °C using the Lever-rule and of 47 °C using Gulliver-Scheil.
In the experiments with a cooling rate R; = —2 °C-min’!, the diagonal segregated channel
formed approximately 20 minutes after the solidification front crossed the same position.
Assuming that the columnar dendrites are growing at a temperature close to the liquidus
temperature, it can be deduced that the segregated channel was formed 40 °C below the liquidus
temperature. Since a positive Ra number is necessary for fluid flow to occur, the calculation
using the Single Cristal database and the Gulliver-Scheil solidification path are therefore in
better agreement with the experimental observation.

Because the temperature gradient is constant for these experiments, the increase of the
cooling rate decreases the primary dendrite arm spacing and the associated mean permeability.
Consequently, the Rayleigh number also decreases when increasing the cooling rate (Fig. 10b).
The present in-situ observations also showed a lower macro-segregation activity for the highest
cooling rates, with the formation of much smaller liquid areas and no segregated channel.

The accurate location of the residual liquid areas and segregated channel is currently
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difficult to predict without direct simulation of solute flow in the mushy zone. The deformation
of the sample sides, even small, could also impact the solute flow and lead to local segregation
areas. More advanced and direct simulations are therefore necessary to improve the
understanding of how the solid fraction increase in the mushy zone interrupted the solute
feeding of the residual liquid areas, leading to their solidification. Such a phenomenon is also
currently hard to characterize using the present radiography data.

Finally, the fact that dendrites appear darker than the surrounding liquid indicates that they
are denser, which agrees with the downward motion of fragments. However, the concomitant
upward motion of dendrite parts suggests that significant fluid flow developed in the residual
liquid area while solidifying, with enough intensity to transport the fragments. Again,
simulations of the present solidification process providing they consider the impact of fluid

flow may help to propose a more detailed analysis of the origin of such phenomena in the future.

5. Conclusion

The directional solidification of a CMSX-4 single crystal superalloy was studied in-situ by
synchrotron X-radiography using a high-temperature directional solidification furnace. The
development of solutal flow ahead of the solidification front was directly observed. The initial
stage of solidification was analyzed, and the onset of the convective pattern was described for
different cooling rates. Solute plumes formed above the solidification front at slow growth rates

and liquid channels formed on the sides of the sample for every investigated cooling rates. The
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impact of solute flow was quantitatively characterized by measuring the position and velocity
of dendrites located at the center of the sample. A periodic oscillation of the growth velocity
was observed at slow growth rate, which did not occur for the fastest growth rate. This behavior
was correlated with the development of solute plumes for the various applied cooling rates. The
formation and solidification of residual liquid areas on the sides of the sample was reported.
Various motions of fragments were observed inside the residual liquid area indicating that solute
flow from the surrounding mushy region played a role in the formation of spurious grains and
possibly in channels of equiaxed grains forming the freckle defect.

It was also determined that, despite the inherent merits of a Rayleigh number criterion to
evaluate the formation of segregated channels, its calibration highly depends on the material
and on the thermodynamic properties. Effect of thermodynamic databases was shown, and the
maximum value computed for the Rayleigh number remains very low compared to the critical
value reported in the literature. Among other limitations, a criterion based on the Rayleigh
number can only hardly be extended to account for complicated geometries and non-directional
heat flow. Direct numerical simulations are to be targeted to get a better understanding of the
effect of the fluid flow on the structure and segregation patterns, to predict the location of
residual liquid area formation, segregation channels and, possibly, freckles. The challenge not
only lies in coupling three-dimensional thermo-hydraulic and thermo-solutal simulations with
microstructure formation, but also multicomponent solidification paths with thermodynamic

databases. Furthermore, coupling needs to be achieved while simulating the entire directional
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solidification process as heat and mass transfers are highly dependent on time evolving
boundary conditions. Achieving complementary in-situ observations would certainly be

invaluable for the validation of such direct numerical simulations.
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Table 1 Nominal composition of the CMSX4 Ni-based superalloy.
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Fig. 1. (a) Schematic drawing of the experimental device used to carry out X-ray imaging at the
ID19 beamline of ESRF during directional solidification at high temperature. (b) Pictures of
the CMSX-4 sample with its crucible before (left) and after (right) the melting-solidification
sequences. The white square in the right-hand-side picture represents the field of view of the

present experiment.
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Fig. 2. Experimental temperature profiles recorded during the experiments and showing the
successive cooling, stabilization and heating steps.
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Fig. 3. Illustration of the two image processing procedures used to improve the legibility of the
images. (a) Raw image, (b) reference image recorded before applying the cooling rate, (c) result
of the flat-field correction revealing more clearly the growth microstructure, (d) reference
image recorded at a previous time and (e) result of the frame differencing procedure showing

gray-level variations in the liquid phase due to solute rejection. (R = -2 °C'min’!, Gr =
44 °C-cm™)
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Fig. 4. Time sequence of the initial transient showing the solid-liquid interface destabilization.
(a) Raw image with the initial solid-liquid interface in the field of view highlighted by a dashed
line. (b) Image recorded before destabilization and obtained by flat-field correction : the solid
that was formed appears in dark gray and the solutal layer above the solidification front is
visible as a light gray layer and is better revealed by (c) the gray-level profile measured in the
region corresponding to the red arrow in (b). (d) Formation of solute plumes indicated by four
white arrows after destabilization of the solutal layer. (R = -2 °C-min’!, Gr = 44 °C-cm’},.
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(C)t=449 s (d)t=766s

Fig. 5. Time sequence showing (a) the development of columnar dendritic structures after
destabilization of the solid-liquid interface and (b) the formation of solute plumes above
growing dendrites. The dashed arrows indicate the position of the previous solute plumes visible
in Fig. 3d. Upon solidification of the network of columnar dendrites (c) and (d) the solutal

convective flow propagates in the directions given by the white arrows. (R = -2 °C-min’!, Gr=
44 °C-cm’!, frame differencing).
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Fig. 6. Images of the growing dendritic microstructure for the three studied cooling rates (frame
differencing). The white arrows indicate the dendrites whose positions and growth velocities
are measured in Fig. 6.
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Fig. 7. Time evolution of the tip position in the field of view (top row), the growth velocity
(middle row) and the average gray level (bottom row) in a 130x130 pm? box with its center
located 130 um above the dendrite tips shown in Fig. 5. The error bars of the position (+ 6.6
um) and velocity (£ 0.6 um/s) values are smaller than the line thickness. The black horizontal
lines in the growth velocity plots correspond to the average velocities and are (a) 7.6 pm/s,
(b) 15 um/s and (c) 31 um/s for the cooling rates of (a) -2 °C/min, (b) -4 °C/min and
(c) —8.3 °C/min.
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Fig. 8. Images showing regions where residual liquid areas were formed after the solidification
front left the field of view (red ellipses). The black areas in the microstructure correspond to
dendrite parts that are in Bragg position for the monochromatic beam energy: these areas locally
diffract the direct X-ray beam and thus no intensity is recorded on the radiographs.
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Fig. 9. Sequence of close-ups showing the solidification of a residual liquid area on the side of
the sample starting from (a) the time when it reached its largest size. The white arrows in (b)
and (d) indicate the trajectory of dendrite fragments that settled down in the residual liquid area
(frame differencing) while the white arrow in (c¢) indicates the trajectory of a dendrite fragment
that was transported upward in the residual liquid area (frame differencing). An image recorded
when the sample was fully solidified is shown in (e). The top-left to bottom-right light gray area
corresponds to a region where the microstructure was dissolved, possibly due to convective
flow that developed in the mushy zone and transporting solute rich liquid, leading to local
segregation. (R = -2 °C-min’!, Gr=44 °C-cm™)
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Fig. 10. Variations of Rayleigh number (a) as a function of the temperature for different

databases and micro-segregation models (R = —2 °C-min™"). (b) Variations of Rayleigh number
for different cooling rates using the Single Cristal database (SCDb) and Gulliver-Scheil model.
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