Chapter 7

Interface Reactions Between the Metal St
Melt and the Filter Surface Activated

by a Spark Plasma Sintering Process

Anton Salomon, Mykhaylo Motylenko, Martin Thiimmler, and David Rafaja

7.1 Introduction

The understanding of the interface reactions between metal melts containing inclu-
sions and the filter ceramic surfaces is essential for the development of functional
materials for active and reactive filtration of metallic melts. On the laboratory scale,
the filtration processes and the deposition of inclusions in ceramic filters are typically
analyzed using impingement trials [1-3] or casting simulators [4], before the filters
are subjected to prototype casting on industrial scale [5]. However, the results of such
experiments are sometimes hardly to interpret. The main reason is that these exper-
iments activate several simultaneous processes, which involve heterogeneous reac-
tions between the metallic melt and the surface of the functional ceramics, production
of inclusions in the melt and their deposition on the surface of the functional ceramics,
and finally the solid state reactions and diffusion processes between the products of
the heterogeneous reactions and the functionalized filter material. Furthermore, these
processes are superimposed by the melt flow and/or by the macroscopic convection.
Although the traditional laboratory experiments reveal important information about
the thermal shock behavior [1, 6], melt flow rate [5, 7] and filtration efficiency [5, 7,
8] of the filters, which is usually complemented by the amount and chemical compo-
sition of the deposited non-metallic inclusions, they cannot substitute an in-depth
investigation of the fundamental mechanisms of the interface and bulk reactions,
which is required for a targeted development of the metal melt filters.

This chapter illustrates how the Spark Plasma Sintering (SPS) can be employed
as a generally applicable but more controlled method to produce interface and
reaction layers between metal melts and filter ceramics for advanced analysis
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of filtration processes. The SPS technology, which was originally developed for
powder compaction and sintering [9], offers a high variability of process parame-
ters, controlled heating and cooling rates, and widely adjustable dwell temperatures,
holding times and atmospheres. In this work, SPS was utilized to melt the 42CrMo4
steel, aluminum and AISi7Mg alloy that were in a direct contact with selected refrac-
tories like alumina, mullite, silicon oxide, titanium oxide, carbon-bonded alumina
and carbon-bonded magnesia.

In contrast to other techniques, which bring molten metals in contact with the
functionalized metal melt filters, the metal melting in a SPS apparatus minimizes the
macroscopic melt flow, which is usually responsible for damage or even for removal
of the newly formed reaction products and layers from the filter surface. Further-
more, the SPS allows working with extremely variable sample geometry including
planar metal-ceramic interfaces in combination with bulk filter materials up to the
powder mixtures of metal and ceramics with a huge contact area between the counter-
parts, with short reaction diffusion paths and with the finite geometry of the diffusion
couples. The samples with planar geometry were utilized to analyze the sequence and
morphology of new phases formed at the metal-ceramic interface. The experiments
done on powder mixtures assisted in the identification and description of phases with
narrow homogeneity ranges, and produced equilibrium-state samples for compar-
ison with the thermodynamic calculations. Thus, the SPS-based melting technique
provides complementary results with respect to the classical casting experiments or
impingement tests, and helps to elucidate the reaction steps, which are frequently
inaccessible, when the established methods are used.

7.2 Adaptation of the Spark Plasma Sintering for Metal
Melting

The Spark Plasma Sintering or Field Assisted Sintering Technology (SPS/FAST)
is based on resistive Joule heating through the pulsed electric direct current (DC)
that passes electrically conducting graphite tools and/or the sample, if the sample is
electrically conducting as well [9]. The Joule heating by the graphite die or directly
by the sample itself allows for high heating rates. The typical current used for SPS/
FAST is in the kA range. For sample having a diameter of about 2 cm, this current
corresponds to the current density of approx. 1 kA/cm?. Although the voltage on
the sample is relatively low (max. 10 V), the heating power is still about 30 kW.
The sintering atmosphere is usually vacuum or some inert gas like nitrogen or argon
[9]. As the SPS/FAST process was developed mainly for compacting and short time
sintering of refractories, the standard SPS/FAST tools are not constructed for an
extensive melting of one of the components. During the fast melting experiments,
however, the metal has to be molten. Therefore, new sample environments must
be developed for such experiments, because the molten metal would leak from the
sample environment and react quickly with the carbon present in the graphite tools.
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Fig. 7.1 Scheme of the high-speed furnace a and tool-in-tool setup b used for the sample production
((b) adopted from [11])

The first development is a corundum crucible, which is filled with the function-
alized filter material and with the metal powder to be molten. The crucible itself is
located in a tube made of high strength graphite, which serves as a heater (Fig. 7.1a).
The outer diameter of the tube is about 100 mm, the thickness of the walls about
10 mm [10]. In this “high speed furnace”, the samples are heated indirectly by the
heat irradiated from the heater and by the heat convection. Because of the indi-
rect heating, the heating rate is below 200 K min~!, significantly faster than in a
conventional furnace but slower than usual SPS. Still, this tool is useful for special
experiments with large samples that should be kept at the dwell temperature for
long holding times, for instance during the investigation of the metal infiltration into
the real filter structures. A drawback of this tool is the expected inaccuracy of the
temperature measurement by a pyrometer, which is focused to a graphite finger that
is not in a direct contact with the sample under study.

The second sample environment is based on a “tool-in-tool” setup [11], in which
the metal powder to be molten is placed within a crucible that is made from or coated
by the functionalized filter ceramics. The ceramic parts were cut from suspension
nozzles or produced by slip casting according to the procedures presented in refer-
ences [1, 2, 7, 8, 12-14]. The size of the ceramic crucible was usually 20 mm in
diameter with an internal cavity of 5 to 10 mm. The whole inserts were located at
the position, which corresponds to the sample position in a standard SPS experiment
(Fig. 7.1b). Due to the small size of the inserts and the direct contact between the
heater and the sample, very high heating rates up to 1500 K min~' were achieved
[3]. As this setup offered much higher heating rates and an easier handling than the
previous one, it was used for the majority of the SPS experiments.
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7.3 Methods of Structure and Microstructure Analysis

On the microscopic scale, the solidified products of the chemical reactions between
the molten metals and the surface of the ceramic filter were analyzed using scanning
electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) and
electron backscatter diffraction (SEM/EBSD). The elemental analysis using SEM/
EDX was complemented by the electron probe microanalysis with wavelength disper-
sive X-ray spectroscopy (EPMA/WDX). For SEM/EDX/EBSD, a high-resolution
SEM LEO-1530 (Carl Zeiss AG, Germany) with field-emission cathode, an EDX
detector (Bruker AXS) and a Nordlys II EBSD detector (HKL Technology) was
used. The SEM imaging was performed using secondary electrons, back-scattered
electrons or in a combined mode. The SEM/EDX/EBSD experiments were carried
out at an acceleration voltage of 20 kV. The working distance for EBSD was 15 mm,
the tilting angle of the sample 70° and the step size 0.3 pwm. For identification of the
Kikuchi patterns and for the evaluation of the measured data, the software package
Channel 5 (HKL Technology) was used. For the EPMA/WDX measurements, an
electron probe microanalyzer JXA-8230 SuperProbe (Jeol GmbH, Germany) with
five-crystal spectrometers was used. The EPMA scans were performed with the step
size of 0.5 pm.

The phase compositions of the solidified samples were analyzed using a
Bragg—Brentano diffractometer URD 63 (Freiberger Praezisionsmechanik) that was
equipped with a sealed X-ray tube with copper anode and with a curved graphite
monochromator located in front of a scintillation detector. The X-ray diffraction
(XRD) patterns patterns were collected between 26 = 20° and 150° with the step
size of A26 =0.04°, and with the counting time of 10 s per step. The phase composi-
tion of the samples was quantified by using the Rietveld method [15, 16] implemented
in the computer program MAUD [17].

On the nanoscale, the samples were characterized using transmission electron
microscopy (TEM), selected area electron diffraction (SAED) and energy dispersive
X-ray spectroscopy (EDX/TEM). These analyses were done in a JEM 2200 FS
transmission electron microscope (JEOL Ltd., Japan) at an acceleration voltage of
200 kV. The TEM samples were prepared by the focused ion beam method (FIB)
with a Helios NanoLab 600i (FEI, USA) in form of thin slices.

7.3.1 Reactions Between Molten Steel and Corundum-Based
Refractories with Different Carbon Contents

In analogy to the established entry nozzles [18-21], the newly developed carbon-
bonded alumina (Al,O3-C) filters [8, 13, 14] are expected to react with molten steels
and to form new interface layers between the metallic melt and the filter surface.
Already the formation of the interface layer should significantly contribute to the
removal of unwanted oxygen or other contaminating elements [10]. The interface
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Table 7.1 Chemical composition of the utilized steel alloy 42CrMo4 as provided by the powder
vender

Element C Cr Mo Si Mn Fe
Mass% 0.4 1.0 0.2 0.2 0.7 Balance

layer itself has to attract and to embed non-metallic inclusions. Generally, the chem-
ical composition and the phase composition of the layer are considered as crucial
factors influencing the agglomeration of non-metallic inclusions and their adherence
to the filter surface [7, 22]. The carbon additions should improve the high-temperature
mechanical properties of the alumina filters [23-26], their thermal shock resistance
(via higher thermal conductivity and low thermal expansion) [8, 25] and their resis-
tance against crack initiation and propagation [26]. In this section, the formation of
a secondary alumina layer at the interface between the Al,O3-C filters with different
carbon contents and molten steel 42CrMo4 is described. The chemical composition
of the steel is summarized in Table 7.1. The reaction experiments presented here
were performed using the tool-in-tool setup with the respective carbon-containing
alumina ceramic acting as the reaction vessel.

7.3.2 Time-Dependent Layer Growth and Reaction Scheme
on the Microscopic Level

According to the thermodynamic model proposed by Zienert et al. [27], Al,O3 is
partially decomposed by liquid iron. The decomposition of alumina is facilitated
by the presence of carbon in the reaction zone, which also reacts with dissolved
oxygen to CO and/or CO, [27, 28]. The CO/CO, gas leaves partially the reaction
zone. The formation and evaporation of CO/CO; decreases the carbon concentration
in the reaction zone and decelerates the decomposition of Al,O3. Nevertheless, if
sufficient amount of carbon is present in the filter material, alumina is permanently
dissolved in the liquid iron [27-29], which leads to an increase of the concentration
of aluminum in the melt.

The microstructural consequences of a short-time reaction between the carbon
binder and the dissolved oxygen stemming from the decomposed alumina are illus-
trated in Fig. 7.2. The contact region between the solidified steel and Al,O3(-C)
becomes carbon deficient or even carbon-free. The thickness of the carbon-depleted
zone does not exceed 40 — 50 wm and is almost independent of the dwell time.
Liquid iron, which contributes substantially to the decomposition of alumina, can
be observed in form of solidified droplets in the filter constituents containing simul-
taneously alumina and carbon. In the functional filter coating containing no carbon
(Fig. 7.2a), the solidified droplets were observed only in the carbon-bonded alumina
filter struts. In the functionalized filter coatings containing carbon (Fig. 7.2b and
¢), the solidified droplets were observed already in the functional coating. Increased
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Fig. 7.2 SEM micrographs (BSE contrast) of functionalized Al,O3-C filters that were exposed to
molten steel 42CrMo4 in the SPS apparatus at 1600 °C for 1 min. The functional coatings consist
of corundum without carbon (a), Al,O3-C with 4 mass% C (b), and Al,O3-C with 30 mass% C
(c) (adopted from [29])

concentrations of Al and O in the solidified steel melt were revealed by the SEM/EDS
measurements [11, 29]. Figure 7.3a shows the grooves stemming from the escape
of the CO/CO, bubbles, which were formed during the reaction of free oxygen with
the carbon binder. The escape of the CO/CO, bubbles is the main reason for the
decarburization of the C-bonded Al,O; filter ceramic.

The results of these experiments confirmed that the local concentration of carbon
is a crucial factor influencing the rate of the concurrent reactions, namely alumina
dissolution and the formation of secondary corundum. Although these reactions occur
in contact with liquid iron, the dissolution of Al,Os is facilitated by the presence of
carbon, which reacts with free oxygen, while the formation of secondary corundum
is assisted by the absence of carbon. For this reason, secondary corundum forms pref-
erentially at the filter surface, i.e., in the carbon-depleted zone, where a sufficiently

Steel penet
decarburisation

Fig. 7.3 SEM micrographs (SE contrast) of the surface of Al,O3-C with 30 mass% of C after SPS
at 1600 °C: Layer formed on top of the ceramic body after 1 min with grooves stemming from
the escape of CO/CO; bubbles (a); penetration of the steel melt into the filter, decarburization of
Al;03-C and formation of a secondary Al,O3 layer with a thickness below 1 pwm after 10 min
(b) ((a) adopted from [11])



7 Interface Reactions Between the Metal Melt and the Filter Surface ... 169

high amount of dissolved aluminum and oxygen is present (Fig. 7.3b) [27, 29]. The
formation of secondary corundum was observed mainly in samples that were kept
at high temperature for a longer time (Fig. 7.4). Besides the dwell time, the rate
of the CO/CO, gas formation is another important factor controlling the secondary
corundum formation, because it affects the local concentration of carbon in the filter
ceramics.

Also the morphology of the Al,O3(-C) filters, their porosity, and the morphology
of secondary corundum are additional important factors influencing both reaction
processes [27, 29]. At a sufficiently high local concentration of carbon, the secon-
darily formed corundum can be reduced like the primary corundum in the filter,
if it forms only small and separated crystallites that can be soaked by liquid iron
containing carbon from the binder [27, 29]. On the other hand, compact and large
grains of secondary corundum, which are in contact with carbon-depleted steel melt
(Fig. 7.4a-c), stay stable. Hence, the formation of a dense, impenetrable layer of
secondary corundum provides an efficient barrier for carbon diffusion from the
Al,O3-C filter and iron penetration into the filter, and thus inhibits the decompo-
sition of Al O3 [29]. Still, the reaction layer serves as a docking site for non-metallic
inclusions contained in the melt (Fig. 7.5).
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Fig. 7.4 SEM micrographs (SE contrast) of functionalized Al,O3-C filters that were exposed to
molten steel 42CrMo4 in SPS apparatus at 1600 °C for a—c¢ 30 min and d for 5 min. The functional
coatings consist of a corundum without carbon, b Al,03-C with 4 mass% C, and ¢, d Al,O3-C
with 30 mass% C (adopted from [29])
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Fig. 7.5 SEM micrograph
(BSE/SE) of agglomerated
Al, O3 inclusions deposited
on the Al,O3-C filter after
5 min at 1600 °C. The
secondary Al,Os3 layer
“bridges” between the
agglomerate and the filter

ALO4-C filter strut
/ -

Pure Al,O; layer

The majority of the inclusions consisted of aluminum oxides. Other endogenous
inclusions contained MnS (SG Fm3m) [11]. According to Sims and Dahle [30],
the MnS precipitates can be classified as type II and III. They were found at the
high-angle grain boundaries, free surface of the steel droplets and at the interfaces
formed between the ceramics and the steel. In addition, MnS in form of a thin film
covered partly the Al,O3 inclusions (Fig. 7.6). The formation of the MnS film was
explained by the heterogeneous nucleation of the sulfide on oxide surfaces and by the
supersaturation of Mn and S in the areas of final solidification [31]. Unfortunately, the
described MnS formation on inclusion surfaces results in so-called duplex inclusions
that are detrimental for the mechanical properties of any (cast) metallic part [32].

Fig. 7.6 SEM micrograph (BSE contrast) of an Al,O3 particle within solidified 42CrMo4 steel
(bright gray) partly covered with MnS (dark gray) after 1 min at 1600 °C, and EDX element
distribution maps on the right (adopted from [11])
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7.3.3 Interface Reactions Preceding the Secondary
Corundum Formation

High efficiency of the filtration processes requires a good adhesion of the non-metallic
inclusions and/or reaction products to the functionalized filter surface in order to
inhibit their spalling and the contamination of the metallic melt. It is assumed that
materials having the same chemical composition or similar crystal structures possess
better adhesion than fully incompatible compounds. As the secondary corundum
grows on the filter surface that contains primary corundum, a local epitaxial growth
was considered. However, the SEM/EBSD measurements, which were carried out
on the metal melt filter covered by a functional Al,O3-C coating with 4 mass%
C, revealed that the secondary corundum grows in form of interconnected, almost
single-crystalline platelets, but without any pronounced orientation relationship to
the corundum substrate (Fig. 7.7). This result motivated further studies, which should
elucidate the early stages of the chemical reactions at the interface between the func-
tionalized filter surface and the metallic melt that precede the growth of secondary
corundum. These studies were carried out on functional Al,O3 coatings containing
no carbon, 4 mass% C or 30 mass% C that were treated for a short time (1 — 2 min) at
1600 °C in the SPS apparatus or in a steel-casting simulator. The chemical composi-
tion of the interface layers was analyzed using EDX in TEM. The phase composition
of the interlayers was concluded from the SAED patterns.

The chemical analysis of the interlayers using EDX confirmed the presence of
iron, aluminum and oxygen, which are involved in the carbothermic reaction, as
well as the presence of the alloying elements from the steel, mainly silicon [13, 29].
The SAED analysis revealed that the interlayers are almost amorphous (Figs. 7.8
and 7.9). Still, the contrasts observed in the TEM micrographs indicated fluctuations
in the chemical and possibly in the phase composition, including the presence of
nanocrystalline phases. Detailed analysis of the SAED patterns (Fig. 7.10) disclosed
that the nanocrystalline phases contain wuestite (FeO, SG Fm3m), spinel-like phases
with the chemical composition A2+B;+Oi_ (A and B being Fe, Al, Si and/or Mg
contaminant) and the space group Fd3m and garnet-like structures, most probably
Fe3Aly(SiO4)3 (SG Ia3d) [29]. After longer reaction times of a few minutes, the
nanocrystalline oxide phases are replaced by corundum. A possible transient phase
is metastable y-Al,O3, which possesses a spinel-like crystal structure (SG Fd3m)
containing highly mobile structural vacancies [33]. The structural vacancies facilitate
the necessary fast exchange of metallic (cationic) species to remove iron and/or
silicon from the spinel-like structure of A>*B3103 ™.

When the seeds of secondary corundum in the interlayer are in a direct contact
with the primary corundum from the functionalized coating, the secondary corundum
grows epitaxially on the primary corundum (regions 1 and 2 in Fig. 7.11). Platelets
of the secondary corundum, which grow from aluminum and oxygen dissolved in the
steel melt on the amorphous interlayer, do not develop any pronounced orientation
relationship to the filter surface (region 3 in Fig. 7.11), because the amorphous inter-
layer inhibits the epitaxial growth. Whereas the amorphous layers form on the surface
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Fig. 7.7 a SEM micrograph (SE contrast) of the interface between the solidified steel 42CrMo4
and the functional Al,O3-C coating with 4 mass% C after the reaction for 30 min at 1600 °C.
b Phase map, ¢ local orientations of the grains, and d local orientations of corundum. Yellow spots
in panel (b) are MnS inclusions with an fcc crystal structure. The orientation distribution maps in
panels (c) and (d) are related to the direction perpendicular to the image plane (adopted from [29])
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Fig. 7.8 a TEM micrograph of an interlayer formed between solidified steel 42CrMo4 and an a-
Al O3 coating with 4 mass% C. The reaction experiment was conducted in SPS apparatus at the
dwell time of 1 min at 1600 °C. b SAED pattern of the interface layer. ¢ SAED of an a-Fe particle
embedded in the amorphous layer (adopted from [29])
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Fig. 7.9 a TEM micrograph of an interface layer formed between solidified steel 42CrMo4 and a
carbon-free functional corundum coating. The reaction experiment was conducted in a steel-casting
simulator. The immersion time was 2 min at 1600 °C. b SAED pattern of the interface layer (adopted
from [29])
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Fig. 7.10 Diffracted intensities obtained by integrating the SAED patterns of the observed Fe—O-
(Al-Si)-containing interlayers in the azimuthal direction and plotted versus the reciprocal lattice
spacing, calculated according to d* = 1/d = ~/h% + k? + % /a for the respective lattice parameter
a and the diffraction indices hkl. Theoretical peak positions and the diffracted intensities are shown
in a bar chart with differently shaded bars at the bottom of the figure for a spinel structure with a
lattice parameter of about 0.81 nm, for fcc wuestite with a lattice parameter of about 0.43 nm and
a garnet phase with a lattice parameter of about 1.15 nm. The diffracted intensities were calculated
using kinematical diffraction theory assuming random orientation of crystallites (adopted from [29])
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Fig. 7.11 a SEM micrograph of a transition region between the Al,03-C functional coating
containing 4 mass% C and the a-Al,O3 platelets showing the position of the FIB sample (high-
lighted area). The reaction time was 30 min at 1600 °C. b TEM micrograph showing an Al,O3
interlayer grown on the surface of the functional coatings and an Al, O3 platelet. The corresponding
SAED patterns are displayed in panels (¢)—(e) (adopted from [29])

of all Al,O3-C filters independently of their carbon content, the secondary corundum
possesses different morphologies, which depend on the local carbon supply and thus
on growth kinetics [29], as discussed in the previous section.

7.4 Reactions Between Molten Steel and Carbon-Bonded
Corundum Coated with Carbon-Bonded Magnesia

Carbon-bonded magnesia (MgO-C) combines low thermal expansion and high
thermal conductivity of the graphite binder with a low wettability of the composite
against slags and metal melts [34]. In analogy to Al,O3-C (cf. previous sections),
MgO in MgO-C is decomposed and CO/CO, gas is formed, when the refractory
is brought in contact with liquid steel [14, 27, 34-37]. Dissolved magnesium and
oxygen form secondary MgO, which deposits as a dense, thin layer at the steel/
refractory interface [36, 38, 39], analogously to the formation of secondary Al,O3.
After a longer reaction time, MgAl,O,4 whisker-like fibers (SG Fd3m) formed at the
interface between the MgO-C coating and the Al,O3-C filter substrate (Fig. 7.12).
The fibers grow during a vapor-—liquid-solid process [4, 37]. The reactants are Mg,
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Fig. 7.12 SEM micrograph (BSE) of the contact area between MgO-C coating and Al,03-C
substrate ceramic after 60 min at 1600 °C. a Fibre formation observed in the contact area; b enlarged
cut-out of (a) showing iron incorporation (bright spheres) within the fibres (adopted from [37])

Al and O that are dissolved in the liquid steel penetrating the porous MgO-C coating
[40].

In addition to MgAl,O4 whiskers, a dense layer of MgAl, O, formed at the former
MgO-C/steel interface (Fig. 7.13a) [4, 37]. The Al enrichment on the edges of the
pre-existing MgO grains of the MgO-C coating produced MgO/MgAl,O4 core/rim
structures within the filter ceramic coating [37]. Vice versa, MgAl,0O,4 formed also
on the edges or rims of exogenous Al,O; inclusions that were present in the steel
(Fig. 7.13b).

The SPS/FAST experiments helped to confirm the assumed “reactive” behavior of
the carbon-bonded magnesia coatings deposited on the carbon-bonded alumina filter
substrates. The MgAl,O,4 formation on the filter surface and on exogenous inclusions
was accompanied by a reduction of the oxygen concentration in the steel. The dense
layer of MgAl, Oy is expected to represent a limiting factor for a further penetration
of the molten steel into the interior of the filter material. Thus, a compact MgAl,O4
layer will slow down the reaction kinetics in analogy with a compact Al,O3 coating
discussed above. In contrast, the MgAl,O, whiskers act against the shrinkage of the

Fig. 7.13 a SEM micrograph (BSE) of the steel/MgO-C interface (crosscut) after 60 min at 1600 °C
with corresponding EDX elemental mapping. MgAl,O,4 formation on the rim of an MgO grain, Fe—
Si—O-rich (fayalite) formation and MnS collection (only Mn shown) is indicated. b SEM micrograph
(SE contrast) of an Al,Os3 cluster found within the 42CrMo4 steel after 1 min at 1600 °C and
corresponding EDX elemental maps (adopted from [37])
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filter during the filtration process [6] and could also be used to increase the strength
of the functionalized filter ceramic [4, 37, 40].

7.4.1 Reactions Between Molten Aluminum or AlSi7Mg0.6
Alloy and Selected Carbon-Free Oxide Coatings

Corundum foam filters are used as a standard tool for the aluminum melt filtra-
tion [2]. Still, alternative functional materials with specific wettability [41], selec-
tive reactivity and interactivity with respect to certain impurities and inclusions are
sought. This contribution focusses on mullite (3A1,03-2Si0,, SG Pbam), amor-
phous SiO, and rutile (TiO,, SG P4,/mnm), which are considered for production of
functional coatings. The main phenomena under study were the reaction of the func-
tional coatings with molten aluminum and molten AlSi7Mg0.6 alloy, formation of
the reaction layers on the filter surface and the mechanisms of the adhesion between
the reaction layers and the functionalized filter surface. Chemical composition of
the AlSi7Mg0.6 alloy is presented in Table 7.2. The majority of the experiments
discussed in this subchapter were performed in the SPS apparatus using the tool-
in-tool setup. Additional experiments were done via impingement tests [1-3] and
sessile drop experiments [41]. The temperature of the melt was always 750 °C.

7.4.2 Reaction Between AISi7Mg0.6 and Corundum

For short dwell time (1 min), no reaction layers were detected on the surface of
the corundum filters. The results of the SPS treatment and the impingement tests
were identical, as for both methods the liquid A1SiMg0.6 did not penetrate into the
almost dense ceramics. For the SPS-treated samples, slightly better wetting of the
corundum filter by the molten aluminum alloy was observed. This phenomenon was
attributed to the destruction of the thin oxide layer formed on the surface of orig-
inal AISi7Mg0.6 particles in the SPS melting process. The oxide layer is disrupted
through the percolation of the electric current and removed by the reducing condi-
tions in the SPS process, which are established by the application of the graphite
tooling [3].

Table 7.2 Chemical composition of the aluminum alloy powder used for the melt production as
specified by the manufacturer

Alloy Elemental composition [mass%] Particle size | Source
Al Si Mg |Fe Cu Mn |Zn

AlSi7Mg0.6 | Balance |7.07 [0.61 |0.09 |[0.09 |0.02 |0.28 |[45-100 uwm |TLS
Technik
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Fig. 7.14 SEM micrograph 100
(Inlens/SE detector) of the
alumina/aluminum alloy
interface after 60 min at

750 °C, the contamination
due to the EPMA line scan is
visible, with corresponding
EPMA line scan results
(adopted from [3])

Element distribution [at.%)]

0 20 40 60 80 100
Distance [um]

After alonger holding time (30 — 60 min), accumulation of Mg at the surface of the
corundum filter was observed (Fig. 7.14). Although no distinct reaction layer was
detected, the accumulation of Mg at the Al,03/AlSi7Mg0.6 interface is regarded
as a preliminary stage of the MgAl,O4 formation. Thermodynamic calculations
supported this hypothesis and revealed that MgAl, Oy is the stable phase in the whole
temperature range between 20 to 1000 °C [3]. According to the thermodynamic simu-
lation, the formation of the MgAl,O4 spinel would, in the equilibrium state, fully
consume the 0.6 mass% of Mg, which are available in A1Si7Mg0.6 [42, 43]. Conse-
quently, no Mg-containing intermetallic phases, e.g., Mg,Si (SG Fm3m), should
form. Silicon contained in the melt should precipitate upon cooling. These results of
the thermodynamic simulation were proven experimentally. No Mg,Si was found,
while Si formed needles in the solidified melt (Fig. 7.14).

7.4.3 Reaction of AISi7Mg0.6 with Amorphous SiO;
and Mullite

It is known from literature [44—47] that aluminum silicates, e.g., mullite (3A1,03 -
28i0,), decompose in contact with molten aluminum, and form alumina and silica.
Alumina usually crystallizes as corundum (a-Al,O3), while silica is reduced by liquid
aluminum to silicon, which dissolves in the melt. This reaction results in additional
formation of Al,O3 [44], which occurs in form of metastable alumina phases like 7-,
6- and/or y-Al, O3 [48-50]. The presence of Mg in the aluminum alloy is expected to
alter the interfacial reactions and to produce additional phases like MgAl,O4 spinel
and/or MgSiO3 pyroxene.

Individual steps of the reaction between AlSi7Mg0.6 melt and SiO, or mullite
were visualized by model experiments that were performed with compacted powder
samples containing 50 mol% of the aluminum alloy and 50 mol% of SiO, or mullite.
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Fig. 7.15 a Phase composition of the powder mixture of AlSi7Mg0.6 and amorphous SiO; after
heat treatment at 750 °C without dwell (0 h) and after 24 h at 750 °C (24 h). b Phase composition of
the powder mixture of AlSi7Mg0.6 and mullite after heat treatment at 750 °C without dwell (0 h)
and after 24 h at 750 °C (24 h) (adopted from [44])

A short-time reaction between molten AlSi7Mg0.6 alloy and amorphous SiO, at
750 °C led to the decomposition of SiO,, and to the formation of Si, y/n-Al,O3; and
MgAl,Oy in the solidified sample (Fig. 7.15a, 0 h). Note that Fig. 7.15 includes only
crystalline phases, because the phase fractions were determined using XRD. With
longer reaction time (24 h at 750 °C), the amount of Al,O3 increases, and a part of
metastable alumina (y/n-Al,O3) transforms to corundum (a-Al,O3).

Reaction experiments, which were carried out with an alumina plate coated with
amorphous SiO,, revealed that Mg is attracted to the filter wall in the initial stages
of the reaction process (Fig. 7.16a). However, as no magnesium silicate was found
in the powder mixtures sintered for short time (Fig. 7.15a), it can be concluded
that the functional SiO, coating dissolves rather than a magnesium silicate, e.g.,
MgSiOs, forms. Free silicon forms Si precipitates, which were observed in the solid-
ified AlSi7Mg0.6 melt (Fig. 7.16b). Oxygen reacts with Al and Mg to Al,O3 and to
MgAl,O4 (Fig. 7.15a). In the planar sample, the coexistence of these compounds led
to the formation of MgAl,Oy4 precipitates embedded in an Al,O3 layer (left part of
Fig. 7.16b). The secondary Al,Oj3 layer is separated from the solidified melt by an
Mg-rich and O-depleted interlayer (central part of Fig. 7.16b).

The reaction between molten AISi7Mg0.6 and mullite leads to the formation of Si,
Al,O3 and MgAl,O4 (Fig. 7.15b) as well. In this case, however, alumina exists in the
thermodynamically stable form of corundum already in the initial stages of the reac-
tion process. The formation of corundum instead of the metastable alumina phases
is facilitated by the presence of a-Al, O3, which is a product of the mullite decompo-
sition [44—47]. Figure 7.17 depicts the Si needles in the solidified A1Si7Mg0.6 melt
and illustrates the preferential diffusion of Mg into the mullite coating along the pore
and grain boundaries.
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Fig.7.16 a Left: SEM micrograph (BSE contrast) of the amorphous SiO; coating (B) on the
Al O3 substrate (A) after 1 min dwell at 750 °C in contact with the solidified AlSi7Mg0.6 alloy
(O); Right: Results of EDX element mapping of the area on the left showing Mg enrichment on the
interface SiOs/alloy. b SEM micrograph (SE contrast) and overlaid EPMA line scan track (cross-
centred black dashed line) with corresponding quantitative elemental analysis showing the a-Al, O3
substrate with an MgAl,O4 precipitate (left side) covered with a newly formed, Mg-enriched, Al-
and O-containing and Si-free layer (middle) that replaces the SiO» coating after contact with the
AlSi7Mg0.6 alloy (right side) at 750 °C for 30 min. The composite structure grows columnar-like

(adopted from [44])

Fig. 7.17 Left: SEM micrograph (BSE contrast) of the mullite coating (A) after 30 min dwell at
750 °C in contact with the solidified Al1Si7Mg0.6 alloy (B), pores and cracks (black) in the coating;
Right: Results of EDX element mapping of the area on the left side showing Mg enrichment and
Si depletion in the coating and silicon needles in the alloy. The centres of two large grains showing
the stoichiometric composition of mullite (3A1,03-2Si0,) are marked with white arrows (adopted
from [44])

7.4.4 Reaction Between Al and AlSi7Mg0.6 Melts and TiO»

In contact with molten Al or aluminum alloys, TiO, is reduced in analogy to SiO,.
Typical reaction products are Ti3;Os, Ti;O3, TiO and Ti [12, 51-57]. Metallic Ti
is dissolved in the melt. In our SPS experiments that were performed with the
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powder mixtures of Al and TiO, (rutile, SGP4,/mnm), a-Al,O3 and Ti, O3 with
the corundum crystal structures (SGR3c¢) and AlsTi (SG I4/mmm) were found after
24 h at 750 °C (Fig. 7.18). In literature, also the formation of intermetallic phases like
(ALSi)3Ti (SG I4/mmm), AleySiioTipg or TizAlsSiyn [12, 52,55, 58, 59] was reported.
Ti, O3 present in our samples is a product of the TiO, reduction. a-Al,Oj is a product
of the reaction of Al with released oxygen. The formation of corundum (a-Al,O3) is
possibly facilitated by the presence of Ti,O3 having the same crystal structure like
a-Al,O3. Al3Ti formed, because the Ti concentration in the melt exceeded locally
the solubility limit for Ti in Al (< 1 at% at 750 °C).

The experiments carried out with planar samples disclosed that a-Al,O3 grows
in form of a compact layer on the surface of the functional TiO, coating (Fig. 7.19).
The analysis of the Al,O3/TiO, interface using SEM/EBSD revealed that Al,O3
grows on TiO; frequently with the orientation relationship (001);o, [|(100) o1,0, and
[010]ri0, I1[001] a1, 0, (Fig. 7.20). The round brackets stand for parallel lattice planes,
the square brackets for parallel crystal axes. The slight misorientations (Fig. 7.20b)
compensate the differences in the interatomic distances. The pronounced orientation
relationship between a-Al,O3 and TiO; is a consequence of the similarity of their
crystal structures (Fig. 7.20c, orientation relationships were plotted using VESTA 3
[60]) and of the possible presence of Ti, O3 as a thin interlayer. Such heteroepitaxial
growth improves the adhesion of Al,O3 to TiO, significantly. Moreover, a compact
corundum layer impedes the direct contact between molten aluminum and the TiO,
coating, which inhibits a further reduction of rutile (and other titanium oxides) and
the production of free titanium. The lack of reduced titanium retards or even hinders
the formation of Al;Ti.

In contact with molten AlSi7Mg0.6 alloy, TiO, forms quite quickly MgTiO3
(SG R3), cf. Fig. 7.21a. Additional oxygen, which is required for this reaction, is
supplied by the melt. Silicon present in the Al1Si7Mg0.6 melt forms Si precipitates.
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Solidified Al

Fig. 7.19 SEM micrograph (BSE contrast) of the rutile coating brought in contact with molten Al
at 750 °C for 300 min. The main reaction layer contains corundum (a-Al,O3). The white-dotted
box shows the position of a FIB lamella, which was investigated by TEM and SAED (cf. Fig. 7.25)
in order to explain the nature of the stripes marked by black arrows (adopted from [52])

The highly variable thickness of the MgTiOs5 layer (Fig. 7.21b) suggests that the diffu-
sion of Mg and O into TiO; is accelerated, when the TiO, coating contains cracks,
voids or grain boundaries. The analysis of the MgTiO3/TiO, interface using SEM/
EBSD revealed that the grains of magnesium titanate and rutile possess frequently an
orientation relationship (100)ygtio, | (001)1i0, and [001]ygrio, 10101150, (Fig. 7.22).
Round brackets denote the lattice planes, while square brackets denote the crystal
axes. This orientation relationship was confirmed by a local analysis of the MgTiOs/
TiO, interface using SAED in TEM (Fig. 7.23). The ab initio simulations using
the density functional theory [52] revealed that the above orientation relationship
reduces the total energy of the MgTiO3/TiO, interface in comparison with the total
energy of the individual bulk components.

Diffraction contrasts visible in the TEM micrograph (Fig. 7.23a) explained the
slight misorientation between MgTiO3; and TiO,, which was first concluded from the
results of the SEM/EBSD analysis (Fig. 7.22b). The diffraction contrasts stem from
geometrically necessary misfit dislocations, which are distributed almost equidis-
tantly along the MgTiOs/TiO, interface and which compensate the lattice misfit
between MgTiO3 and TiO,. These dislocations produce small angle grain bound-
aries that are visible by SEM/EBSD as slight departures from the ideal orientation
relationship.

Furthermore, the local analysis of the reaction zone between TiO, and the
solidified AlSi7Mg0.6 melt using TEM and SAED contributed essentially to the
understanding of the reaction kinetics in this system. Within the original TiO,
coating, bands of Ti,O3 (SG R3c, corundum type) and MgTiO; (SG R3) having
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Fig. 7.20 a EBSD phase map of the TiO2/Al interface after 60 min at 750 °C. Rutile is plotted in
yellow, corundum in red. Black areas within the colorized region are pores, non-indexed bottom
region is solidified aluminum. The green lines mark the interfaces between rutile and corundum
crystallites having the orientation relationship (001)1ig, [|(100) 4,0, and [010]1io, [[001]a,0,- A
histogram of the local deviations from this orientation relationship is shown in (b). ¢ Model of rutile
and corundum in the above orientation relationship plotted using VESTA 3 [60] (adopted from [52])

Solidified AlSi7Mg0. 6 e Solidified AlSi7Mg0.6

Fig. 7.21 SEM micrographs (BSE contrast) of the rutile coating brought in contact with molten
AlSi7Mg0.6 alloy for 60 min (a) and 300 min (b) at 750 °C. At the interface between the coating
and the liquid alloy, a MgTiO3 layer formed (adopted from [52])
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Fig. 7.22 Results of the EBSD analysis performed on the rutile coating after 60 min at 750 °C.
a Phase map showing the distribution of rutile (yellow) and MgTiO3 (blue). Pores/voids are repro-
duced in black, the grey region at the bottom is the solidified alloy AlSi7Mg0.6. The green lines
mark the interfaces between the TiO, and MgTiO3 grains having the orientation relationship
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orientation relationship is shown in (b). The above orientation relationship is illustrated in figure
(c) (adopted from [52])
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Fig. 7.23 a A TEM micrograph of the MgTiO3/TiO; interface after 60 min at 750 °C. A phase
boundary with geometrically necessary misfit dislocations is marked by white arrows. The orienta-
tion relationship (100)mgTio, (001130, and [001]mgTio, I[010]Ti0, shown in panel b was verified
by SAED. Crystal structures were created with the VESTA 3 software [60] (adopted from [52])

a pronounced heteroepitaxial orientation relationship (001)r;,0,11(001)ygrio, and
[100] 13,0, I1100]mgTio, at their interfaces were detected (Fig. 7.24). The thickness
of the individual stripes was about 200 nm. The formation of such structures is facil-
itated by a local oxygen deficiency. When a sufficient amount of magnesium but
a low amount of oxygen diffuse into the TiO, coating, the oxygen that is required
for the formation of MgTiO; is produced by the reduction of TiO,, which leads
to the formation of Ti,O3. Note that Ti,O; and MgTiO3 are miscible in a broad
range of the Ti and Mg concentrations [61] and that MgTiO3 belongs to the group of
ilmenites, which can accommodate various metallic species in their crystal structure,
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Fig. 7.24 TEM and SAED of the MgTiO3/Ti» O3 interfaces of the TiO; coating that was in contact
with the A1Si7Mg0.6 melt for 300 min at 750 °C. The growth direction is perpendicular to the plane
of the image (adopted from [52])

e.g., Fe and Mn in addition to or instead of Mg and Ti [62]. Thus, the MgTiO3/Ti,O3
composite layer can incorporate a variety of alloying or foreign elements.

When TiO,, Mg and O come into contact with alumina, e.g., near the interface
between the Al,Os filter wall and the functional rutile coating, MgAl, Oy4 spinel forms
as an additional phase (Fig. 7.25). Whereas the titanium magnesium oxides exist
in the form of ilmenite (MgTiO3, SGR3) and spinel (Mg(Ti;.x\Mg,)O4, SGFd3m)
[63], MgAl,O4 exists only in the spinel form. Furthermore, Mg(Ti;.xMgy)O4 and
MgAl,O4 are not miscible. Therefore, a complex microstructure consisting of
the TiO,, MgTiO3; and MgAl,O4 phases with segregated Ti and Al atoms forms
in the reaction zone containing Ti, Mg, O and Al (Fig. 7.25). Nevertheless, the
SAED patterns (Fig. 7.25) indicated that these phases possess a pronounced orienta-
tion relationship, which was described as (100)o, (1 lT)Mg 1,0, 100D ygrio, and
[001]ti0, 1101 1]mgar,0, [11120]MgTio, and which is substantiated by the crystal struc-
ture models depicted in Fig. 7.26. Also in this case, the heteroepitaxy of the neigh-
boring phases is believed to improve the adhesion of the reaction layers formed
during the filtration process.

The layer formation in each case provided evidence for the “reactive” interaction
between metal melt and the functional filter ceramic coating, i.e. rutile, consuming
magnesium and dissolved detrimental oxygen.
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Fig. 7.25 Element maps (a) and TEM micrograph (b) of the stripes from Fig. 7.19. Individual
phases were assigned using a combination of chemical analysis (EDX) and SAED. The viewing
direction is perpendicular to the sample surface and corresponds to the growth direction of corundum
into rutile (adopted from [52])
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Fig. 7.26 Crystal structure models of TiO,, MgAl,O4 and MgTiO3 mutually oriented according
to the orientation relationships that were identified using SAED (cf. Fig. 7.25). The parallel planes
highlighted in green mark close-packed oxygen sublattice planes in each structure (highly distorted
in rutile), arrows mark the corresponding parallel directions. The crystal structures were created
with VESTA 3 [60] (adopted from [52])
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The binding mechanism between the newly formed magnesium titanate layer and
rutile was also investigated systematically to make sure that no spalling or peel-off
of MgTiOj could contaminate the filtered alloy melt. The MgTiOj3 layer growth at
the interface between the AISi7Mg0.6 melt and rutile depends strongly on the local
orientation of the TiO, grains.

7.5 Summary and Conclusions

In this contribution, the reaction processes between functionalized metal melt filters
and molten 42CrMo4 steel, pure aluminum melt and molten AISi7Mg0.6 alloy were
studied. The samples were produced in a Spark Plasma Sintering apparatus with
modified tooling. This experimental setup allowed very fast heating of the samples,
controlled melting of the metals and the investigation of reaction processes at constant
reaction temperatures and without convection of the melt.

The initial products of the reaction between molten 42CrMo4 steel and carbon-
bonded corundum (Al,O3-C) filters were dissolved aluminum and oxygen, CO/CO,
gas and an amorphous reaction layer, which contained Fe, Al, O as well as the alloying
elements and impurities from the steel. After a longer reaction time, nanocrystalline
wuestite, garnets, spinel-like phases including metastable alumina, and secondary
corundum formed. The production of CO/CO,, the formation of reaction layers and
the growth of secondary corundum contributed significantly to the reduction of the
oxygen content in the steel melt. When the secondary corundum grows directly on
the primary corundum from the metal melt filter, the growth is epitaxial. The habitus
of the secondary corundum (attached platelets or compact layers) depends on the
local availability of carbon in the reaction zone, on the carbon concentration in the
Al,O3-C filter and on the filter morphology.

When the carbon-bonded corundum is coated with carbon-bonded magnesium
oxide, MgAl,O4 spinel forms in a carbothermic reaction between corundum from
the Al,O3-C substrate and MgO. This reaction is facilitated by the presence of iron
from the molten 42CrMo4 steel. Iron that penetrates into the porous MgO-C coating
promote the formation of MgAl,O4 whiskers at the interface between the MgO-C
coating and the Al,O3-C substrate. These whiskers are supposed to strengthen the
filter ceramics, which is an additional benefit to the removal of oxygen from the
melt, to the increased flotation of oxygen and inclusions present in the melt by the
CO/CO; bubbles and to growth of secondary MgAl,Oy4 as docking sites for further
deposition of endogenous inclusions.

In contact with molten aluminum, functional coatings made from corundum stay
intact. Still, they serve as substrate for secondary corundum, which forms from
aluminum and oxygen dissolved in the melt. In contrast to Al,O3, SiO; dissolves
completely. Reduced silicon is solved in the melt. Free oxygen reacts with Al to
metastable alumina (y/n-Al,O3), which transforms later to corundum (a-Al,O3).
Mullite (3A1,03 -2S5i0,) decomposes to a-Al, O3 and SiO,. SiO, dissolves quickly;
a-Al, O3 serves as substrate for secondary corundum. Consequently, no metastable
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alumina phases are formed, when mullite is brought in contact with molten Al.
In functional coatings made from rutile, TiO, is reduced by molten Al to Ti,O;.
Free oxygen (including the original oxygen present in the melt) reacts with Al to
corundum.

The reactions between molten AISi7Mg0.6 alloy and the functional coatings made
from corundum, mullite and SiO, are accompanied by the formation of MgAl,Oy,
which is a product of the reaction of Mg and O with Al,Os. The other reactions
and processes are the same like for the Al melt. Mullite decomposes into corundum
and SiO,. SiO, dissolves. Reduced Si is solved in the melt. Oxygen reacts with
Al and Mg to Al,O3 and MgAl,O4. On the surface of the corundum and mullite
filters, where corundum is present (in mullite as a product of the 3Al,03 -2SiO,
decomposition), Al,O3 crystallizes as corundum. If Al,O3 cannot grow directly on
corundum substrate, e.g., on the surface of a SiO; coating, metastable alumina phases
are formed first. The TiO; coatings react with Mg and O from the melt to MgTiOs3.
If the local concentration of Mg is higher than the local concentration of O, TiO; is
reduced to TiO3. When MgTiO3; comes in contact with Al, O3 that stems, e.g., from
the skeleton of the filter, MgAl,O,4 and TiO, or Ti, O3 are formed.

Our study illustrated the importance of the spinel-like structures, which were
found in all filter/melt combinations under consideration. In all cases, the spinel-
like phases (in particular MgAl,O4) accommodated oxygen and impurities from
the melts. Furthermore, the spinel-like phases are expected to dock the inclusions
having the spinel structure, e.g., the metastable alumina phases. For these reasons,
the spinel-like phases are considered as possible candidates for production of the
functional coatings covering the metal melt filters.

Another finding of this study concerns the role of the epitaxial or heteroepitaxial
growth of secondary coatings during the filtration process. Although many of the
(primary) functional coatings under study decomposed in contact with the metal
melt, the solved elements were captured in oxides, which formed in a secondary
“deposition” process. It was shown that almost all oxides involved in this process are
able to grow by mutual heteroepitaxy. This was proven for Al, O3, Ti; O3 (both having
the corundum structure), TiO, (rutile), MgAl,O4 (spinel) and MgTiO; (ilmenite).
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