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Abstract: Ce has been widely used in oxide metallurgy for modifying inclusions and refining
microstructure. Effect of Ce contents on the evolution and characteristics of non-metallic inclusions
and the formation of acicular ferrite (AF) in Ce-treated Ti-Mg-killed EH36 steel was investigated.
The results showed that the main type of inclusions in Ti-Mg deoxidized steel was MgO-Al,O3-MnS.
After 0.014%, 0.024% and 0.037% Ce were added into the steels, dominant inclusions became
CeAlO3-MgO-MnS, CeyO,5-MgO-MnS and Ce;O,S-MnS, respectively. The precipitation of pure
MnS was suppressed in the steel with 0.024% Ce, while the number density of total inclusions
increased significantly in the steel with 0.037% Ce, causing the inclusions distributing densely.
Ce addition refined the microstructure of tested steels by promoting AF formation and polygonal
ferrite distributing evenly. Dispersive distribution, low lattice mismatch against «-Fe, as well as lower
number density of pure MnS caused the highest number density of effective inclusions (nucleus of
AF formation) in 0.024% Ce-treated steel.

Keywords: Ce content; inclusions; evolution; acicular ferrite; EH36 steel

1. Introduction

The development of the shipbuilding industry and the application of high heat input welding
(HHIW) have put forward higher requirements for the performances of ship plate steel featuring low
carbon, high manganese and micro-alloying [1,2]. EH36, the most widely used ship plate steel, has to
meet the requirements of strength, toughness and weldability. However, the typical grain-refining
particles in EH36 steel, AIN and TiN, will dissolve and lose their pinning effect during HHIW process,
causing the microstructure in heat affected zone (HAZ) coarsening rapidly and HAZ toughness
decreasing significantly [3,4]. “Oxide metallurgy”, using fine dispersed non-metallic inclusions or
precipitates, such as pure oxides, oxy-sulfides and complex inclusions, to induce acicular ferrite (AF)
nucleation and pin austenite grains, refines the microstructure of HAZ [5,6]. AF, known for its high
dislocation density (10°~10% mm=2) and chaotic crystallographic orientation retards the propagation of
cleavage cracks in steels and improves HAZ toughness [7].

Mg addition has been reported to promote the formation of AF in EH36 steel [8-10]. Mg treatment
refines the inclusions in the steel, increases the number density of inclusions and promotes MnS
precipitation on oxide inclusions, which is conducive to induce the nucleation of AF. The typical
inclusions in Ti-killed ship plate steel, such as Ti;O3, are also favorable for the formation of AF due to
the existence of a manganese-depleted zone (MDZ) around the inclusions [11]. Furthermore, because Ti
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is a common element for shipbuilding steel, complex deoxidization with Ti and Mg has attracted
extensive research attentions [12-15]. Crystallization of Ti and Mg oxides in the melts (1873 K) starts
immediately when Ti and Mg are added into steel according to Equations (1) to (5) [16,17].

2[Ti] 4 3[0] = Ti,O3(s), AG? = —1,072,827 + 346.0T, J-mol ! 1)

[Ti] 4 2[0] = TiOy(s), AG? = —675,720 + 224.6T,]-mol " @)

3[Ti] 4 5[0] = Ti30s(s), AG? = —1,392,344 + 407.7T,J-mol 3)

[Mg] + [0] = MgO(s), AGY = 732,950 + 240.28T, J-mol " (4)

[Mg] + 2[Al] 4 4[0] = MgO-AlLOs(s), AG? = —1,620,910 + 451.16T, ]-mol " (5)

On one hand, the number density of Ti-Mg complex deoxidization inclusions is higher than that
of single Mg deoxidization inclusions. Ti-Mg-O + MnS, the common inclusions in Ti-Mg-killed steels,
are in favor of AF nucleation due to the existence of MDZ. On the other hand, the size of inclusions in
Ti-Mg deoxidized steels are finer than that of inclusions in single Ti deoxidized steels because Ti oxide
inclusions nucleates on Mg-containing inclusions heterogeneously. As a result, the deoxidization of
Ti-Mg exhibits good potential for the formation of AF than that of Ti or Mg alone [12-14]. However,
because the desulphurization ability of Ti or Mg is not strong enough, it is difficult to avoid a certain
amount of pure MnS in Ti-Mg-killed steels, which reduces the probabilities of AF nucleation on
inclusions [9,18]. Ce, as a strong desulfurizer, has been widely used in oxide metallurgy. Ce modifies
MnS into Ce, 0,5 in S5400 steel [19]. This kind of inclusions is the nucleation sites of AF due to the low
lattice mismatch between the inclusions and «-Fe [20]. Meanwhile, Ti nitrides, Mg and Ce oxides as
well as the Ce oxy-sulphide coexisted in the Ti-Mg-Ce-(S, O, N) system. These inclusions have the
potential to promote the formation of AF. Therefore, Ti-Mg-Ce complex deoxidization is expected to
have a better effect on promoting AF nucleation than that of Ti-Mg complex deoxidization. Meanwhile,
the effect of Mg on refining inclusions makes up for the deficiency of Ce-containing inclusions caused
by their aggregated tendency in molten steel [21]. As a result, the fine and dispersed inclusions with
good potency of AF nucleation will be obtained in Ti-Mg-Ce complex deoxidized steels, which is of
great significance for the improvement of the weldability of ship plate steels, especially EH36, one of
the most urgent steels for weldability under the background of HHIW.

However, no systematic work has been reported about the effect of Ti-Mg-Ce treatment on AF
formation in EH36 steel, and the evolution of inclusions in the process of complex deoxidization has
not been fully understood. Therefore, in this study, the effect of Ce content on the evolution and
characteristics of inclusions in Ti-Mg-killed EH36 steel was investigated. The potency of various
inclusions for the AF nucleation and its mechanism were explored. It is expected that the current study
provides a basis for the control of potential inclusions working as the nucleus of AF nucleation in
shipbuilding steels.

2. Materials and Methods

Based on Chinese standard GB 712-2011, EH36 steel (composition/%: C 0.06, Si 0.24, Mn 1.44,
P 0.01, S 0.008, O 0.008, N 0.004, Al 0.005, V + Nb + Ti < 0.01) was melted in a vacuum induction
furnace as a raw material. Melting and solidification experiments of tested steels were then carried out
in a molybdenum resistance furnace with an accuracy of temperature controlling +2 K under a purified
argon atmosphere. About 500 g EH36 steel charge in a corundum crucible ($45 x 120) was heated to
1873 K and held for 10 min to homogenize composition and temperature. In consideration of being
close to actual production, the melts were sequentially deoxidized by Al wire (99.99% Al), Ni-Mg alloy
(14% Mg), metal Ti (99.99%) and Ce (99.8%). The alloys were wrapped by an iron sheet and immersed
in the molten steels to complete the addition. To analyze the evolution of inclusions during melting
process, melt sampling was carried out by a quartz tube according to Figure 1. Samples taken from
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points 3 and 4 were named as A-1 and A-2, separately, while those taken from point 7 after treated by
0, 0.014%, 0.024% and 0.037% Ce were named as B-1, B-2, B-3 and B-4, respectively. The steel charge
was then taken out and quenched to room temperature after being cooled to 1373 K in the furnace.
The order of adding deoxidizers, sampling time and cooling processes are shown in Figure 1. Table 1 is
the chemical composition of tested steels with the corresponding detection methods in its footer.

2
]
f

F.)
T . . = . = . N
10 min 5 min 5 min 5 min 5 min

Furnace Cooling

: Thermal insulation
: Adding Al Metal
: Sampling before adding Ni-Mg Alloy

Water Quenchin,

Temperature

B e ka =

: Sampling before adding Ti Metal

A

: Sampling before adding Ce Metal

o

: Thermal insulation

-1

: Sampling before turning oft the power

Time
Figure 1. Schematic diagram of the order of adding alloys, sampling time and cooling processes.

Table 1. Chemical composition of tested steels/wt%.

No. C! Mn? Si? P2 R Al?2 Mg? Ti? Ce3 TO! N* Fe
#1 0053 146 024 001 0.0082 0.0087 0.0044 0.016 0  0.0040 0.037 Bal
# 0053 144 024 0.01 0.0081 00086 00028 0.013 0.014 0.0055 0.0038 Bal
#3 0053 146 024 001 00082 00086 00029 0014 0.024 0.0047 0.0037 Bal
#0052 146 024 0.01 0.0083 00088 0.0028 0013 0.037 0.0041 0.0034 Bal

! Infrared Spectroscope (IR); 2 Inductively Couple Plasma Atomic Emission Spectrometric (ICP-AES); 3 Inductively
Couple Plasma Mass Spectrometry (ICP-MS); * Inert Gas Fusion Thermal Conductivity Method (IGF-TC).

For consistency, the size distribution of inclusions in the samples was analysed by the point
counting method, while automatic scanning electron microscope equipped with energy dispersive
spectrometer (SEM-EDS) was only used for analyzing the composition of inclusions. The samples
($10 mm X 5 mm) cut from half of the radius of the ingots were mechanically grounded, polished and
etched for 10-12 s in 4 vol% nital for metallographic observation. Before and after etching, 100 photos
were taken at 1000 times magnification by an optical microscope (OM) to quantify the size of total
inclusions and effective inclusions in the steels, respectively. The point counting method was used
to count the number of inclusions in the OM images with the help of the image processing software,
Image]. The number density of inclusion was calculated by Equation (6).

NTatal
n = Lol ©)
ATotal

where, 1, Npta and Ay refer to number density of inclusions, total number of inclusions in photos
and total area of photos, respectively.

Automatic SEM-EDS (Zeiss EVO18 SEM coupled with Oxford INCA energy-dispersive X-ray
spectroscope (EDS) (Carl Zeiss AG, Oberkochen, Germany) was used to analyze pure MnS in the
as-cast samples. The scanning area and minimum size of inclusions were set to 7.44 mm? and
0.5 pm, respectively. More than 500 inclusions were analyzed in each sample. The composition
of inclusions was analyzed by SEM (FEI Navo Nano 650, FEI Co., Hillsboro, OR, USA) equipped
with EDS (EDAX ELEMENT, EDAX Inc., Berwyn, PA, USA). The Scheil-Gulliver cooling model
coupled with FactPS, FToxid, FSstel and self-created CEOS databases in FactSage software (version
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7.0, CRCT-ThermFact Inc., Montreal, QC, Canada and GTT-Technologies, Herzogenrath, Germany)
was used to calculate the formation of inclusions in tested steels. The CEOS database was created
based on the Equation (7) [22]. The distribution of grain boundaries in tested steels was analyzed
by electron back-scatter diffraction techniques (EBSD, Zeiss EVO 18 SEM equipped with Oxford
instrument Nordlys Nano detector, Oxford Instruments plc, Abingdon, UK).

BGY 05 = ~1.74%10° + 725X 10°T = 118 X 1072T% + 1.05 X 10°T~! = 1.25x 10°T In T, J-mol ™" (7)

3. Results and Discussion

3.1. Composition, Size and Number Density of Total Inclusions

The number density of pure MnS detected by Automatic SEM-EDS in the as-cast samples is shown
in Figure 2a. As the content of Ce increased in the steels, the number density of pure MnS was reduced
obviously. The value decreased from about 30 mm™2 in the Steel #1 and #2 to about 12 mm™2 in the
Steel #3 to only about 8 mm~2 in the Steel #4 with the increase of Ce content.
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Figure 2. (a) Number density of pure MnS in the as-cast samples; (b) desulphurization curves of Mg
and Ce in 1873 K with 0.004% [O].

Desulphurization capacities of Mg and Ce were calculated as shown in Figure 2b. A detailed
calculation is provided in the Supplementary Materials. It clearly showed that as the Ce content in
the melt increased, especially when Ce,O,S formed, the content of S decreased rapidly. However,
the S content in the Mg-treated melt changed insignificantly. Ce is a stronger desulfurizer than Mg.
The content of S in the melts treated by Ce decreased obviously, causing the number density of pure
MnS to decline in the steels.

Thermodynamic calculation results of inclusions in the final quenched steels are shown in Figure 3.
It clearly showed that the initial precipitation temperature and mass fraction of MnS decreased when
the content of Ce reached 0.024%. The percentage of MnS in Steel #4 was minimum among the steels
as shown in Figure 3d. The calculation results are basically consistent with the experimental results.
Moreover, the addition of Ce also had a great influence on the types of oxides. MgAl,O4 and MgO
were the main oxides in Steel #1 shown in Figure 3a. After 0.014% and 0.024% Ce were used in the
steels, the primary oxides in Steel #2 and #3 became CeAlO3; and Ce;O,S, respectively. The ratio of
CeyO,S obviously increased after 0.037% Ce was used in Steel #4. TiN precipitated in the cooling
process and its content only had a minor change with the increase of Ce content.
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Figure 3. Thermodynamic calculation results of the as-cast steels. (a) #1 (Ce-free); (b) #2 (0.014% Ce);
(c) #3 (0.024% Ce); (d) #4 (0.037% Ce).

The characteristics of inclusions in as-cast samples are related to those in the melts. Therefore, it is
essential to study the evolution of inclusions in the melts. EDS results showed that before the addition
of Mg, the main inclusions in the melt was Al,O5 (Figure 4a). With Mg treatment, the main inclusions
in the melt changed to MgO-Al,O3 (Figure 4b).

MgO-Al O,

Figure 4. Main inclusions in the melts. (a) A-1 and (b) A-2.

Further addition of Ti in the melt of B-1 did not influence the composition of inclusions as shown
in Figure 5(a2). The Ce addition changed the features of inclusions, especially for the distribution
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and composition. Firstly, as the Ce content increased from 0 to 0.024%, the inclusions in the melts
were distributed evenly (Figure 5(al,bl,cl), while they tended to aggregate when Ce content reached
0.037% (Figure 5(d1)). Secondly, with the increase of Ce content in the melts, the types of inclusions
changed from single-phase MgO-Al,O3 to multi-phase CeAlO3/Ce;0,S-MgO to single-phase Ce; 0,5
(Figure 5(a2,b2,c2,d2)). Ren and Zhang’s work indicated that when the content of oxygen was less
than 100 ppm and that of sulphur was over 10 ppm, formation sequence of inclusions containing Ce
in Mn-Si-Al-killed steel was from CeAlO3 to Ce;O,S [23]. The current study was consistent with the
previous literature.

3
T : MgO-ALO,

E MgO-ALO,

Figure 5. Typical inclusions in the melts. (al-a3) B-1 (Ce-free); (b1-b3) B-2 (0.014% Ce); (c1-c3) B-3
(0.024% Ce) and (d1-d3) B-4 (0.037% Ce).

For the distribution of inclusions in the as-cast samples (Figure 6(al,b1,c1,d1)), it was similar to that
in the melts. Dispersed inclusions were observed in Steel #1, #2 and #3 and the inclusions in the Steel
#4 distributed densely. The composition of inclusions in the as-cast samples (Figure 6(a2-d2, a3-d3))
differed from those in the molten steels. Owing to the precipitation of MnS during cooling process,
the main types of inclusions in Steel #1, #2, #3 and #4 were MgO-Al,O3-MnS, CeAlO3;-MgO-MnS,
Cer0,5-MgO-MnS and Ce;O,5-MnS, respectively. In addition, TiN-containing inclusions were also
found in the steels shown in Figure 6(el,e2). The experimental results were consistent with the
calculating ones shown in the Figure 3.
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Figure 6. Typical inclusions in the as-cast samples. (al-a3) #1 (Ce-free); (b1-b3) #2 (0.014% Ce);
(c1-c3) #3 (0.024% Ce); (d1-d3) #4 (0.037% Ce) and (el,e2) TiN-containing inclusions in the Steel #1.

Size distribution of inclusions in the melts is shown in Figure 7a. It clearly showed that majority of
inclusions in the melts concentrated in the range of less than 2 um. The size distribution of inclusions
in the melts was little changed with the content of Ce increasing from 0 to 0.024%. Nevertheless, when
Ce content in the melt reached 0.037%, the number density of inclusions less than 2 um obviously
increased. In fact, a larger number of small spherical pure Ce,O,S were found in the melt treated
by 0.037% Ce. One of the potential reasons for this phenomenon is that these inclusions in the melt
treated by 0.037% Ce formed spontaneously. The excessive addition of Ce makes a large amount of
Ce-containing inclusions precipitate in a homogenous nucleation form, causing the inclusions in the
melt to significantly increase. The interaction between the inclusions increased accordingly, further
affecting the size and distribution of inclusions in the final quenched samples.
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Figure 7. Size distribution of inclusions in the (a) melts and (b) as-cast samples.

It clearly shows in Figure 7b that compared with the number density of inclusions in the melts
(Figure 7a), the value in the final quenched samples #1, #2, #3 and #4 reduced by about 22 mm2,
86 mm~2, 111 mm~2 and 180 mm~2, respectively. Ce addition significantly reduced the number density
of inclusions and improved the cleanliness of molten steel. It is worth noting that as the Ce content
reached 0.037%, a large amount of Ce was removed from the molten steel in the form of inclusions,
which is not conducive to the full utilization of Ce in the steels.

3.2. Microstructure of Tested Steels

As shown in Figure 8, the types of microstructure in all tested steels were mainly polygonal ferrite
(PF), ferrite side plate (FSP) and AF. In Steel #1, a large amount of PF, FSP and a small number of AF
were observed. The PF grains in Steel #1 were coarse and distributed unevenly. The amount of AF in
Steel #2 increased and that of FSP decreased. With the addition of 0.024% Ce, the fraction of AF in
Steel #3 increased further and the PF distributed evenly. The microstructure in Steel #3 was refined as
shown in Figure 8c. Further addition of Ce caused an increase of FSP in Steel #4 and the amount of AF
and PF reduced.

INPFHET T T S, ST R T
e Dby [l (GG 50014% Celt
) 4 : e i

U g
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LAL I
SR EE

037% Ce 5
Ay v;, =

Figure 8. Microstructure of tested steels. (a) #1; (b) #2; (c) #3 and (d) #4.

EBSD results (Figure 9) showed that the ratio of High angle grain boundaries (HAGBs) in tested
steels changed with Ce content. The ratio of HAGBs in the Steel #1, #2, #3 and #4was 17.40%, 17.52%,
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22.10% and 16.43%, respectively. The Steel #3 with highest amount of AF had the highest content of
HAGBs among tested steels. The HAGBs were generally regarded as an important indicator of steel
with good toughness due to its effect of inhibiting cracks propagation [24]. Further research concerning
the effect of the Ce addition on the property of steel needs to be performed.
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Figure 9. Morphology of the grain boundaries in tested steels. (a) #1 (Ce-free); (b) #2 (0.014% Ce);
(c) #3 (0.024% Ce); (d) #4 (0.037% Ce). Where the red line refers to the high angle grain boundary with
grain misorientation more than 15° and grey line refers to the low angle grain boundary with grain
misorientation less than 15°.

3.3. Composition, Size and Number Density of Effective Inclusions

The results shown in Figure 10 indicated that the main types of inclusions, MgO-Al,O3-MnS,
CeAlO3-MgO-MnS, Ce;0,5-MgO-MnS and Ce;O,5-MnS induced AF nucleation in Steel #1, #2, #3 and
#4, respectively. This result explained why AF was found in all tested steels. However, pure MnS was
not able to promote AF nucleating around the inclusions (Figure 10(b1,b2)), which was in agreement
with the previous literatures [25,26]. In addition, densely distributed Ce,O,S-MgO was also not the
effective inclusions in the steels (Figure 10(f1,£2)). This type of inclusion tended to distribute among
grain boundaries and played no part in the nucleation of AE. Moreover, AF was found around the
TiN-containing inclusions in the steels as shown in Figure 10(g1,g2).

The nucleation kinetics of AF was greatly affected by the energy balance of the interphase boundary
among o-Fe, inclusions and y-Fe [27]. Good coherence between inclusions and «-Fe leads to a decrease
of the resistance of AF nucleation on inclusions [28]. AF tends to nucleate on the inclusions with low
lattice mismatch against «-Fe. The lattice mismatch of TiN, MgO-Al,O3, MgO, CeAlO3 and Ce; 0,5
with a-Fe were 3.9% [29], 0.6% [30], 4.0% [13], 7.25% [20] and 1.9% [31], respectively, which were in
favor of AF nucleation. However, the lattice mismatch between MnS and «-Fe was 8.9% [30], causing
pure MnS to not act as the nucleus of AF nucleation.
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Figure 10. Morphology of acicular ferrite (AF) induced by main types of inclusions in the steel.
(a1,a2,b1,b2) #1 (Ce-free); (c1,c2) #2 (0.014% Ce); (d1,d2) #3(0.024% Ce); (e1,e2,{1,£2) #4 (0.037% Ce) and
(g1,82) TiN-containing inclusion in Steel #2.

Size distribution and number density of the effective inclusions in 100 randomly selected OM
photos were analyzed based on the pointing counting method as depicted in Figure 11. It clearly
showed that inclusions over 2.0 um seemed to be more effective in AF formation than the smaller
ones, since more than 75% of effective inclusions in tested steels concentrated in the range of more
than 2.0 um, while the inclusions within the same size range in the as-cast samples accounted for only
35% of total inclusions (Figure 7b). In the Ce-free steel, 3.0-4.0 pm inclusions was most effective in
promoting AF nucleation and the size of the most effective inclusions in Ce-treated steels decreased to
2.0-3.0 um. For the mean size of effective inclusions, it decreased from 3.64 pum to 3.22 pm as the Ce
content increased from 0 to 0.024%. 0.037% Ce in the steel contributed to a rise of the value to 3.68 um.
The size of effective inclusions in the steel with 0.024% Ce was smaller than those in other tested steels.

Brief summary, the distribution of inclusions in Steel #3 was more dispersed than that of Steel
#4. Meanwhile, the number density of pure MnS was lower than that of Steel #1 and #2. Pure MnS
was inert for the nucleation of AF in the current study. However, low mismatch between -Fe and
Ce-containing inclusions enabled these inclusions to work as the nucleus of AF formation in the steel.
Therefore, the highest number density of effective inclusions was achieved in Steel #3 among other
tested steels as shown in Figure 11.
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Figure 11. Size distribution of effective inclusions in the as-cast Steel #1 (Ce-free); #2 (0.014% Ce);
#3 (0.024% Ce) and #4 (0.037% Ce).

4. Conclusions

(1) The main types of inclusions changed from MgO-Al,O3-MnS to CeAlO3-MgO-MnS,
Cer0,S-MgO-MnS and CepO,S-MnS after 0.014%, 0.024% and 0.037% Ce were added into the
steels, respectively. The precipitation of pure MnS was suppressed with the addition of 0.024% Ce
due to the strong desulfurization capacity of Ce. A large amount of Ce;O,S formed in the steel with
0.037% Ce, causing the inclusions in the melts and the as-cast sample to distribute densely.

(2) The microstructure of tested steels was composed of AF, PF and FSP. When the Ce content
increased from 0 to 0.024%, the ratio of AF in the steels increased and PF distributed evenly. Excessive
Ce in the steel contributed to a rise of FSP.

(3) The main types of inclusions in tested steels worked as the nucleus of the AF nucleation.
Because of the comprehensive effects of a lower number of pure MnS, the dispersed distribution
of inclusions and good coherence between the inclusions and «-Fe, the highest number density of
effective inclusions was achieved in the steel with 0.024% Ce among the tested steels.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/10/7/863/s1,
Table S1: Chemical composition of tested steels for calculation/%, Table S2: First order interaction coefficients of
elements in 1873 K, Table S3: Chemical equation of reaction (AG6 = A + BT) [16,19], Table S4: Activity coefficients
of elements in 1873 K.
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