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The effect of combinations of several deoxidizers, i.e., Mg-Al, Mg-Ti, Al-Ti, and Ce-Al, on the
solidification structure of Fe-2 mass pct Ni-1 mass pct Mn-1 mass pct Mo alloy melt was
investigated using a melt sampling and quenching method. Using this method, we evaluated the
catalytic potency of several complex inclusion particles by taking the inclusion evolution process
into account. Fine equiaxed crystals were obtained in the Mg-Ti-deoxidized steel wherein the
MgO(MgAl2O4)-TiN complex compounds formed. However, the longer the holding time at
high temperatures, the larger the fraction of Ti2O3, and very fine TiN formed because of
microsegregation during solidification, resulting in poor equiaxed crystals. When the steel was
deoxidized with Mg-Al, the initial structure was dominantly columnar. However, the longer the
holding time, the larger the fraction of MgAl2O4 spinel, resulting in the formation of fine
equiaxed crystals. Ce-Al complex deoxidation provided a relatively small portion of equiaxed
crystals, whereas Ti-Al deoxidation produced the fewest equiaxed crystals because of the for-
mation of alumina. The effectiveness of each inoculant particle for the crystallization of the
primary d-iron was explained well by the lattice disregistry concept.
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I. INTRODUCTION

GRAIN refinement has been investigated as an
approach to improve the mechanical properties of steel
welds.[1] Several research groups have attempted to
refine the grain size of the heat-affected zone (HAZ) by
enhancing the nucleation of acicular ferrite on the
surfaces of oxide and sulfide inclusions.[2–17] Grong and
Matlock reported that microstructures consisting of
acicular ferrite provided weld metal and the HAZ with
good mechanical properties such as strength and tough-
ness.[2] Grong et al.[1,2,14] found that the volume fraction
of acicular ferrite was strongly dependent on the
chemistry of oxide particles, which was affected mainly
by the [Al]/[O] ratio. Koseki and Thewlis also reported
that the acicular ferrite volume fraction increased
markedly at a [Al]/[O] ratio of around 1.0 in gas-
shielded metal arc welds, corresponding to the presence
of the MnAl2O4 (galaxite) spinel.

[7] Terasaki and Kom-
izo directly observed the acicular ferrite grown from the
inclusion surface using laser scanning confocal micros-
copy (LSCM).[15]

Ito and Nakanishi[18] and Mori et al.[19] found that
TiO and TiN phases in the inclusion surface layers
significantly increased the acicular ferrite volume

fraction.[7] Yamada et al.[16] also observed that a
Ti-enriched layer existed at the interface between the
amorphous phase and MnAl2O4 oxide in low carbon
submerged arc weld metal and considered that a
Ti-enriched layer of a Ti-O system contributed to the
decrease in interfacial energy between inclusions and
ferrite. Later, Nishizawa proposed that TiO could
facilitate grain refinement based on its metallic bond
character.[20] Koseki and Thewlis stated that in low
Al-content weld metals, oxygen is available for Ti-oxide
formation, whereas when the Al content is high, oxygen
is killed by Al and little is left for Ti-oxide formation.[7]

They concluded that the most effective nucleants for
acicular ferrite in weld metals are the crystalline phases
of TiO and TiN, and the galaxite spinel MnAl2O4.

[7]

Several experimental and model-based studies have
been performed to understand the fundamental phe-
nomena underlying the heterogeneous nucleation of
delta ferrite in various kinds of substrate particles
during solidification processes. Bramfitt investigated
the effects of various carbides and nitrides on the
critical undercooling of the iron melt and proposed
that lattice disregistry was an important factor affecting
the efficiency of heterogeneous nucleation.[21] Similar
results were obtained for several oxide inclusions by
Ohashi et al.[22] Recently, Nakajima et al.[23] measured
the critical undercooling of iron alloys using differential
scanning calorimetry (DSC) and found that the und-
ercooling values previously measured by different
authors showed a wide scatter, which originated from
different experimental methods in each study. How-
ever, these authors confirmed that critical undercooling
was small in the order of TiN, Al2O3, and Ti2O3, and
that the catalytic potency of TiN was the greatest.[23]

This was qualitatively explained by Bramfitt’s relation.
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In a later study, Nakajima et al.[24] reported that
critical undercooling of the Fe-10 mass pct Ni alloy melt
increased as the number of smaller particles decreased
and the number of larger particles increased. Further-
more, they reported that for the same amount of
deoxidizer, the undercooling for primary crystals of
the c-iron occurred in the order of MgO, ZrO2, Al2O3,
and then CaO-Al2O3. However, these authors did not
explain these findings. The effect of inclusion density on
the solidification structure of iron alloys was systemat-
ically investigated by Suito et al.[25–28] Recently, we
investigated the formation of TiN single particles as well
as MgAl2O4-TiN complex particles in Ti-containing
ferritic (11 mass pct Cr) stainless steel and found that
inclusion of these particles resulted in a fine equiaxed
structure because of low disregistry not only between
TiN and delta ferrite, but also between TiN and
MgAl2O4 spinel.

[29] A bimodal distribution of the above
non-metallic compounds was critically important to
refine the solidification structure. Koseki et al.,[30] based
on Monte Carlo simulations, reported that the colum-
nar-to-equiaxed transition (CET) can be promoted both
by increasing the density of TiN and the content of
soluble Ti in the gas tungsten arc welding of 17 mass pct
Cr stainless steel.

In the current study, we therefore investigated the
effects of combinations of several deoxidizers, i.e.,
Mg-Al, Mg-Ti, Al-Ti, and Ce-Al, on the solidification
structure of Fe-Ni-Mn-Mo alloy melt using a melt
sampling and quenching methodology. By employing
this method, which we chose to simulate the very fast
cooling conditions during welding, we were able to
evaluate the catalytic potency of several complex inclu-
sion particles by taking the inclusion evolution process
into account.

II. EXPERIMENTAL

A Fe-2 mass pct Ni-1 mass pct Mn-1 mass pct Mo
(600 g) alloy was melted at 1873 K (1600 �C) in a fused
alumina crucible (60 mm OD 9 52 mm ID 9 120 mm
HT)witha graphite heater under apurifiedAr-3 vol pctH2

gas atmosphere using an induction furnace, as shown in
Figure 1. Alloy samples were prepared by mixing electro-
lytic iron (3Npurity) andmanganese (3N), and high purity
nickel (4N) and molybdenum (4N). Temperature was
controlled by a B-type thermocouple covered by an
alumina sheath. After the temperature reached 1873 K
(1600 �C), various kinds of deoxidizers, i.e., 0.2 mass pct
Mg-0.2 mass pct Al, 0.2 mass pct Ce-0.2 mass pct Al,
0.2 mass pct Mg-0.2 mass pct Ti, or 0.2 mass pct
Ti-0.2 mass pct Al, were added into the melt under an
inert atmosphere. Each inoculant-containing alloy was
prepared in advance asNi-20 mass pct Ce, Ni-16 mass pct
Mg, and Ni-35 mass pct Ti alloys using a vacuum arc
melter.
The steel samples were passed through a quartz

sampler 5, 15, 30, and 60 minutes after deoxidizer
addition. To estimate the heterogeneous nucleation
tendency during rapid solidification, each sample was
directly quenched by dipping it into brine within
5 seconds of sampling. Each sample was cut vertically
for chemical analysis and to observe the solidification
structure. The solidification structures were revealed by
etching in Oberhöffer solution (1 g cupric chloride, 30 g
ferric chloride, 0.5 g stannous chloride, 50 ml HCl,
500 ml distilled water, and 500 ml ethyl alcohol).[31] The
chemical composition of each sample was determined
by inductively coupled plasma atomic emission spec-
trometry (ICP-AES, IRIS Advantage (REG), Thermo
Electron, Waltham, MA), and the nitrogen and oxygen
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Fig. 1—Schematic diagram of the experimental apparatus (a) and quartz sampler used in this study (b).
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contents of the samples were analyzed using a combus-
tion analyzer.

To characterize the inclusions in the steel samples, a
metal sample (from 0.2 to 0.3 g) was dissolved in 10 pct
AA (10 pct acetylacetone—1 pct tetramethylammonium
chloride—methanol) solution using a potentiostatic
electrolytic extraction method under a total electric
charge ranging from 4000 to 5000 coulombs (500 mA
current, from 2 to 3 hours).[32] To prepare 10 pct AA
solution, tetramethylammonium chloride (10 g) was
dissolved in acetylacetone solution (100 ml), followed
by the addition of methanol to a total volume of 1 L.
The electrolyte solution was vacuum-filtered using a
membrane filter with an open pore size of 0.2 lm. The
number and size distributions, three-dimensional mor-
phology, and chemical compositions of the residual
particles on the filter were analyzed using a scanning
electron microscope equipped with an energy dispersive
spectroscope (SEM-EDS, JSM-840A, JEOL) with a link
detector and an automatic image analysis system. The
chemistry of the inclusion particles could be quantita-
tively analyzed because excitation from the steel matrix
was excluded using this methodology. The number
(from 300 to 400 particles per sample) and size of the

inclusions were analyzed statistically by observing
30009 images of each sample. We obtained the equiv-
alent circular diameter, referred to as the ‘‘Heywood
diameter,’’ using this approach.

III. RESULTS

After the deoxidizers were added to the alloy melts,
the total oxygen content decreased with increasing
reaction time, as shown in Figure 2, indicating the
continuous formation of oxide inclusions. When Ti was
added, the total nitrogen content in the melt decreased
slightly, probably because of the formation of TiN. The
changes in the concentrations of each deoxidizer are
shown in Figure 3. When the combinations of Mg-Al,
Mg-Ti, and Ce-Al were added for deoxidation, the
content of Mg and Ce decreased continuously with
increasing time, whereas levels of Al and Ti remained
stable throughout the experiments. These observations
can be explained by the fact that the vapor pressure of
magnesium is high and the affinity between Ce and O is
greater than that between Al and O. The latter is
confirmed by the difference in the Gibbs free energy of
the formation of Al2O3 and Ce2O3 as follows:

[33]

2 Al½ � þ 3 O½ � ¼ Al2O3 sð Þ;
DG� ¼ �450:7 kJ=mol at 1873K 1600 �Cð Þ

½1�

2 Ce½ � þ 3 O½ � ¼ Ce2O3 sð Þ;
DG� ¼ �604:5 kJ=mol at 1873K 1600 �Cð Þ

½2�

In the case of Al-Ti deoxidation, the Ti yield was
slightly higher than that of Al because of the greater
affinity between Al and O than that between Ti and O.
The solidification structures of the 30- and 60-minute

samples are shown in Figure 4. Mg-Ti deoxidation
resulted in the formation of fine equiaxed crystals
throughout the 30-minute sample. In cases of Ce-Al
and Mg-Al complex deoxidation, partially equiaxed
crystals were observed, whereas very poor equiaxed
crystals formed in samples subjected to Ti-Al deoxida-
tion. However, a different structural tendency was noted
in the 60-minute samples compared to the 30-minute
samples. In samples to which Mg-Ti was added, no
equiaxed crystals were observed, while the fraction of
equiaxed crystals in the samples deoxidized with the
increased amount of Mg-Al. The reasons for the above
experimental findings can be understood by the charac-
teristics of the inclusions and the number density, which
are summarized in Table I.

IV. DISCUSSION

A. Evolution of Non-Metallic Inclusions

1. Mg-Al deoxidation
After Mg and Al were added to the melt as catalyst-

forming elements, the single and complex oxides of
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Fig. 2—Changes in total oxygen content (a) and total nitrogen con-
tent (b) in melt with time.
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Al2O3 and MgAl2O4 (spinel) formed. However, as
shown in Figure 5, the dominant inclusion phase
changed from alumina in the 30-minute sample to spinel
in the 60-minute sample. The alumina initially had a
spherical shape because of large supersaturation fol-
lowed by agglomeration because of poor wettability to
molten steel. Based on a previous review on the
formation mechanisms of spinel inclusions in molten
steel,[34] a certain amount of incubation time is required
for the formation of spinel inclusions, consistent with
our results. The number density of inclusions decreased
with increasing time, as shown in Table I. As shown in
Figure 5, alumina agglomerates were not observed in
the 60-minute sample but small spherical alumina
particles were still present, presumably because large
alumina agglomerates can easily float upward to the
melt surface based on the following equation derived
from Stoke’s law[35]:

vt ¼
1

18
d2

qFe � qAl2O3

� �

g
g ½3�

where vt, d, qi, g, and g are terminal velocity, particle
diameter, density of the i phase, viscosity of molten steel,

and gravitational acceleration, respectively. In the cur-
rent study, the terminal velocity of alumina agglomer-
ates was calculated by using the thermophysical
properties listed in Table II. The terminal velocity was
plotted against the inclusion size (Figure 6). Because the
melt height was about 44 mm in the current experi-
ments, an inclusion (aggregate) had to have a diameter
of at least 9 lm to float from the bottom of the crucible
up to the melt surface over a 30-minute period. As
shown in Figure 6(b), inclusions with diameters ranging
in size from 2 to 4 lm were plentiful, as were inclusions
with diameters greater than 10 lm that formed through
agglomeration. The latter would easily float up (Eq. [3])
and thus be removed from the melt after 30 min.

2. Ce-Al deoxidation
Because cerium is a stronger deoxidizer than alumi-

num, based on Eqs. [1] and [2], the driving force for the
formation of Ce2O3 is greater than that for Al2O3.
However, because the content of oxygen in equilibrium
with 0.2 mass pct Al is comparable to that in equilib-
rium with mass pct Ce being from 0.03 to 0.1 (15- to 30-
minute samples) from the computational results shown
in Figure 7, both Ce2O3 and Al2O3 could be nucleated
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Fig. 3—Changes in the content of deoxidizer in the case of Mg-Al (a), Ti-Al (b), Mg-Ti (c) and Ce-Al (d) complex deoxidation at 1873 K
(1600 �C).
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competitively. We computed the deoxidation equilib-
rium using FactSage�6.2, a commercial thermochemical
software package.[36,37] We have confirmed the useful-
ness and reliability of this software in predicting
deoxidation equilibria and related phase stability dia-
grams in previous studies.[29,34,38,39] However, because
of the significantly low residual content of Ce (about
5 mass ppm) compared to that of Al in the 60-minute
sample, the content of oxygen in the melt could not be
determined by Ce; instead, we used Al, as shown in
Figure 7(a). The evolution path of inclusions in samples
to which the Ce-Al complex was added for deoxidation
is shown in the Al-Ce-O stability diagram (Figure 7(b)),
which was computed using FactSage�6.2. The first

phase that formed was a Ce2O3-rich phase, followed by
a Al-Ce-O (mainly AlCeO3) complex oxide, and finally
Al2O3-rich inclusions due to the decreased content of
cerium.
These calculation results agree well with the SEM-

based element mapping of inclusions, as shown in
Figure 8. In the 30-minute sample, we found Al2O3-
Ce2O3 compounds, whereas fine Al2O3-rich particles
were present together with a small amount of Ce2O3

inclusions in the 60-minute sample.

3. Mg-Ti Deoxidation
When Mg-Ti was used for deoxidation, both MgO-

Al2O3 compounds and TiN were detected as confirmed

Mg-Al 30 Ce-Al 30 Mg-Ti 30 Ti-Al 30

Mg-Al 60 Ce-Al 60 Mg-Ti 60 Ti-Al 60

1mm

Fig. 4—Optical microscopy of the solidified structures of the deoxidized samples.

Table I. Chemical Compositions and Characteristics of Inclusions in the Various Samples

Deoxidizer
Combination Time (min)

Tot.
[O] (mass ppm) Type of Inclusions

Major
Inclusion

Inclusion
Density (ea mm�3)

Mg-Al 30 14 Al2O3, MgAl2O4 Al2O3 1.01 9 106

60 11 MgAl2O4, Al2O3 MgAl2O4 2.20 9 105

Ce-Al 30 11 Ce2O3, Al2O3 Ce2O3 2.37 9 105

60 26 Al2O3, Ce2O3 Al2O3 2.15 9 106

Mg-Ti 30 25 MgO(MgAl2O4)-TiN,
MgAl2O4, MgO, TiN,

MgO(MgAl2O4)-TiN 4.13 9 105

60 13 Ti2O3, TiN Ti2O3 8.94 9 105

Ti-Al 30 9 Al2O3, TiN Al2O3 6.42 9 105

60 29 Al2O3, TiN Al2O3 7.74 9 105
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from the SEM-EDS element mapping data, and as
shown in Figure 9. Even though Mg-Ti was added to
the alloy melt, the inclusions containing aluminum
probably formed because of the dissolution of Al from
the thermocouple sheath tube and/or the crucible. These
complex inclusions had oxide at the core surrounded by
nitride, as shown in Figure 10. However, because the
nitrogen content in the alloy melt was very low in
the current experiments, i.e., less than 10 mass ppm
(Figure 2(b)), the formation of TiN was not feasible
with regard to the thermodynamics of homogeneous
nucleation. Therefore, these results imply that the
formation of TiN is energetically possible when appro-
priate oxides such as MgO and MgAl2O4 exist in the
melt as heterogeneous nucleation substrates. Suito
et al.[27,40] reported that if appropriate oxides are present
in the melt, the product of Ti and N for the precipitation
of TiN could be lower than the equilibrium value for
homogeneous nucleation in the absence of these oxides.

They confirmed this in their study by demonstrating that
almost all inclusions were MgO+TiN rather than single
TiN and single MgO particles when they used Mg-Ti for
deoxidation.[27,40]

The nucleation of TiN on MgO and/or MgAl2O4 can
be understood by the lattice disregistry concept. The
lattice disregistry, which was defined by Bramfitt as

Fig. 5—SEM images showing typical inclusion morphology, i.e., alumina at 30 min (a) and spinel at 60 min (b) and EDS data for alumina at
30 min (c) and spinel at 60 min (d) in the case of Mg-Al deoxidation.

Table II. Data Used to Calculate the Terminal Velocity
of Al2O3

Symbol Value[46] Unit Notation

g 9.8 m/s2 gravitational acceleration
qFe 7.0 g/cm3 density of molten Fe
qalumina 3.97 g/cm3 density of alumina
g 0.005 N s/m2 viscosity of molten Fe
vt m/s terminal velocity of alumina
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Eq. [4],[21] between MgO and TiN is about 0.05 pct,
indicating a nearly epitaxial interface, while that
between MgAl2O4 and TiN is about 4.9 pct, as listed
in Table III.

d
ðhklÞs
ðhklÞn

¼
X3

i¼1

ðd uvw½ �is
cos hÞ � d uvw½ �in

���
���

3� d uvw½ �in

0

@

1

A� 100 ½4�

where (hkl)s, a low-index plane of the substrate; [uvw]s, a
low-index direction in (hkl)s; (hkl)n, a low-index plane in
the nucleated solid; [uvw]n, a low-index direction in
(hkl)n; d uvw½ �n , the distance between a nonmetallic element
along [uvw]n (if the compound has a single element,
d½uvw�n is the interatomic spacing along [uvw]n); d uvw½ �s , the
distance between the nonmetallic element along [uvw]s (if
the compound has a single element; d uvw½ �s is the
interatomic spacing along [uvw]s), and h, the angle
between the [uvw]s and [uvw]n.

Consequently, the lattice disregistry between d-iron
and MgAl2O4, MgO, and TiN is about 1.2, 4.0 and
3.9 pct, respectively. This means that these oxide and

nitride particles have a high potential for promoting the
heterogeneous nucleation of d-iron during the solidifi-
cation process. This is in good agreement with the
solidification structures shown in Figure 4. In fact, in a
previous study, we confirmed the effectiveness of
MgAl2O4, which was not combined with TiN, on the
nucleation of d-iron during rapid solidification of
Fe-2 mass pct Ni-1 mass pct Mo-1 mass pct Mn alloy
melts.[41]

In contrast, in the 60-minute samples, inclusions
containing Mg and Al were not observed, as shown in
Figure 9(b). Because magnesium is very active, the Mg
content in the alloy melt decreased significantly to about
2 mass ppm (Figure 3(c)). Therefore, TiN and Ti2O3

compounds remained rather than Mg-base oxide inclu-
sions—not only fine TiN particles, but also some Ti2O3

remained, as shown in Figure 11. Consequently, the
poor equiaxed structure observed in the Mg-Ti-deoxi-
dized 60-minute sample (Figure 4) could have been due
to the very high lattice disregistry between Ti2O3 and
d-iron (about 26 pct), as shown in Table III. Notwith-
standing the existence of TiN, the solidification structure
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was mainly columnar, indicating that the TiN in this
sample was not effective. This is probably because the
TiN observed in the 60-minute sample could have been
formed during solidification by solute enrichment in the
interdendritic region because of the relatively low
equilibrium solid/liquid partitioning coefficient of Ti,
i.e., kTi = 0.36.[30]

Thus, the tiny TiN particles that formed through
microsegregation during cooling were not able to act as
heterogeneous nucleation sites.[29] This result agrees
well with the previous findings that formation of an
equiaxed grain occurs if the formation temperature of
TiN is higher than the liquidus temperature of the
steel.[29,42,43]

Fig. 8—SEM images showing the typical inclusion morphology and element mapping results for the 30-min (a) and 60-min (b) Ce-Al complex
deoxidation samples.
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4. Ti-Al deoxidation
In the Ti-Al experiment, the inclusion number density

and chemistry remained stable throughout the experi-
ment. The inclusions formed were mainly alumina and
very fine TiN, as shown in Figure 12. The alumina was
the major inclusion because of its thermodynamic
stability, as shown in the thermodynamic stability
diagram in Figure 13, while very fine TiN precipitated
during cooling, as discussed in the previous section.

B. Effect of Non-Metallic Inclusions
on the Solidification Structure

The number density of inclusions in the current
samples varied from 105 to 106/ mm3, as shown in
Table I. Furthermore, the chemistry of inclusions and
thus the dominant compound changed with reaction
time with the exception of the Ti-Al deoxidation
experiment. We will discuss the fine equiaxed grain
structure obtained in the 30-minute Mg-Ti-deoxidized

Fig. 9—SEM images showing the typical inclusion morphology and element mapping results for the 30-min (a) and 60-min (b) Mg-Ti complex
deoxidation samples.
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sample and the fully columnar structure of the
30-minute Ti-Al-deoxidized 30-minute sample in more
detail.

Although alumina inclusions were present in the melt,
there were no equiaxed crystals in the Ti-Al 30-minute
sample, indicating that alumina cannot act as an
effective inoculant for heterogeneous nucleation of
d-iron. A similar tendency was observed in the Mg-Al
30-minute sample, which had relatively poor equiaxed
crystals.

In contrast, a number of heterogeneous nucleation
catalysts were present in the Mg-Al 60-minute sample.
However, few studies have investigated the effect of
MgAl2O4 on grain refinement. Fujimura et al.[44] con-
cluded that MgAl2O4 helps heterogeneous nucleation of
TiN because of low disregistry between these two
substances (4.9 pct), resulting in the formation of an
equiaxed grain structure. However, MgAl2O4 spinel
itself did not promote the nucleation of d-iron despite
the very low disregistry between MgAl2O4 and d-iron

Fig. 10—SEM images showing the complex inclusions (a), (c) and EDS data for the complex inclusions in the surrounding (b) and core (d) of
the 30-min Mg-Ti sample.

Table III. Disregistry Data for Delta Fe and TiN with Various Inclusions

Inclusion
Disregistry

with Delta Fe (pct)
Disregistry

with TiN (pct)
Lattice Parameter

(a) (At 1811 K [1538 �C)]

Al2O3 10.41 17.48 a = 4.825[47]
Ce2O3 5.01 29.28 a = 3.938[22]
MgO 3.97 0.053 a = 4.310[47]
Ti2O3 18.90 16.17 a = 5.225[23]
MgAl2O4 1.16 4.88 a = 8.195[47]
TiN 3.91 – a = 4.308[21]
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(1.2 pct). It is not clear why this should be so. Isobe
reported that Mg deoxidation facilitated the formation
of an equiaxed zone of low carbon steel because of the
formation of MgO and/or MgAl2O4, and that this effect
was more significant in Ti-containing steel because of
the formation of MgO-TiN complex compounds.[45]

More recently, we reported that Mg deoxidation also
enhanced the formation of equiaxed crystals in the
Fe-2 mass pct Ni-1 mass pct Mn-1 mass pct Mo alloy
through the formation of MgO and MgAl2O4 because of
low disregistry with the d-iron, i.e., about 4.0 pct and
1.2 pct (Table III), respectively.[41]

In summary, Ce2O3 and MgAl2O4 as well as
MgO(MgAl2O4)-TiN complex compounds are good
catalysts for nucleation of d-iron, whereas Al2O3 and
Ti2O3 do not contribute to the formation of equiaxed
crystals. The MgO(MgAl2O4)-TiN complex compounds

are the most effective. Consequently, for grain refine-
ment of a rapidly solidified structure, complex deoxida-
tion using Mg-Ti and Mg-Al is preferable to that using
Ti-Al and Ce-Al. Furthermore, lattice disregistry, even
though it is not the only factor that affects grain
refinement, can be exploited to control the heteroge-
neous nucleation tendency.

V. CONCLUSIONS

The effect of combinations of several deoxidizers, i.e.,
Mg-Al, Mg-Ti, Al-Ti, and Ce-Al, on the solidification
structure of iron alloy melts was investigated using a
melt sampling and quenching methodology. By employ-
ing this method, we were able to evaluate the catalytic
potency of several complex inclusion particles by taking

Fig. 11—SEM images and EDS data of typical inclusions in the Mg-Ti 60-min sample. The numbers indicate the atomic pct of each element.
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Fig. 12—SEM images and EDS data of typical inclusions in the 30-min Ti-Al sample (a), and 60-min Ti-Al sample (b).
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the inclusion evolution process into account. Our major
findings were as follows:

1. Fine equiaxed crystals were obtained in Mg-Ti-
deoxidized steel wherein MgO(MgAl2O4)-TiN com-
plex compounds formed. However, the longer the
holding time at high temperatures, the larger the
fraction of Ti2O3, and very fine TiN formed because
of microsegregation during solidification, resulting in
poor equiaxed crystals.

2. When the steel was deoxidized using Mg-Al, the
initial structure was dominantly columnar. However,
as the holding time at a high temperature increased,
so did the fraction of MgAl2O4 spinel, resulting in the
formation of fine equiaxed crystals.

3. Ce-Al complex deoxidation resulted in a relatively
small portion of equiaxed crystals, whereas Ti-Al
deoxidation was the least effective in terms of the
formation of equiaxed crystals because of the for-
mation of alumina.

4. The effectiveness of each inoculant particle for the
crystallization of primary d-iron was explained well
by the lattice disregistry as calculated by Bramfitt’s
relation.
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APPENDIX

To illustrate the calculation of disregistry, we provide
examples for several oxide inclusions nucleating TiN.[21]

In these examples, the MgAl2O4 spinel, Al2O3, MgO,
and Ti2O3 were selected as nucleation sites for TiN. The
crystallographic relationships of each case are illustrated
in Figures A1 and A2, and the corresponding param-
eters for Eq. [4] are listed in Table IV.

Case I; MgAl2O4(100)//TiN(100)

As shown in Figure A1(a), the (100) plane of TiN is
superimposed on the (100) plane of spinel. The three
lowest-index directions of TiN and MgAl2O4 are 100

� �
,

110
� �

and 010½ �. The distances along these directions are
given in Table IV. In accordance with Eq. [4], the
disregistry equation for Case 1 was written as follows:

d
100ð ÞMgAl2O4

100ð ÞTiN
¼1
3

ðd 100½ �
MgAl2O4

coshÞ�d½100�TiN

����

����

d½100�TiN

0

BB@

þ
ðd½110�MgAl2O4

coshÞ�d½110�TiN

���
���

d½110�TiN

þ
ðd½010�MgAl2O4

coshÞ�d½010�TiN

���
���

d½010�TiN

1

A�100

¼ 1

3

4:098�4:308j j
4:308

þ 2:897�3:046j j
3:046

�

þ 4:098�4:308j j
4:308

�
�100¼ 4:88pct

Case II; MgO(100)//TiN(100)

As shown in Figure A1(b), the (100) plane of TiN is
superimposed on the (100) plane of MgO. Using a
similar analysis to that used in Case I, Eq. [4] was
written as follows:

d
ð100ÞMgO

ð100ÞTiN
¼ 1

3

ðd½100�MgO
cos hÞ � d½100�TiN

���
���

d½100�TiN

0

@

þ
ðd½110�MgO

cos hÞ � d½110�TiN

���
���

d½110�TiN

þ
ðd½010�MgO

cos hÞ � d½010�TiN

���
���

d½010�TiN

1

A� 100

¼ 1

3

4:310� 4:308j j
4:308

þ 3:048� 3:046j j
3:046

�

þ 4:310� 4:308j j
4:308

�
� 100 ¼ 0:053 pct

Case III; Ti2O3(0001)//TiN(100)

Because the lattice disregistry is 23.46 pct for the (110)
plane of TiN and 48.36 pct for the (111) plane of TiN,
the (100) of TiN is superimposed on the (0001) plane of
Ti2O3, as shown in Figure A2(a). Equation [4] was
therefore written as:

d
ð0001ÞTi2O3

ð100ÞTiN
¼ 1

3

ðd½1210�Ti2O3

cos hÞ � d½010�TiN

���
���

d½001�TiN

0

B@

þ
ðd½2110�Ti2O3

cos hÞ � d½011�TiN

���
���

d½111�TiN

þ
ðd½1010�Ti2O3

cos hÞ � d½001�TiN

���
���

d½110�TiN

1

CA� 100

¼ 1

3

3:146� 4:308j j
4:308

þ 3:039� 3:046j j
3:046

�

þ 5:225� 4:308j j
4:308

�
� 100 ¼ 16:17 pct

Table IV. Parameters Used for the Disregistry Calculations

Case [uvw]s [uvw]n d[uvw]s d[uvw]n h (deg) d[uvw]s (cos h)

(100)MgAl2O4||(100)TiN ½100�MgAl2O4 ½100�TiN 4.098 4.308 0 4.098
½110�MgAl2O4 ½110�TiN 2.897 3.046 0 2.897
½010�MgAl2O4 ½010�TiN 4.098 4.308 0 4.098

(100)MgO||(100)TiN ½100�MgO ½100�TiN 4.310 4.308 0 4.310
½110�MgO ½110�TiN 3.048 3.046 0 3.048
½010�MgO ½010�TiN 4.310 4.308 0 4.310

(0001)Ti2O3||(100)TiN ½1210�Ti2O3 ½010�TiN 3.146 4.308 0 3.146
½2110�Ti2O3 ½011�TiN 3.146 3.046 15 3.039
½1010�Ti2O3 ½001�TiN 5.225 4.308 0 5.225

(0001)Al2O3||(100)TiN ½1210�Al2O3 ½010�TiN 2.905 4.308 0 2.905
½2110�Al2O3 ½011�TiN 2.905 3.046 15 2.806
½1010�Al2O3 ½001�TiN 4.825 4.308 0 4.825
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Case IV; Al2O3(0001)//TiN(100)

Because the lattice disregistry of the (110) plane of
TiN is 23.7 pct and that of the (111) plane of TiN is
51.7 pct, the (100) plane of TiN is superimposed on the
(0001) of Al2O3, as shown in Figure A2(b). Using a
similar analysis as in Case III yielded the following
Eq. [4]:

d
ð0001ÞAl2O3

ð100ÞTiN
¼ 1

3

ðd½1210�Al2O3

cos hÞ � d½010�TiN

���
���

d½010�TiN

0

B@

þ
ðd½2110�Al2O3

cos hÞ � d½011�TiN

���
���

d½011�TiN

þ
ðd½1010�Al2O3

cos hÞ � d½001�TiN

���
���

d½001�TiN

1

CA� 100

¼ 1

3

2:905� 4:308j j
4:308

þ 2:806� 3:046j j
3:046

�

þ 4:825� 4:308j j
4:308

�
� 100 ¼ 17:48 pct
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