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Abstract: To verily the formation bchaviors and mechanisms of intra-granular acicular [crrite (IAF) grains nuclcated
by Mg-Al-O in low carbon steel, the steels containing different Mg contents were refined in a vacuum induction fur-
nace. The effect of Mg addition on the formation of IAF structure in Al-killed low carbon steel was investigated by
optical microscope (OM) and scanning clectron microscope with cnergy dispersive X-ray spectroscope (SEM-EDX).
It reveals that the IAFs arc only detected in Mg-added steels, and the volume [raction of IAF increascs with the Mg
concentration from 8 X10 © to 26X 10 . It shows that not only the MgO-Al, O;-MnS and MgO-Al, O;-P, O; parti-
cles are the effective nucleation sites for IAF, but also the pure MgQO ¢+ Al, O, phase can promote the ferrite nuclea-
tion. A Mn-deplction zone (MDZ) is characterized adjacent to the MgO-Al, O;-MnS, which is belicved to be onc of
the possible mechanisms to explain the IAF nucleation. The MDZ around the MgQO-Al, O;-MnS inclusion would be
induced by the MnS precipitation on the inclusion. It seems that the ability of Mg-containing inclusions to induce the
nucleation of [erritc might be attributed to a new mechanism, i. c¢. , the P-rich zonc formed on a few Mg-Al-O inclu-

sions might be another factor [or promoting the IAF formation.
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It is generally accepted that intra-granular acic-
ular ferrite (IAF) structure which often nucleates on
non-metallic inclusions can refine the austenite grains
and improve the toughness of weld metal and/or the
heat affected zone (HAZ) of steel weldments'™™', In
1900, Mizoguchi and Takamura™™ proposed a new
concept of oxide metallurgy by utilizing some special
non-metallic inclusions to nucleate TAF structure,
which finally led to the refinement of the micro-
structures. Therefore, the oxide metallurgy technol-
ogy has been widely discussed since then.

Among the various non-metallic inclusions
which are considered to be the effective heterogene-
ous nuclei for IAF during cooling, Ti, O, inclusions
have been recognized as the most effective nucleation
sites for TAFE,

has even a stronger affinity for oxygen and sulfur

On the other hand, magnesium

than that of titanium. It means that Mg addition can

easily distribute fine oxide inclusions in steel, such

as MgO, MgO - Ti,O,, MgO « ALO,, etc. By
comparison, Mg(Q ¢ Ti, O, has been considered to
be effective sites for ferrite formation by various re-

searcherst'

. However, there are still some disa-
greements on the effects of MgO « Al, O, inclusions
on the development of TAF structure. For example,
in 2009, Sarma et al.'®! reviewed the role of inclu-
sions in the nucleation of acicular ferrite in steels,
and pointed out that MgO « Al; O; was inert for IAF
nucleation. However, in 2011, Wen et al. '"* calcu-
lated the lattice disregistry among MgQ « Al, O, and
a-Fe, and found that the value is only 0. 6%. Then,
they concluded that the MgQ ¢ Al, O, can induce the
TIAF formation according to the lattice mismatch
concept proposed by Bramfittt'. Regrettably, the
pure MgO + Al O; which induces TAF formation
was not detected in the paper, and some other ele-
ments, including Mn, S, and Si, coexist with Mg-
Al-O in inclusion. Besides, in 2015, Kong et al. ['*
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have reconsidered the effect of the Mg-Al-O inclu-
sion on the TAF nucleation, but they still failed to
confirm whether the pure MgO + Al, O; can promote
the IAF formation. In their literature, the associated
Mg-Al-O inclusions were chemically homogeneous
coexisted with Mn, S, and Si elements. Moreover,
they proposed that the magnesium vacancy existed
in MgO « Al;O,, and ascribed the TAF formation
mechanism to the Mn-depletion zone (MDZ) around
the MgQO « Al, O, inclusion, which is not consistent
with the results of Wen et al. ™. Above all, the in-
fluence of MgO + Al,O; on the formation of IAF in
steel should be further clarified.

The previous paper''®! has confirmed that Mg
addition tended to promote the bainite transforma-
tion as a result of the nucleation of acicular ferrite in
low carbon steel. But the possible mechanisms of
TAF nucleation were not discussed in previous paper.
In this study, the formation of IAF structure was
further investigated in Mg-Al deoxidized low carbon

steel, and another steel with lower Mg content was
studied as well. The possible mechanisms of the in-
tra-granular nucleation by Mg-Al-O inclusions were
discussed.

1 Experimental Procedure

Three 30 kg ingots of Al-killed low carbon steels
were manufactured by a vacuum induction furnace.
As Mg has relatively high vapor pressure at steel-
making temperatures, after adding Fe-Al alloy, some
Ni-18 % Mg alloys were deliberately introduced into
the liquid steel with the inside pressure of the furnace
at about —0. 03 MPa by blowing into the Ar gas. After
that, the liquid steel was kept for 1 min and then cast
into ingots. Table 1 shows the chemical composi-
tions of the specimens, in which the S1 is the steel
with no Mg addition, S2 and S3 are Mg-added
steels, and the additions of Mg by using Ni-Mg alloy
are 0. 024 mass¥ and 0. 072 mass%, respectively.

The obtained ingot specimens were used for in-

Table 1 Chemical compositions of experimental steels mass %
Steel C Si Mn P S Ni Al Nb Ti N O Mg
S1 0. 05 0.23 1.53 0. 009 0.003 0.29 0.03 0. 04 0.014 0.0076 0.0037 -
S2 0. 05 0.21 1.51 0.008 0. 005 0.29 0.03 0. 04 0.014 0.0066 0.0041 0.0008
S3 0. 05 0.20 1.55 0.008 0. 005 0.31 0.03 0.04 0.013 0.0065 0.0040 0.0026

clusion and microstructure observation. The charac-
teristics of inclusions in the specimens with different
Mg concentrations were systematically investigated
by using scanning electron microscope (SEM, Shi-
nadzu SSX-550TM) equipped with energy dispersive
X-ray spectroscope (EDX) and thermodynamic cal-
culations. Microstructure characteristics of the speci-
mens etched by 3 vol. % nital solution were charac-
terized by both optical microscope (OM, ZEISS-Axio
Imager M2m) and SEM. Moreover,

scanning analysis and line scanning analysis about

the mapping

the inclusions related with TAF structures were in-
vestigated by field-emission transmission microscope

(FETM, Ultra Plus, ZEISS) equipped with an EDX.
2 Results and Discussion

2.1 Inclusions observation of the steels

The typical inclusions in steels are shown in
Fig. 1. Without Mg addition, the detected inclusions
are mainly proved to be Al,O;-MnS, as shown in
Figs. 1(a) —1(d). After adding 8 X10~% Mg into the
melt, the morphology of the inclusion is similar to

that of the S1 sample. However, the central oxide

phase is found to be Al-Mg-O and the content of Mg
is generally below 10 mass%, which means that the
major constituent of the oxide is MgO-depleted mag-
nesia-spinel. After increasing the concentration of Mg
to 26 X10 %, three types of inclusions are observed: (1)
MgO-Al, O;-P,0; (-MnS); (ii) MgO-AlLOy; (i)
MgO-Al, O;-MnS, which are shown in Figs. 1 (1) —
1(1), respectively. Compared with the S2 sample, the
content of Mg is increased to the range of 15 mass% —
40 mass%. The ratio of Mg to Al concentration in the
central oxide phase is calculated to be about 1% 2 or
above this ratio. Then, it is inferred that the central
oxide is modified to be magnesia-spinel and MgQO-
rich magnesia-spinel.

The above-mentioned experimental observations
are explained by the thermodynamics of inclusion
formation as a function of Mg content, which was
calculated using FactSage 6. 4 software with the da-
tabases of FactPs and FSstel. The phases included in
the calculation were liquid, Al Q;, MgO, MgAlLO,,
TiO, Ti,0;, TiO,, Ti; Os, MnS and MgS. Fig. 2 re-
presents the calculated equilibrium of the thermody-
namically stabilized inclusions in samples at a specific
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(a) — (d) Inclusions in S1 sample without Mg addition;

(e) — (h) Inclusions in 82 sample with low Mg addition;

(1) — (D) Inclusions in 83 sample with high Mg addition.

Fig. 1 SEM morphologies and EDX compositions (mass%) of typical inclusions in samples
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Fig. 2 Calculated equilibrium of inclusions in samples

temperature of 1873 K. The compositions (mass %)
of basic elements used for the calculations were fixed
as C0.05, Mn 1. 53, Si0.20, P0.008, S0.005, Al
0.03, Ti 0.014, and O 0.004, which were same as
the chemical compositions of the steels. The calcula-
tion results confirm that the core oxides are modified
with Mg addition, from Al,O; to Al,O;-MgAl, O,
and MgAl, O,-MgO. It is also revealed by calculation
that there is no Ti, O, formed in all the steels, and
the MnS inclusions are formed during the solidifica-
tion process. Actually, the results agree well with
the experimental observations.

On the other hand, the sizes and total number
of the inclusions are also determined quantitatively
using SEM, observing sixty-four visual fields of
each sample. The size distributions and number den-

sity of inclusions in steels are subsequently interpre-
ted with Image Pro Plus 6.0 software, and the re-
sults are shown in Fig. 3. It can be found that the
size of inclusions in all samples is mainly within 3 pm,
and the percentage of inclusions in the range of 0.4 —
1.5 pm tends to increase for the Mg-added samples.
Simultaneously, as can be seen from Fig. 3(b), the
number density of inclusions in S2 sample with 8 X
107% Mg is similar with that of S1 sample, while it
is obviously increased for the S3 sample with 26 X
10 ¢
could contribute to refine the inclusion size and in-

Mg. It suggests that moderate Mg addition

crease the inclusion number density. The differences
in the size and the number density of inclusions in
three samples might be attributed to the fact that
Mg-oxides are not susceptible to growth by collision
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Fig. 3 Characteristics of the inclusions in all samples

and agglomeration because they have optimum wet-
tability! 117200

2.2 Microstructures characteristics of the steels
Optical microstructures of the steels are presen-
ted in Fig. 4, from which the volume fractions of differ-
ent microstructures such as polygonal ferrite (PF),
pearlite (P) and IAF are characterized as presented
in Table 2. The volume fractions of microstructures

are determined quantitatively using VNT. Quant-
Lab-MG software and observing twenty fields of
each steel at a magnification of 200. The TAF struc-
ture is determined based on its chaotic arrangement
of ferrite plates facing in many different directions
within austenite graint®,

For S1 steel, it consists of large amount of PF and
a small proportion of P, but no IAF is detected. The

average size of ferrite is nearly 54 pm. After adding

(a) S1;
Fig. 4 Microstructures of experimental steels

Table 2 Volume fractions of PF, P and IAF in steels
Volume [raction/vol. %
Stecel
PF P IAF
S1 91.5+0.90 8.50+0.90 0
S2 90. 8+ 1. 20 5.10%1. 46 4.12+1.43
S3 83.414.80 3.5040. 40 13.1£4.50

Mg into the melts, a certain amount of IAF is ob-
served besides the PF and P phases, as shown in
Figs. 4(b) and 4(c¢). Moreover, the volume fraction
of IAF increases intensively with the concentration
of Mg from 8 X 107° to 26 X 10~ %, and the average
size decreases to about 36 pm and 24 pm, respec-
tively. Maybe the inclusions density is not large enough
for promoting IAF under the present condition,
while the volume fraction of TAF is relatively low as

(h) S2;

(c) S3.

13 vol. % even in S3 sample. This might restrict the
application of the steel when high toughness is quite
needed. Nevertheless, the present study indicates that
the TAF can be promoted with Mg addition, which
would result in the refinement in microstructures.

2.3 Formation behavior and mechanisms of IAF
grains from non-metallic inclusions

To account for the IAF existing after adding
Mg, the etched microstructure of Mg-added steels
were further observed by SEM-EDS,
than fifty related inclusions were randomly charac-
terized. The typical IAF grains associated with Mg-

and more

containing particles in Mg-added steels are shown in
Fig. 5.

For S2 steel, it is noted that the MgO-Al, O;-
MnS inclusions can be the effective nucleation of IAF.
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Fig. 5 SEM micrographs of IAF grains associated with inclusions in steels

According to the results of section 2. 1, the domina-
ted inclusions are modified into MgO-Al,O;-MnS
inclusions for S2 steel. It means that the IAF nucle-
ated in S2 sample is generally due to the inclusions
changing from AL, O;-MnS to MgO-Al,O;-MnS.
From the element mapping results (Fig.6), it is
seen that the MnS is being in the outer surface of the
oxide inclusion, which is different from the results
of Kong et al. ' In their literature, the associated
Mg-Al-O inclusions are spherical and chemically
homogeneous coexisted with Mn, S, and Si ele-
ments. In addition, they pointed out that the magne-
sium vacancy exists in MgQO + Al, Oy inclusion, and
ascribed the MDZ adjacent to the MgO - Al,O; in-
clusion was induced by the absorption of Mn from
steel matrix by MgQO « Al,O,. However, in fact, it is
quite debated that whether there are abundant cation or

anion vacancies in MgQ < Al,O; or not so far. For
example, Wen et al. "* have explicitly proposed that
no cation or anion vacancies are present in MgQO
Al, Oy, Despite this, there has been another view-
point in regards to the MDZ formation around the
specific inclusion besides the cation or anion vacan-
cies mechanism. For instance, Furuhara™! proposed
that MDZ can be induced by the MnS precipitation
on Ti; Oy during cooling process, and the MnS phase
usually locates in outer skin of the oxide inclusion.
Moreover, Deng et al. ®* have found that an MDZ is
also adjacent to the (Mn-Al-Si-Ti-L.a-Ce-O)-MnS in-
clusion, and ascribed this phenomenon to the MnS
precipitation on the inclusion.

To confirm the existence of MDZ, the local chem-
istry distribution, especially for Mn and S, near the

specific MgO-Al, O;-MnS in S2 steel was further stu-

Mg

Fig. 6 Element mapping pattern of MgO-Al, O;-MnS inclusions nucleating IAF in S2 steel
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died, and the results are shown in Fig. 7. It can be
seen that a MDZ indeed forms between the steel ma-
trix and MgO-Al, O;-MnS. Based on the discussion
and thermodynamics calculation, it can be concluded
that the MDZ around the MgQO-Al, O;-MnS inclu-
sion tends to be induced by the MnS precipitation on
the oxide inclusion. Thus, the MDZ adjacent to the
MgO-Al, O,-MnS inclusions would be an important
factor for promoting IAF nucleation because Mn is
an austenite stabilization element.

For S3 steel, two typical inclusions types asso-
ciated with TAF were detected. A large proportion of
the inclusions is Al, Os-MgQO, as shown in Fig. 5(b).
Moreover, based on the element mapping figure
(Fig. 6), it is realized that the inclusion is pure
Al; O;-MgO phase. It indicates that the pure MgQO -
Al, O; can indeed induce the TAF formation, which
does not agree with the results of Sarma et al. . Fur-
thermore, this could be provided as a further evidence
for the theoretical calculation from Wen et al. 3!,

In addition, it is seen that the IAF is nucleated
on the Al-Mg-P-O inclusion, which is quite different
from the previous researches. In fact, Sun et al. 24
have previously proposed MgO-rich inclusions might
usually contain a certain amount of phosphorus due to
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Fig. 7 Line scanning analysis result of typical
elements around the MgO-Al, O;-MnS
inclusions in S2 steel

0

Fig. 8 Element mapping pattern of MgO - Al,O; inclusions nucleating IAF in S3 steel

the strong affinity of Mg with P in iron melts. On
the other hand, Wen et al. ™*! pointed out that a Si
enriched zone formed on the MgO-Al, O;-Si0, inclu-
sion can be one of the possible mechanisms to nucle-
ate the ferrite formation due to that Si is a ferrite el-
ement. In this study, it should be noted that several
factors are still different from Wen et al. **, such

as the concentration of carbon and silicon elements

in steels, both of which are much higher than the
present study. Thus, the Si enriched zone accompa-
nied by MgQO « Al, O, is not detected, but the Al-
Mg-P-O inclusion is detected. It can be inferred that
a P-rich zone accompanying with Al-Mg-P-O inclu-
sion would be formed. It is interesting that P is a
strong ferrite stabilization element like Si. Then the
P-rich zone may also assist the formation of IAF in
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steel. In fact, Liu et al.'®' have found that phos-
phorus is frequently observed accompanying with
iron sulfide, and they considered that the P-rich
zone adjacent to the inclusion might promote the nu-
cleation of acicular ferrite in steel. But they failed to
find phosphorus accompanied with oxide inclusion.
Moreover, similar results were reported by Umeza-
wa et al. ' and Yoshida et al. "' for investigating
the effect of phosphorus on the promotion of ferrite
nucleation. Unfortunately, as the phosphorus con-
centration is relatively low as 80X107°% in steel, the
number of AI-Mg-P-O inclusions is small. Neverthe-
less, it is concluded that the Al-Mg-P-O multiphase
particles can be nucleation sites for IAF in steel, and
the P-rich zone formed on the inclusion might be an-
other factor for promoting the IAF grains formation.
Moreover, further investigations are still needed to
clarify these phenomena.

3 Conclusions

(1) The TAF structures are promoted by Mg
addition, which is mainly due to the dominant oxide
inclusions changed from Al, O, to Al,O;-MgQ, and
the volume fraction of TAF structure increases with
increasing the concentration of Mg.

(2) Tt reveals that not only the MgO-Al, O;-MnS
and MgO-Al, O;-P,Q; particles can be the effective
nucleation of ferrite, but also the pure MgQO « AL, O,
phase can promote the ferrite nucleation.

(3) A MDZ is characterized adjacent to the
MgO-Al,O;-MnS, which is believed to be one of the
possible mechanisms to nucleate the IAF formation.
It can be concluded that the MDZ around the MgO-
Al, O;-MnS inclusion would be induced by the MnS
precipitation on the inclusion. It seems that the abili-
ty of Mg-containing inclusions to induce IAF might
be attributed to a new mechanism, i. e. , the P-rich
zone formed on a few Mg-Al-O inclusions might be an-
other factor for promoting the IAF formation.
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