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Abstract: Fiim-like MgAl,O, spinel inclusions are among the most harmful oxide defects in Ni-based superalloys
because their high aspect ratio exacerbates local stress concentration. In this work, K492M Ni-based superalloy
was remelted and cast in a MgO-containing crucible using a vacuum induction furnace to clarify the origin and
formation pathway of Mg-, Al-, and O-bearing inclusions. Scanning electron microscopy, transmission electron
microscopy, energy-dispersive spectroscopy, and selected-area electron diffraction were used to characterize
the morphology, composition, and crystal structure of the inclusions. The results show that the inclusions consist
mainly of particulate MgO cores directly coated by MgAl,O, shells, together with flocculent film-like MgAl,O,
products extending outward from the cores. Only local residual a-Al,O; is detected, indicating that Al,O; is a
transient intermediate rather than a stable final product. Based on these observations, a three-stage mechanism
is proposed: mechanical spallation of MgO particles from the crucible wall, rapid interfacial reduction coupled
with solid-state transformation to form MgAl,O,, and stress-induced rupture and exfoliation of the spinel shell
into thin films. This mechanism explains the coexistence of MgO-MgAl,O, core-shell particles and film-like spinel
inclusions, and provides guidance for controlling crucible-derived oxide contamination in Ni-based superalloy
castings.

Keywords: K492M alloy; Ni-based superalloy; vacuum induction remelting; MgO crucible; MgAl,O, spinel;
film-like inclusion; interfacial reaction
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1 In U‘Od uction Among these defects, oxide 1nclu510ns.are particularly
important because they are hard, brittle, and often
Nickel-based superalloys are widely used in hot-section weakly bonded to the Ni-based matrix"'*>",
components of aero-engines and gas turbines because The damage caused by oxide inclusions depends
of their excellent high-temperature strength, creep strongly on their size and morphology™> '". Film-like
. : : [1-4] ; . . . o
resistance, and corrosion resistance’ . As engine oxides are especially detrimental because their high
operating temperatures and thrust-to-weight ratios aspect ratio produces severe stress concentration'* "
continue to increase, alloy cleanliness has become a Accident investigations of turbine components have
key requirement for service reliability”. Non-metallic reported failures associated with large film-like
inclusions formed during melting and casting can act MgO-ALO,-TiN or Al-Mg-O inclusions in Ni-based
e e . . . . 9-
as crack-initiation sites and reduce fatigue life"""". superalloy rotors, highlighting the need to understand

both the source and morphological evolution of such

. inclusions.
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Vacuum induction melting (VIM) and vacuum
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performance optimization. produce superalloy master alloys and castings. These
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reactions between reactive alloying elements and refractory
crucible materials can introduce oxide inclusions and therefore
limit melt cleanliness'”*>*"

Crucible-derived inclusions are governed by both physical
and chemical processes. Melt convection and thermal shock
can detach refractory particles from the crucible lining,
while dissolved reactive elements such as Al and Ti can
react with these particles after they enter the melt”” ",
Studies on molten steel-refractory systems provide a useful
reference for understanding refractory reduction and oxide
transformation™ ), but Ni-based superalloys contain higher
levels of reactive alloying elements. Therefore, the reaction
products and inclusion morphologies in superalloy melts can
differ markedly from those in steel systems.

Previous studies on high-Al and high-Ti Ni-based
superalloys have shown that MgO crucibles can react with
dissolved Al to form Mg- and Al-containing oxides”>**. The
commonly accepted model describes a stepwise pathway:
MgO is first reduced by Al to form Al,0;, and the newly
formed Al,0; subsequently reacts with MgO to produce a
MgALOQ, spinel layer™. In most reports, this spinel layer is
regarded as the final product, and the inclusions are described

. . . . . . 17,18
mainly as fine particles or continuous interfacial coatings"” '\

However, this model does not fully explain how detached
MgO particles evolve into film-like spinel inclusions, nor why
independent Al,O; is rarely observed in many MgO-MgAl,O,
core-shell structures.

To address this problem, the present work investigated
Mg-containing inclusions in K492M Ni-based superalloy
produced by vacuum induction remelting and casting in a MgO
crucible. SEM, FIB, TEM, EDS, and SAED analyses were
combined with thermodynamic and kinetic considerations
to clarify the inclusion source, phase relationship, and
morphological evolution. A dynamic mechanism involving
mechanical spallation, coupled reduction/phase transformation,
and stress-induced film formation was proposed to explain the
formation of film-like MgAl,O, inclusions.

2 Experiment

2.1 Experimental materials

The material used in this study was K492M Ni-based
superalloy. Its chemical composition was determined by
inductively coupled plasma spectrometry (ICP) and glow
discharge mass spectrometry (GDMS), as listed in Table 1.

Table 1: Chemical composition of K492M alloy (wt.%)

Cr Mo w Al Ta Ti (o)

12.5 1.9 4.1 3.4 4.2 4.1 9.1

2.2 Experimental procedure

Melting and pouring experiments were conducted in a
vacuum induction furnace. The vacuum system consisted of
a mechanical pump, a Roots pump, and an oil booster pump,
with an ultimate vacuum of 107 Pa and a leakage rate of
<0.5 Pa-min”'. An MA-14 crucible, mainly composed of
87.35vol.% MgO and 12.65vol.% MgO-Al,O,, was used. For
each experiment, 3 kg of K492M master alloy was charged
into the crucible. The alloy was remelted by gradually
increasing the power to reach 1,570 °C, and then held for
10 min to ensure homogenization. Subsequently, the molten
alloy was poured into a ceramic mold to obtain a casting ingot
with a diameter of 90 mm and a height of 65 mm.

2.3 Characterization methods for oxide
inclusions

After cooling to room temperature, the ingot was sectioned
into 8 mm-thick slices. Inclusions on these slices were first
located by fluorescent penetrant inspection. Specimens
containing inclusion defects were then extracted by precision
wheel cutting and electrical discharge machining.

The morphology and composition of the oxide inclusions
were characterized using a field-emission scanning electron
microscope (FESEM, Crossbeam 550, Carl Zeiss AG,
Germany) equipped with an energy-dispersive X-ray
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Zr O (ppm) Mg (ppm) Ni

0.08 0.01 0.02 8 15 Bal.

spectrometer (EDS, Ultim Max 65, Oxford Instruments, UK).
Focused ion beam (FIB) milling was then performed using
a HELIOS NanoLab 6001 dual-beam microscope to prepare
site-specific thin foils. The foils were thinned to a thickness
of approximately 80-100 nm for transmission electron
microscopy (TEM) observation. Microstructural and phase
analyses were conducted on a Tecnai G2 transmission electron
microscope operated at 200 kV using TEM and high-resolution
TEM (HRTEM).

3 Results

3.1 Morphology and composition of inclusions
SEM observations reveal composite oxide inclusions
dispersed in the matrix. As shown in Figs. 1 and 2, these
inclusions contain one or more particulate cores and film-like
products extending from their peripheries. Figure 1 shows
a typical irregular particulate inclusion core with a size of
approximately 100 pm in the secondary-electron image. Its
morphology is similar to the granular refractory material in
the crucible. EDS mapping shows that the core is enriched in
Mg and O, confirming that it is MgO. A continuous peripheral
layer enriched in Mg, Al, and O is tightly attached to the MgO
core, indicating the formation of an interfacial reaction product
rather than pure MgO.
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Fig. 1: Macroscopic distribution of inclusions in K492M alloy (a) and the corresponding EDS elemental mapping results (b-d)

Fig. 2: Magnified view of a typical inclusion region showing its detailed microstructure (a), and the
corresponding EDS elemental mapping results (b-d)

Flocculent or vein-like films are frequently observed around
the MgO-cored particles (Fig. 2). These films extend from
the particle edges and appear as torn or flocculent features in
two-dimensional SEM projection. EDS mapping confirms that
the films are uniformly composed of Mg, Al, and O, consistent
with the coating layer on the particulate core. The coexistence
of a particulate core and emanating films indicates an outward
morphological evolution from the MgO particle.

3.2 Phase composition and crystalline
structure of inclusions

To identify the crystalline phases and their relationships,
site-specific samples from the inclusions described in Section 3.1
were prepared by FIB and analyzed by TEM.

Figure 3 shows the FIB lift-out regions and corresponding
analytical targets. Two representative regions were selected:
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Location 1 contains a particulate core and its surface film-like
coating, whereas Location 2 contains an independent film-like
oxide located in the matrix away from any particulate core.
Figure 4 shows the TEM high-angle annular dark-field
(HAADF) image and EDS elemental analysis of Location 1 in
Fig. 3. Selected-area electron diffraction (SAED) was
performed on the particle core (Region A) and the surface
coating (Region B). Region A is identified as periclase (MgO),

whereas Region B is identified as magnesium aluminate spinel
(MgAl,0,). These results provide crystallographic evidence
that MgO particles are directly coated by MgAlLQ, films.
Figure 5 shows the HAADF image and the corresponding
EDS elemental mapping of Location 2 in Fig. 3. The
HAADF image clearly reveals the typical morphology of this
independent film-like feature. Under HAADF conditions, the
film exhibits light gray contrast against the dark gray matrix.

sampling
direction

Location 1

llIllllIlll.!-llllIlll

e

Fig. 3: Schematic diagram of inclusion sampling locations in K492M: (a, c) high-magnification SEM image of FIB
sampling area at Locations 1 and 2 in (b); (b) overall SEM morphology of sample; (d, ) cross-sectional
morphology of Locations 1 and 2 prepared by FIB sampling

(a) HAADF

Fig. 4: HAADF image of a representative region (Location 1 in Fig. 3) (a), corresponding SAED patterns (b, c), and EDS
elemental mapping results (d-f)
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Fig. 5: HAADF image of a representative region (Location 2 in Fig. 3) (a), corresponding SAED patterns (b, c), and EDS
elemental mapping results (d-f)

EDS mapping confirms that the film is uniformly composed of
Mg, Al, and O. To further identify the phase, SAED analysis
was performed separately on the film (Region C) and on a
minute particle adjacent to the film edge (Region D). SAED
analysis indicates that Region C (the film) is single-phase
MgALO,, while Region D (a tiny particle near the film edge)
is indexed as 0-Al,O;.

These micro-area observations establish the phase
relationships among the inclusion components. The particulate
cores are MgO, both the coating layers and the independent
films are MgAl,O,, and residual a-Al,O; occurs only locally.
The coexistence of MgO, a-Al,0;, and MgAl,O, provides
the experimental basis for analyzing the dynamic formation
sequence of film-like spinel inclusions.

4 Discussion

The particulate MgO cores match the size and morphology
of the crucible raw material, confirming their crucible origin.
TEM micro-area analysis reveals that while a transient
intermediate AL,O, film coating the MgO particles is rarely
captured, the prevalent observation is a MgAl,O, film directly
coating the MgO, from which typical film-like spinel emanates
outward. This critical evidence indicates an extremely rapid
transformation from MgO to MgAl,0O, and a very narrow
“window” of stability for the independent AL,O; intermediate
phase.

Based on the aforementioned phenomena, the formation
of film-like MgAl,O, inclusions is described by a three-stage
mechanism (Fig. 6): mechanical spallation of MgO particles,
coupled interfacial reduction/solid-state phase transformation,
and stress-induced rupture and film formation.

Stage I: Mechanical spallation of MgO particles

Mechanical spallation of MgO particles from the crucible
wall provides the solid reactants for subsequent reactions.
Under thermal stress, melt scouring, and vacuum melting
conditions, microscopic MgO particles can detach from the
crucible working lining and subsequently migrate into the
alloy melt as highly active and dispersed solid reactants.
Rather than a random incidental phenomenon, such spallation
constitutes a probable physical behavior under the present
manufacturing parameters and provides critical substrates for
subsequent interfacial reactions in the molten alloy.

Stage II: Interfacial reaction and rapid solid-state phase
transformation: direct formation of MgAl,O, film

TEM observations show that spalled MgO particles are
commonly encapsulated directly by MgAl,O, films, whereas
independent Al,O, films are rare. Therefore, the traditional
stepwise model, in which Al,O; first forms and then reacts
with MgO to form MgALO, (Fig. 7), is better described in
the present high-temperature melt as a rapid coupled process.
First, dissolved [Al] reduces MgO at the interface. Then, the
nascent Al,O, immediately reacts with adjacent MgO through
solid-state transformation. As shown in Fig. 8, these two steps
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Fig. 6: Schematic diagram illustrating "three-stage" formation of inclusions

Classical model: Step-by-step reaction

(Molten alloy)

1. Interfacial reaction:
MgO(s) + [Al] —Al,O4(s) + [M]

(Molten alloy)

(Molten alloy)
2. Solid-state phase transformation:
MgO(s) + Al,O5(s) — MgAI,O4(s)

Stable Al,O; film

MgO core

MgO core

MgAl,O, spinel shell

MgO core

Fig. 7: Schematic illustration of traditional reaction model

New model: Instant reaction

(Molten alloy)

MgO core

(Molten alloy)

MgAl,O, spinel shell

MgO core

Fig. 8: Schematic illustration of new reaction model

are coupled and form a MgAl,0O, shell directly around the
MgO core.

In contrast with the classical stepwise model™!, the interfacial
reduction reaction between dissolved [Al] and MgO particles
is the starting point of the process. Thermodynamically,
Reaction (1) is favorable and can supply dissolved Mg and
oxygen-containing reaction products in the melt:

3MgO(s) + 2[Al] — ALOs4(s) + 3[Mg] @)

The key aspect of the new model is that the nascent Al,O; is
formed on the MgO surface via the aforementioned reduction
reaction, it does not stably accumulate into a continuous and
independent film. Due to the immediate presence of the MgO
reactant substrate and the extremely high temperature (>1,500 °C),
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the ion diffusion rate at the interface is very rapid. Consequently,
the nascent Al,O; instantaneously undergoes a solid-state
phase transformation with adjacent MgO:
MgO(s) + ALOs(s) — MgALO(s) 2
Al,O; exhibits an extremely short lifetime as a discrete
phase for an exceptionally high rate in subsequent solid-state
phase transformation. Therefore, TEM usually captures the
post-reaction state: an MgALO, film directly coating the
MgO particle. The MgO-MgAl,0, core-shell structure in
Fig. 1 represents the final product of this coupled reduction
and phase-transformation process. The local observation of
0-ALQ; in Fig. 5 may reflect rapid local cooling or incomplete
transformation that temporarily preserves this intermediate phase.
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Stage III: Solid-state phase transformation and the
formation of film-like spinel inclusions

As the MgAl O, shell thickens, significant internal stress
accumulates owing to volume variation during phase
transformation. This stress can eventually induce shell rupture
and exfoliation, followed by outward extension and dispersion,
thereby forming an adverse film-like microstructure. SEM
observations show that the exfoliated MgAL,O, products
generally appear as two-dimensional flocculent features. FIB
cross-sectioning and TEM-HAADF analysis further confirm
that these products are submicron-thick films rather than
equiaxed particles.

The morphological evolution can therefore be described
as follows: after stress-induced fracture of the MgAl,O,
shell, exfoliated fragments extend and tear within the
high-temperature melt, ultimately forming initial ultrathin
films. Melt convection then promotes plastic deformation,
curling, and folding of these films before solidification. This
process transforms dense MgO particles derived from the
crucible into high-aspect-ratio flocculent MgAl,0, films,
which are more harmful than compact particles because they
produce stronger stress concentration.

Overall, MgO crucible corrosion and spallation are the main
sources of Mg-containing inclusions in the VIR K492M alloy.
The proposed three-stage mechanism links refractory particle
detachment, interfacial reaction, spinel transformation, and
film formation, providing a mechanistic basis for suppressing
crucible-derived spinel inclusions.

5 Conclusions

The formation mechanism of MgAl,O, inclusions in K492M
Ni-based superalloy during vacuum induction remelting was
investigated using multi-scale microscopic characterization.
The main conclusions are as follows:

(1) The Mg in Mg-Al-O composite inclusions originates
mainly from the MgO crucible. The particulate MgO cores
show size and morphological features consistent with
the crucible raw material, providing direct evidence for
crucible-derived contamination.

(2) The formation of MgAl,0, inclusions follows a dynamic
three-stage sequence: mechanical spallation, coupled interfacial
reduction/solid-state phase transformation, and stress-induced
film formation. The interfacial reaction between spalled MgO
particles and dissolved [Al] is a rapid coupled process rather
than a simple stepwise reaction. Nascent Al,O, rapidly reacts
with MgO to form a MgAl,O, shell, leaving only a narrow time
window for Al,O; to exist as an independent phase.

(3) Effective control of film-like MgAl1,0, inclusions
requires both suppression of crucible spallation/corrosion and
interruption of the reaction pathway. Possible strategies include
using more chemically stable crucible materials, shortening
high-temperature holding time to reduce lining corrosion, and
maintaining vacuum integrity to keep a low oxygen potential
in the melt. These measures can improve melt cleanliness and
casting reliability of Ni-based superalloys.
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