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ABSTRACT

Directional solidification (DS) is an established manufacturing process to produce high-performance components from metallic materials
with optimized properties. Materials for demanding high-temperature applications, for instance in the energy generation and aircraft engine
technology, can only be successfully produced using methods such as directional solidification. It has been applied on an industrial scale
for a considerable amount of time, but advancing this method beyond the current applications is still challenging and almost exclusively
limited to post-process characterization of the developed microstructures. For a knowledge-based advancement and a contribution to material
innovation, in situ studies of the DS process are crucial using realistic sample sizes to ensure scalability of the results to industrial sizes.
Therefore, a specially designed Flexible Directional Solidification (FlexiDS) device was developed for use at the P07 High Energy Materials
Science beamline at PETRA III (Deutsches Elektronen-Synchrotron, Hamburg, Germany). In general, the process conditions of the crucible-
free, inductively heated FlexiDS device can be varied from 6 mm/h to 12000 mm/h (vertical withdrawal rate) and from 0 rpm to 35 rpm
(axial sample rotation). Moreover, different atmospheres such as Ar, N, and vacuum can be used during operation. The device is designed
for maximum operation temperatures of 2200 °C. This unique device allows in situ examination of the directional solidification process and
subsequent solid-state reactions by x-ray diffraction in the transmission mode. Within this project, different structural intermetallic alloys
with liquidus temperatures up to 2000 °C were studied in terms of liquid-solid regions, transformations, and decompositions, with varying
process conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0019020

I. INTRODUCTION

Directional solidification has been applied on an industrial
scale, mostly to nickel-based superalloys, since the 1970s." Espe-
cially for high-temperature materials, used under creep conditions,
directional solidification is a promising process. During process-
ing, the established liquid region of the sample moves out of the
heated zone and is subjected to the temperature gradient, and due to
that single-crystalline components or components at least exhibit-
ing an elongated microstructure perpendicular to the temperature

gradient form. These elongated microstructures can be oriented with
respect to the loading direction during application of the part since
transversely oriented grain boundaries are a source of creep pores.
By the alignment of the microstructure, creep rupture can, there-
fore, be reduced or even eliminated." For example, incorporating
an aligned second phase (e.g., Cr or Mo) into NiAl>’ improves the
creep resistance along the growth direction and increases the dam-
age tolerance by toughening. These alloys were often produced by
using a Bridgman-type directional solidification apparatus, where
the heated crucible rests on a water-cooled copper base. Lowering
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the base with a specific rate provides a movement of the melt from
the hot zone into a liquid metal bath."” Another technique used is
an optical floating zone furnace. Here, the heating source is a xenon
arc-lamp emitting infrared radiation, which is focused on the spec-
imen enclosed in a quartz tube.””* The authors of Refs 9 and 10
produced directionally solidified specimens in a crucible-free mode
by the electromagnetically levitated zone process. A crucible-free
process offers the advantage of no contamination/reaction from the
crucible with the sample even at very high temperatures.

Even though directional solidification has been applied on an
industrial scale, advancing this method beyond the current appli-
cations is still challenging. Moreover, the conventional casting and
directional solidification processes are not suitable for all high-
temperature materials beyond nickel-based superalloys. A limiting
factor is a possible reaction of the material with the crucible at such
elevated temperatures. Novel materials or changes in the compo-
nents require significant changes in the process parameters, which is
mostly done on a trial and error basis. A knowledge-based advance-
ment of the process is difficult as—at least to some extent—there is
no possibility to characterize the production process and the materi-
als behavior “in situ.” So far, the process characterization was limited
to post-process investigations of the evolving microstructure, which
are often not the same as directly formed by cooling short below the
solidus temperature.

X-ray diffraction methods are suitable for in situ studies of the
DS process. With these techniques, the investigation of the liquid
zone and solidification front is possible in the transmission mode.
Due to the high temperatures and the difficulties in handling suf-
ficient amounts of hot melt, studies of the melting and solidifica-
tion behaviors so far have almost exclusively been performed for
metals or alloys with rather low melting points, e.g., magnesium
or gallium—-indium alloys."" "> Our crucible-free, inductively heated
FlexiDS device allows in situ studies of the synthesis, transforma-
tion, and decomposition of various structural intermetallic materials
with maximum liquidus temperatures of 2200 °C via diffraction of
high-energy synchrotron radiation. The maximum sample diameter
is 14 mm, which is a compromise between possible x-ray trans-
mission and a process that is close enough to relevant industrial
processes concerning temperature distribution in the solid and con-
vection in the melt. The device has been designed for the use at the
P07 High Energy Materials Science (HEMS) beamline at PETRA III
[Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany],
where the combination of a high photon flux (>10"* 1/s) and fast
readout 2D detectors (15 Hz) enables the study of this complex
liquid-solid interactions during solidification and subsequent solid-
state reactions. The available detectors cover a range up to 250 Hz,
corresponding to a temporal resolution of 4 ms. However, 250 Hz
is never needed with thick samples. The high beam energy of typ-
ically 100 keV allows transmission of samples with various diame-
ters (14 mm-8 mm) and densities typically between the TiAl and
Mo-based alloys. A large portion of reciprocal space can be investi-
gated at rapid acquisition times (typically 1 s-30 s, depending on the
sample size and alloy system). This technical environment enables
us to investigate the local evolution of the microstructure dur-
ing directional growth depending on different process conditions
(withdrawal rate, rotation speed, and rod diameter).

In the following, the directional solidification device and its use
for characterizing the processes occurring during solidification are
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described in detail. This provides the base for an understanding of
solidification and the development of alloys, which are produced by
directional solidification.

Il. TECHNICAL LAYOUT OF THE FLEXIDS DEVICE

The DS device is, in essence, independent and can, thus, be
used either in the laboratory or it can be integrated at a beamline
[here, the P07 High Energy Materials Science (HEMS) beamline at
PETRA III]. In order to perform in situ investigations during direc-
tional solidification with the required flexibility, the device has to
fulfill both the requirements of the directional solidification process
and the additional demands for combining this process technology
with x-ray diffraction geometries.

A schematic drawing of the main modules of the device is visu-
alized in Fig. 1. The mechanical setup manufactured by SYSTEC
Fertigungstechnik GmbH & Co. KG'* includes the following mod-
ules: (I) the directional solidification device on a positioning stage,
(II) the energy supply and vacuum pump, and (III) the water battery
(Fig. 1). All components are designed for a flexible setup and trans-
port. Therefore, a precise positioning of the chamber with respect
to the x-ray beam is possible. For the directional solidification pro-
cess, a clean and protective atmosphere is essential to protect the
material from oxidation and contamination. For the sake of clarity,
Fig. 2 gives an overview of the complex device with all components
and features. Important features and parameters are compiled in the
following list:

e Atmosphere: Ar, Ny, and vacuum
e Heating: inductive

e Power: 12 kW (150 kHz-375 kHz)
e Tmax: 2200 °C (tested 2000 °C)

) Y
-
e,

= b

FIG. 1. Schematic of the modules of the setup: (1) the directional solidification
device on a positioning stage, (Il) the energy supply and vacuum pump, and (Ill)
the water battery. The person is displayed here to estimate the size and usability
of the device.
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FIG. 2. Overview of the zone melting device with its components.

e Rod-shaped samples from 8 mm to 14 mm in diameter

e Vertical withdrawal rate: 6 mm/h-12000 mm/h (6 mm/h
increments, tested so far 6 mm/h-360 mm/h)

e Axial sample rotation: 0 rpm-35 rpm (1 rpm steps), syn-
chronous rotation, or counter rotation

o Temperature observation: two pyrometers positioned at the
liquid zone (in the coil) and 10 mm above

The manually controlled power of 12 kW is spread from 0% to
100% and can be adjusted in 0.1% steps, which enables the user to
reach and maintain the sample in the liquid state.

A. Process chamber

A visual inspection of the process chamber interior is possi-
ble via multiple windows and a lamp illuminating the chamber.
Furthermore, the process chamber can be monitored via two high-
resolution cameras suitable for high temperature image acquisition
(detailed description in Sec. I1I). These cameras may also be used to
observe the liquid zone of the sample. Two pyrometers detect the
temperature of the rod inside the coil and at an adjustable distance
above the coil (typically 10 mm above the induction coil). With this
arrangement, the temperature can be measured in the liquid zone
and at 10 mm distance, usually already in the solid state of the sam-
ple. With the assumption of a linear temperature decrease, a temper-
ature gradient can be determined. The temperature evolution plays
an important role in terms of process control and power adjustment.
Spare flanges can be used for additional measuring devices or other
attachments. One is located at the chamber door (DN 25 ISO-KF)
(Fig. 2) and a second at the backside of the chamber (DN 40 ISO-
KF) (Fig. 3). Figure 3 shows the interior view of the chamber. For the
sake of safety and sealing, the process chamber door is equipped with
two locks. Moreover, a door protection switch is attached, which

ARTICLE scitation.orgljournal/rsi
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FIG. 3. Interior of the process chamber: the water-cooled chucks and the high
frequency (HF) coil as the heating source are highlighted. The x-ray beam enters
the chamber on the right side and interacts with the sample, and the diffracted
beam leaves the chamber on the left side through the larger window.

prevents that process gas flow, and heating is activated if the process
chamber door is open.

B. Sample holder and induction coil

The sample passes through the induction coil (Fig. 3) and is
fixed in the upper and lower drive shafts by clamping jaws. 10 mm
of the sample is needed on both ends for mounting the sample on the
clamping system. Together with a typical safety distance of 20 mm
from the coil below and above preventing induction in the clamps,
the sample length is calculated. The upper chuck is tightened manu-
ally, while the lower one has a pneumatic system in order to allow the
sample to expand during heating up and tighten it right before the
liquid zone forms. With the two independent drive shafts, a vertical
movement of the sample and synchronous or counter rotation can
be applied. The induction coil displayed schematically in Fig. 4(a)
was specially designed for in situ experiments and is suitable for
the above-mentioned sample geometries. An integrated water cir-
cuit achieves cooling of the coil, chucks, and housing. The conical
recess in the coil prevents cutting off for the diffracted beam to pass
[Fig. 4(a)]. Figure 4(b) gives an insight into the chamber during heat-
ing. For the in situ experiments, the samples were usually moved
upward (lifted) through the coil due to the position of the beam
and the recess of the coil. Thus, the upper sample part represents
the directionally solidified part, and the lower part is called the feed,
which is in the as-cast condition. For the results shown in Sec. V,
both parts of the rod are rotated with the same speed and direction,
but these two parameters can also be varied independently.

C. Positioning stage

In order to move the FlexiDS process chamber with respect
to the incident beam parallel as well as transverse to the samples’
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FIG. 4. (a) Detail of the specifically designed HF coil and (b) HF coil and a heated
sample during processing. Arrows indicate the process movement in terms of the
withdrawal rate and rotation speed.

translation

a) 20 mm

Growth direction

1 support rollers
2 2 support stands
3 spirit level

FIG. 5. Positioning stage: the range of motion is +50 mm parallel and transverse
to the growth direction.

growth direction, the system is mounted on a positioning stage
(Fig. 5). Once placed with support rollers at the final position, the
device is set on the support stands, which are located at the corners
of the stage. A spirit level facilitates the adjustment and ensures the
horizontal alignment. The movement range is +50 mm in the growth
direction and transverse to the growth direction. The smallest posi-
tioning increment is 0.05 mm, allowing an accurate positioning with
respect to the incoming beam.

I1l. WORKSTATIONS AND CONTROL SOFTWARE

Two workstations, a mobile panel and a PC workstation, are
connected to the device. The control software is implemented by
ITG induction systems."” Generally, two modes of operation are
possible: “manual mode,” mainly operating the mobile panel, and
“auto mode,” mainly suited for the PC control during in situ
experiments.

ARTICLE scitation.org/journal/rsi

The mobile panel next to the chamber allows fast and precise
setting up and positioning of the sample. In order to achieve the
correct position of the sample with respect to the induction coil,
the upper and the lower driving shafts are controlled individually.
Apart from the actuators, the coil power, the vacaum pumps, and
the gas flow can be controlled from the mobile panel in the “manual
mode.”

The spatial separation of the device and PC process control
is necessary for the in situ observations during directional solidi-
fication. By activating the “auto mode,” the vacuum pumps auto-
matically turn on, and the chamber is evacuated to 2- 10~° mbar
once the sample is placed in the device, and the door is prop-
erly closed. In a second step, the process chamber is purged with
Ar. During the DS process, Ar flow is active. The PC worksta-
tion controlling the device consists of a process parameter control
such as withdrawal rate, rotation speed, coil power, and move-
ment of the positioning stage. A detailed camera view of the sample
(Fig. 6) and pyrometers are incorporated into the PC controlling
unit. Within the “auto mode,” the process control software saves all
parameters and the corresponding changes with timestamps in a log
file.

For in situ observations during the process, a second person
is recommended to adjust the beam and run the recording of the
diffraction data.

The reaction of the sample to power adjustments can be
observed with the high dynamic range cameras (hema electronic
GmbH, Germany, type seelectorlCAM weld'®). One is placed to
give information from below the coil, and the second one to show
a view from above the coil. The cameras are sensitive to tempera-
tures below 1000 °C, and the contrast can be adjusted for an optimal
visual representation. The lenses C2514-M (KP)/Ricoh FL-CC2514-
2M-1.4/25 mm from Pentax ensure a balance between clarity and
details of the liquid zone. The pyrometers utilized for our device
measure temperatures between 1000 °C and 3000 °C (LumaSense
Technologies GmbH, Germany, type IMPAC pyrometers ISQ 5'7).
In the “LumaSense” software, data of both pyrometers are plotted
in a temperature vs time diagram. Temperature measurement is
necessary to control the process and gives information about the
temperature gradient within the sample. Examples of the detailed
camera view during the process are given in Figs. 6(a) and 6(b), from

Solidifig

FIG. 6. Visualization of the sample from two different points of view: (a) below
the coil and (b) above the coil. The inset is a so-called region of interest (ROI).
In the RO, the settings can be adjusted separately from the rest of the image.
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FIG. 7. (a) Ground plan of experimental hutch 3 with the installed modules of the
zone melting setup: (I) the device on the positioning stage, (II) the energy supply
and vacuum pump, (1ll) the water cooling battery and chiller, (V) the control board,
and (V) the PC workstation. (b) lllustration of the experimental setup at the P07
beamline at PETRA Ill, DESY, Hamburg.

below and above the coil, respectively. Both information are crucial
for process control. In order to establish a stable liquid zone, suf-
ficient power and overheating are required. When the power level
is too high, depending on the liquid surface tension, an expansion
of the liquid zone locally arises [Fig. 6(a)]. The surface features in
Fig. 6(b) are oxide scales forming due to the oxygen in the sample.
It appears brighter than the liquid beneath. Thus, these oxides visu-
alize the movement and the overheating of the liquid zone and may
serve as indicators during the process.

ARTICLE scitation.orgljournal/rsi

IV. SYSTEM INTEGRATION AT THE P07 HIGH ENERGY
MATERIALS SCIENCE BEAMLINE

The modules are placed in experimental hutch 3 (EH3) at the
P07 beamline at DESY in Hamburg, as illustrated in Fig. 7(a). The x-
ray beam transmits the chamber from the right to the left in Figs. 7(a)
and 7(b). After the interaction with the sample, the diffracted beam
leaves the chamber through the larger window on the left side of the
chamber and is captured with the detector placed in a certain dis-
tance from the sample. It is noteworthy that because of the crucible-
free setup and the recess in the coil, the incident beam is diffracted
only by the sample (without any alien reflections). This facilitates
the evaluation of the diffraction data. Diffraction resulting from
the windows is negligible. The on-site infrastructure, which allows
beam and detector control, is used for the x-ray diffraction data
acquisition.

The x-ray energy at P07 is tunable from 30 keV to 200 keV
with its main optics consisting of a water-cooled double crys-
tal monochromator in the horizontal Laue scattering geometry.
The energy resolution (AE/E) ranges from 1 x 10~® down to
7 x 107° by changing the curvature of the bent Si (111) crystals
in the Rowland geometry and/or inserting a channel-cut crystal.
The spot size can be varied from 1 x 1 mm? (unfocused beam)
down to 2 vertical x 30 gm? horizontal (focused beam via Al com-
pound refractive lenses) in a high-beta mode or up to 0.9 ver-
tical x 6 mm? horizontal in a low-beta mode, where the beta
mode is switched by changing the beta function at the undulator
source position. The maximum flux currently reaches 7 x 10" ph/s
at 100 keV." "’

A. X-ray diffraction performance

Within the project, five material systems, as indicated in the
first column of Table I, and several alloy compositions of each sys-
tem were investigated. The different content of heavy elements in
the systems provokes significantly different transmission behaviors.
Thus, exposure times have to be adapted to the respective material
(Table T). The signal-to-noise ratio obtained by maximum inten-
sity and background for all investigated alloy systems is given in the
last column of Table I. A beam size of 1 mm x 0.5 mm was used
to achieve sufficient grain statistics and conveniently short expo-
sure times. A Perkin Elmer XRD 1621 solid-state detector with 2048
x 2048 pixels® and a pixel size of 200 x 200 ym” was used for all
measurements. As seen in Table I, a photon energy between 98 keV
and 103.6 keV was used, corresponding to wavelengths between

TABLE I. Experimental parameters for the investigated materials.

Photon Beam size Exposure Signal-to-noise
Material energy (keV) (b mm x h mm) time (s) ratio (a.u.)
Fe-Al"’ 98 1x0.5 2-3 60-120
Nb-Si-Cr”! 98 1x0.5 20-30 28-34
NiAl-Cr, Mo™ 98-103.6 1x0.5 1-12 75-225
Mo-Si-B*’ 98-103.6 1x0.5 6-32 22-172
TiAl” 98-103.6 1x0.5 2-6 105-135
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0.126 A and 0.119 A. The detector was located ~ 1.9 m from the
sample. The resulting maximum 26 angle was 6°, and the step size is
0.006°. Si and CeO, powders were used as reference to calibrate the
measurements.

V. EXAMPLES OF IN SITU X-RAY DIFFRACTION
EXPERIMENTS DURING DIRECTIONAL
SOLIDIFICATION

In the following, two examples for the in situ investigation
of directional solidification of high melting point two-phase inter-
metallic materials are given. The first case focuses on the Ti-Al
system or more precisely on the so-called y-TiAl-alloys, which
have been commercialized already in the investment cast, isother-
mally forged as well as in the additively manufactured (by EBM)
form.” ** DS might enable a unique combination of high creep
strength and ductility,”’ but the decisive processing parameters are
still unknown. The second case considers a high Al-containing
two-phase FeAl alloy, which undergoes a high temperature eutec-
toid decomposition reaction upon solidification via a peritectic
reaction. Here, the overarching scientific question is whether the
eutectoid lamellae can be properly aligned during DS in order to
also create creep-resistant microstructures at elevated temperatures.
All chemical compositions mentioned in what follows are given
in at. %.

A. The Ti-Al system

As mentioned above, DS is an attractive processing method for
y-TiAl-alloys because it allows us to align the constituting phases
of the material.”” However, the knowledge about suitable process-
ing conditions is limited. For example, the effects of different alloy
compositions on the solidification process are still not well under-
stood. In situ investigations are a powerful tool to get a deep insight
into the solidification of TiAl alloys. All the more, it is difficult to
yield information on the solidification process from investigations
at room temperature because subsequent solid-state phase transfor-
mations will mask the high-temperature situation to a significant
extent.

An example of investigations on TiAl alloys is an experimen-
tal proof of the predictions for solidification,” which were made
based on the “nucleation and constitutional undercooling” model
of Hunziker et al.”’ If correct, a strong dependence of the type of
the solidifying phase and its morphology on the G/v ratio should be
found (G: temperature gradient, v: withdrawal rate). Solidification
experiments with a varying withdrawal rate from some mm/h up to
some hundreds mm/h were performed with different binary TiAl-
alloys. Ti-45Al solidifies via the B-phase (see the phase diagram of
Fig. 8). For this alloy, a change from planar to dendritic solidifica-
tion with an increase in the withdrawal rate (decreasing G/v ratio)
is predicted [Fig. 9(a)]. The other alloy, Ti-48Al, also changes from
the planar to dendritic solidification mode with an increase in the
withdrawal rate, but the solidifying phase is additionally predicted
to change from an a-phase to a two-phase a/B mixture. From the
diffraction ring patterns, as shown in Figs. 9(b) and 9(c), it is obvious
that for Ti-48Al, the change in the solidifying phase from an a-phase
to a two-phase a/f mixture with an increase in the withdrawal rate
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is experimentally verified. For a withdrawal rate of 36 mm/h, only
reflections of melt (L) and a-phase were present. a- and B-phase
solidify simultaneously from the melt for an increased withdrawal
rate of 360 mm/h; however, the change in phase constitution occurs
at a significantly lower G/v value as obtained by the model. The
numerical difference might originate from improper model param-
eters, but this question is beyond the scope of the present work. Also
other predicted effects such as a change in the solidification mor-
phology from planar to dendritic with an increase in the withdrawal
rate were confirmed in Ti-48Al and in Ti-45Al, although in the
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FIG. 10. (a) Section of the equilibrium Fe—Al phase diagram close to the eutectoid
decomposition of FesAls into FeAl and FeAl,* and [(b)(e)] diffraction patterns
obtained at four different temperatures as highlighted in (a). (a) is taken from the
work of Li et al., J. Phase Equilib. Diffus. 37, 162-173 (2016). Copyright 2016
Author(s) licensed under a Creative Commons Attribution 4.0 license.
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former case, it occurred again at a lower G/v value than obtained
by the model [Fig. 9(a)]. In summary, by in situ studies, it can be
easily analyzed at which conditions certain phases and morpholo-
gies will form in TiAl alloys during solidification without being
constrained by indirect conclusions as it is the case in post-process
investigations.

B. The Fe-Al system

In Fe-61Al, a eutectoid decomposition of FesAls (CusZng
structure type) into FeAl (CsCl structure type) and FeAl, (triclinic,
no other known structure of this type) occurs. The high temperature
phase of FesAlg results from a peritectic reaction, and therefore, a
two-phase field must be passed in order to obtain this phase during
the solidification of this specific alloy. The respective section of the
equilibrium phase diagram is displayed in Fig. 10(a). The solid-state
decomposition results in a lamellar microstructure being potentially
promising with respect to its creep resistance in conjunction with
the generally low density and very good oxidation resistance of high
Al containing iron aluminides.

Diffraction patterns obtained during directional solidification
of this alloy within the FlexiDS device are depicted in Figs. 10(b)-
10(e). The diffraction pattern in Fig. 10(b) was obtained at the
solidification front and Figs. 10(c)-10(e) at 3.5 mm, 4.5 mm, and
5.5 mm distance from the solidification front, respectively. The cor-
responding temperatures are indicated in Fig. 10(a). As seen in
Fig. 10(c), only Fes Alg appears within the single-phase region. Retar-
dation of the phase formation and excess FeAl, due to the slow
peritectic reaction was not observed. The 2D diffraction patterns
in Figs. 10(c)-10(e) were converted to 1D. The corresponding 1D
diffraction patterns are presented in Fig. 11. Lattice parameters were
found to be similar to those reported by Stein et al.”” for the cast
material. In contrast to expectations in Ref. 20, there is no evidence
for the preferential orientation of the high temperature phase with
respect to the solidification direction even though a rather large
range of withdrawal rates was tested, namely, 6 mm/h-240 mm/h.
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FIG. 11. Diffraction patterns from Figs. 10(c)-10(e) converted to 1D diffraction
patterns.
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FIG. 12. (a) Diffraction pattern of Fe—61Al at room temperature subsequent to
directional solidification at 120 mm/h. Slight crystallographic texture is obtained for
FeAl, indicated by inhomogeneous intensity distribution along the (001), (010), and
(011) diffraction rings highlighted with arrows. (b) Scanning electron micrograph
(backscatter electron imaging) of a longitudinal section of the directionally solidified
material (bright phase is FeAl, and dark phase is FeAly).

Nevertheless, columnar Fes Alg grains form at high withdrawal rates,
which results in columnar eutectoid colonies after completion of
the eutectoid reaction. For withdrawal rates higher than 120 mm/h,
inhomogeneous intensity distributions for the (001), (010), and
(011) diffraction rings of FeAl, indicative of a crystallographic tex-
ture are observed in Fig. 12(a). Indeed, a majority of the lamellae
in the eutectoid microstructure are aligned with respect to the tem-
perature gradient, as seen in Fig. 12(b). For a single orientation of
FesAlg, 12 different orientation variants of the lamellae could be
expected based on the distinct orientation relationship of FeAl and
FeAL.” Obviously, high withdrawal rates lead to a variant selec-
tion of the colonies in the temperature gradient during the eutectoid
reaction even though the parent phase does not exhibit preferen-
tial orientation. Without the application of in situ observation of the
solidification and cooling process, this information would not have
been accessible.

VI. SUMMARY

We introduced the new state-of-the-art FlexiDS device for the
time-resolved in situ investigation of directional solidification pro-
cesses using high-energy synchrotron radiation. The system is a
valuable addition to the infrastructure of PETRA III at DESY, being
specifically designed for the use at the P07 HEMS beamline. The
apparatus is capable of investigating liquid-solid regions, trans-
formations, and decompositions in various structural intermetallic
materials. Moreover, we could show the wide operation range by
means of sample geometry, densities, and alloy compositions as
well as a process parameter such as a withdrawal rate. Even dur-
ing experiments that exceed a liquidus temperature of 2000 °C, the
device operated stably and a satisfactory diffraction pattern was
obtained. Trial tests of time-resolved processes of TiAl and FeAl
alloys were presented in this work. Further detailed experimen-
tal results are forthcoming and will be published elsewhere, for
instance, Ref. 22. Not being installed at the beamline, the FlexiDS
device is available at the Helmholtz-Zentrum Geesthacht. Possible
trial tests on new alloys can be performed there without using high-
energy synchrotron radiation in order to get used to the device. We

ARTICLE scitation.orgljournal/rsi

strongly welcome and encourage collaboration from the materials
science research community in order to maximize the potential of
this unique in situ directional solidification device for improving
understanding of fundamental solidification processes.
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