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Abstract
Advanced high-strength steel ingots with total lanthanum (TLa) contents of 0, 15 9 10–6, 86 9 10–6 and 360 9 10–6 were

prepared through laboratory experiments. The modification of inclusions and the variation of the as-cast microstructure

with the content of lanthanum in the high-strength steel were analyzed. The result showed that with the increase in the TLa

content in the steel from 0 to 360 9 10–6, the modification path of inclusions in the as-cast steel was Al2O3 and calcium

aluminate ? LaAlO3 ? La2O2S ? La2O2S–La2O3. The addition of La in the high-strength steel significantly refined the

solidification structures. With the increase in the TLa content in the steel from 0 to 360 9 10–6, the ratio of the equiaxed

crystal region in the macrostructure increased from 30.1% to 50.7%, the proportion of the high-angle grain boundary in the

microstructure increased from 36.9% to 69.8%, and the area fraction of the acicular ferrite and the bainite increased from 0

to 93.3%. Inclusions of LaAlO3, La2O2S and La2O3 in the La-containing steel could act as heterogeneous nucleation cores

of a-Fe during the solidification. With the increase in the TLa content in the steel, the number density of inclusions that

could act as effective heterogeneous nucleation cores in the steel gradually increased, which enlarged the ratio of the

equiaxed crystal region and the proportion of intragranular acicular ferrite, and refined the as-cast microstructure of the

high-strength steel.
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1 Introduction

Traditional low-alloy high-strength steels are based on

plain carbon steels, with a small number of microalloying

elements such as Nb, V, Ti and Mo. A good combination of

strength and toughness of the steel is able to be achieved

through fine grain strengthening and precipitation

strengthening [1–4]. With the increasing demand for high-

performance steel materials, the advanced high-strength

steel (AHSS) is developed. Compared with the traditional

low-alloy high-strength steel whose microstructure is

mainly ferrite, multiphase microstructures including ferrite,

martensite, bainite and retained austenite were obtained

through cooling control and further increased the

mechanical performance of AHSS due to phase transfor-

mation strengthening [5–7]. Previous researches [8–10] on

advanced high-strength steels mainly focused on the sub-

sequent rolling and cooling control process, and the grain

refinement of steel could be realized by thermo-mechanical

process. The refined structure has a direct influence on the
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rolling and forging process; thus, the as-cast structure

refinement of high-strength steels is one of the key points

to control the quality of the steel [11–13]. However, the

study on the application of rare earth elements in high-

strength steels to refine the structure before rolling was

rarely reported.

In recent years, rare earth elements have been widely

used in the cast steel, carbon steel and other industrial

steels for their important role in improving the cleanliness

of the steel [14, 15], the modification of inclusions [16–18]

and microalloying [19, 20]. The solidification structure of

the steel could be refined through the modification of

inclusions and microalloying of rare earth elements in the

steel. Bartlett and Avila [21] proposed that modified

inclusions by cerium in a high-strength cast steel could act

as heterogeneous nucleation cores for the primary formed c
phase, refining austenite grains from 10–12 mm to 100 lm.

Xu et al. [22] found that the equilibrium distribution

coefficient of cerium was small, and the solubility of rare

earth inclusions in the liquid phase was larger, resulting in

the enrichment of inclusions in the front of the liquid phase

to affect the composition supercooling and inhibit the

growth of grains. Wang [23] found that lanthanum could

improve the supercooling of the steel and La-containing

inclusions could serve as heterogeneous nucleation cores

for d ferrite to refine the as-cast structure of ASTM A216

steel. However, previous studies still lacked direct and

accurate experimental basis.

In the current study, the effect of lanthanum contents on

inclusions and as-cast microstructure of a high-strength

low-alloy steel was investigated. Inclusions and as-cast

microstructure in steels with various contents of lanthanum

were analyzed. Thermodynamic analysis and two-dimen-

sional lattice mismatch calculations were performed. The

mechanism of the microstructure refinement by lanthanum

addition was proposed.

2 Laboratory experiments and analysis

2.1 Experimental procedure

A slab of a commercial grade advanced high-strength steel

with the composition listed in Table 1 was used as the raw

material. During the experiment, a certain mass of slab

specimens were put into a MgO crucible and then, melted

using a vacuum induction furnace at 1600 �C. The

schematic diagram of the vacuum induction furnace is

shown in Fig. 1. After the slab was melted, a certain mass

of LaFe alloys packed in a pure iron bag were added into

the molten steel through the feeding bin. After three min-

utes after the addition of the LaFe alloy, the molten steel

was poured into a cast iron ingot mold and was cooled to

room temperature in the furnace. Four groups of experi-

ments were performed and specimen with the total lan-

thanum (TLa) contents of 0, 15 9 10–6, 86 9 10–6 and

360 9 10–6 were obtained. The measured contents of TLa

in the steel and its standard deviation are listed in Table 2.

2.2 Analysis methods

The schematic diagram of the specimen preparation and

analysis is shown in Fig. 2. The diameter and height of the

ingot was approximately 55 and 90 mm, respectively, and

the mass was around 1.8 kg. The ingot specimen was cut

longitudinally from the middle, and the solidification

structure of the longitudinal ingot section was etched using

the corrosive solution with hydrochloric acid/deionized

water of 1:1. After the distinguishment of the columnar

crystal and the equiaxed crystal of the solidification

structure, areas of different crystal regions in the

Table 1 Chemical compositions of low-alloy high-strength steel (wt.%)

C Si Mn P Cr Nb Al Ti S Fe

0.0476 0.6353 1.6822 0.0135 0.4939 0.0506 0.0487 0.0833 0.0009 Balance

Table 2 Contents of TLa in steel and its standard deviation

No. TLa Standard deviation

1 0 –

2 15 9 10–6 0.4

3 86 9 10–6 0.9

4 360 9 10–6 1

Fig. 1 Schematic diagram of vacuum induction furnace
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solidification structure and those of polygonal ferrite (PF),

intragranular acicular ferrite (IGAF) and granular bainite

ferrite (GBF) in the microstructure were measured using

ImageJ software. The ratio of the equiaxed crystal region

of the solidification structure of high-strength steels with

different La contents was calculated. The content of the

total lanthanum steel was analyzed using ICP-MSC. The

size, chemical composition and number of inclusions in the

steel with different TLa contents were analyzed using an

automated inclusion in the analysis system equipped on a

field-emission scanning election microscope (FE-SEM),

ZEISS-Sigma 300. The minimum size for the analyzed

inclusion was 1 lm. The orientation of the microstructure

was examined using HITACHI SU-5000 field emission

electron microscope equipped with electron backscattering

(EBSD) under 30 kV and 20 mA working current.

3 Influence of lanthanum on macro-
structure of steel

Figure 3 shows the macrostructure of high-strength steel

ingots with different TLa contents. During the solidifica-

tion process, the liquid phase gradually solidified from the

outside region to the inside region of the ingot; meanwhile,

the volume of the steel gradually decreased and there

would not be enough liquid phase to fill the volume gaps in

the late stage of solidification; thus, voids were formed in

the center of the ingot. In the current paper, the voids in the

ingot were not considered during the statistics of the

macrostructure of ingots. The red line in Fig. 3 represented

the boundary between the columnar crystal region and the

equiaxed crystal region. Statistical results of the equiaxed

crystal ratio of the high-strength steel with different TLa

contents are shown in Fig. 4. With the increase in the TLa

content in the steel from 0 to 360 9 10–6, the equiaxed

crystal ratio of the macrostructure gradually increased from

30.1% to 50.7%, and the macrostructure of the steel was

obviously improved by the addition of La.

4 Influence of lanthanum on microstructural
of steel

Figure 5 shows the microstructure of the high-strength

steel with different lanthanum contents. In the steel without

lanthanum addition, the main microstructure of the steel

was PF. In the steel with 15 9 10–6 lanthanum, the

microstructure was refined and was composed of 64.3% PF

and 35.7% IGAF. The IGAF appeared in the steel, the PF

was refined and its area fraction was reduced to 64.3%;

besides, the proportion of the IGAF was 35.7%. When the

Fig. 2 Schematic diagram of specimen preparation and analysis

Fig. 3 Macrostructures of high-strength steel ingots with different TLa contents. a 0 La; b 15 9 10–6 La; c 86 9 10–6 La; d 360 9 10–6 La
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content of lanthanum was 86 9 10–6, the microstructure of

the steel was composed of PF, IGAF and GBF. The content

of the PF was further reduced to 33.7%, and the remaining

microstructure was composed of GBF and IGAF account-

ing for 66.3%. As the content of lanthanum continuously

increased to 360 9 10–6, the area fraction of GBF and

IGAF increased to 93.3%. It can be concluded that the

proportion of IGAF and GBF increased while that of PF

decreased with the increase in the lanthanum content,

which was caused by the increase in the phase transfor-

mation activation energy of PF after the addition of lan-

thanum, thereby, inhibiting the formation and growth of PF

[24]. Acicular ferrite (AF) and bainite ferrite (BF)

coexisted in the steel after the furnace cooling, both of

which were transformed at the medium temperature.

Besides, the formation of rare earth inclusions in the steel

with lanthanum addition provided enough heterogeneous

nucleation sites for AF and BF during the transformation

process [25, 26]. The structure of AF is a-Fe and BF is a

multi-phase composed of a-Fe and Fe3C. La-containing

inclusions could induce the heterogeneous nucleation of a-

Fe, as shown in Fig. 6. Thus, after the addition of La in the

steel, La-containing inclusions were formed, which facili-

tated the heterogeneous nucleation and growth of AF and

BF. The possibility for La-containing inclusions to induce

heterogeneous nucleation of ferrite is discussed in Sect. 6.

To further analyze the orientation of the microstructure

in steel, EBSD and orientation difference analyses of the

high-strength steel with different La contents were carried

out. As shown in Fig. 7, lanthanum had a great influence on

the ratio of high-angle grain boundaries (h[ 15�) in the

orientation difference distribution, where h is the angle

between two crystal orientations. As shown in Fig. 8, the

variation in the ratio of high-angle grain boundaries in the

steel showed a single nonlinear increase trend with the

increase in the lanthanum content, and compared with the

steel with 15 9 10–6 lanthanum, low-angle boundaries

increased and high-angle boundaries decreased when the

lanthanum content was 86 9 10–6, resulting in the inflec-

tion point when the lanthanum content in the steel was

86 9 10–6. Previous studies found that acicular ferrite

could form interlocking structures with high-angle grain

boundaries in the steel [27], and a large number of smaller-

Fig. 4 Statistical results of equiaxed crystal ratio of high-strength

steel with different La contents

Fig. 5 Microstructure of high-strength steel with different TLa contents. a 0 La; b 15 9 10–6 La; c 86 9 10–6 La; d 360 9 10–6 La
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size martensite/austenite islands (M/A islands) in GBF

could increase the interface between the M/A islands and

ferrite which would increase the orientation difference,

leading to the increase in the high-angle boundaries ratio

[28]. On the contrary, when the size of the M/A islands was

large and the interface between the M/A islands and ferrite

was small, the ratio of high-angle boundaries could not be

increased even if the granular bainite existed in the steel.

As shown in Fig. 5, when the content of lanthanum was in

the range between 0 and 86 9 10–6, the structure was

refined but the fraction of high-angle boundaries was not

improved. When the content of lanthanum was

360 9 10–6, both the structure was refined and the fraction

of high-angle boundaries was improved, which may be

related to M/A islands with bigger size in the steel with

86 9 10–6 lanthanum.

Fig. 6 Heterogeneous nucleation of ferrite induced by La-containing inclusions

Fig. 7 EBSD scanning results (a) and misorientation distributions (b) in microstructure of high-strength steels with different TLa contents

Fig. 8 Variation of high-angle grain boundaries ratio with TLa

contents in steel
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5 Inclusions in steel

Figure 9 shows the elemental mapping of typical La-con-

taining inclusions in the high-strength steel with different

TLa contents. When the content of TLa in the steel was 0,

inclusions consisted of composite inclusions with Al2O3 or

calcium aluminate as the core and TiN wrapping around it.

In the steel with 15 9 10–6 La, the oxide core of Al2O3 and

calcium aluminate was modified into LaAlO3. As the

content of TLa in the steel increased into 86 9 10–6,

inclusions were further transformed into La2O2S and

La2O3. When the content of TLa in the steel was

360 9 10–6, inclusions were mainly La2O2S and composite

inclusions with La2O2S as the core and La2O3 wrapping

around it.

Variations of the number density of different kinds of

inclusions, the composition, area fraction and number

density of total inclusions in the steel with the TLa content

are shown in Fig. 10. Inclusions in the steel without La

were mainly TiN. When the mass fraction of the TLa

content in the steel was 360 9 10–6, the inclusions were

finally modified into La2O2S and La2O3. With the increase

Fig. 9 Elemental mapping of typical La-containing inclusions in high-strength steel with different La contents. a, b 0 La; c, d 15 9 10–6 La; e–

g 86 9 10–6 La; h, i 360 9 10–6 La
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in the TLa content in the steel from 0 to 360 9 10–6, the

modification path of inclusions in the steel was Al2O3 and

calcium aluminate ? LaAlO3 ? La2O2S ? La2O2S–

La2O3. The number density and area fraction of inclusions

showed an increasing tendency with the increase in the TLa

content in the steel. When the TLa content increased from

15 9 10–6 to 360 9 10–6, the number density and area

fraction of inclusions first decreased and then, increased,

and reached the minimum value which were 18.98 mm-2

and 40.12 9 10–6, respectively, when the TLa content in

the steel was 86 9 10–6.

Transformation of inclusions in the steel with different

TLa contents during the solidification process was calcu-

lated using FactSage 7.1 with databases of FactPS, FToxid,

FSstel and a private database containing the thermody-

namic data of La2O2S, as shown in Fig. 11. Figure 11a

shows the total amount variation of inclusions with the

content of lanthanum in the steel, and the total amount of

inclusions showed an increasing tendency with the increase

in the lanthanum content in the steel. Variations of inclu-

sions composition with the content of lanthanum in the

steel are shown in Fig. 11b and c, and initial calcium

aluminate and alumina in the steel were gradually modified

into lanthanum-containing inclusions with the increase in

the lanthanum content in the steel. Combined the experi-

mental results with the results shown in Fig. 10, for the

steel without La, inclusions in the steel after solidification

were mainly calcium aluminates and Al2O3, which was

consistent with the result shown in Fig. 9a and b. In the

steel with the TLa content of 15 9 10–6, inclusions in the

solid steel were mainly LaAlO3, which was in consistence

with the result shown in Fig. 9c and d. In the steel with

86 9 10–6 lanthanum, inclusions were mainly La2O2S,

which roughly agreed with the result shown in Fig. 9e–g.

In the steel with 360 9 10–6 lanthanum, inclusions were

mainly La2O2S and La2O3, which was in consistence with

the result shown in Fig. 9h and i.

6 Heterogeneous nucleation of ferrite
induced by inclusions

Inclusions in the steel can act as effective heterogeneous

nucleation cores during solidification of steels to reduce the

activation energy barrier of nucleation, promoting the

nucleation of the first precipitated phase of steel, and

Fig. 10 Effect of TLa content on number density of different kinds of inclusions (a), composition (b), area fraction and number density of

inclusions in steel (c)
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refining the as-cast structure of the steel. The mismatch

between inclusion and the matrix can reveal the grain

refinement phenomenon [21].

Bramfitt [29] proposed a calculation method of the two-

dimensional mismatch degree, as shown in Eq. (1). When

the mismatch degree was less than 6%, the heterogeneous

nucleation effect was the best; when the mismatch degree

was between 6% and 12%, the heterogeneous nucleation

effect was relatively poor; when the mismatch degree was

more than 12%, the heterogeneous nucleation cannot be

induced.

d hklð Þs

hklð Þn
¼

X3

i¼1

d
uvw½ �is

cos h�d
uvw½ �in

���
���

d
uvw½ �in

3
� 100 ð1Þ

where (hkl)s is the low exponential plane of the base; (hkl)n

is the low index plane of nucleation phase; [uvw]s is the

low index crystal orientation of (hkl)s; [uvw]n is the low

index crystal orientation of (hkl)n; d[uvw]s is the atomic

spacing along the [uvw]s crystal direction; d[uvw]n is the

atomic spacing along the [uvw]n crystal direction; and i is

one of the three lowest index directions within a 90�
quadrant of the planes of the nucleated inclusion and the

substrate.

Lattice parameters of different kinds of inclusions and

a-Fe are shown in Table 3, and minimum values of mis-

match degrees are shown in Table 4. Relationship of

crystallizing planes between La2O2S, LaAlO3, La2O3 and

a-Fe is shown in Fig. 12. The optimum mismatch degree

between La2O2S, LaAlO3, La2O3 and a-Fe was 2.6%,

Fig. 11 Variations of inclusions composition with TLa content in steel. a Total content of inclusions; b content of each type of inclusion;

c average composition of inclusions

Table 3 Lattice parameters of different inclusions and a-Fe

Inclusions Space group a/Å b/Å c/Å a/(�) b/(�) c/(�) Reference

La2O2S P�3m1 3.927 3.927 6.768 90 90 120 [30]

LaAlO3 R�3H 5.381 5.381 13.174 90 90 120 [31]

La2O3 P63/mmc 4.057 4.057 6.430 90 90 120 [32]

a-Fe Im�3m 2.850 2.850 2.850 90 90 90 [33]

a, b, c—Cell edge length; a, c, b—angle between cell edge
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123



8.4%, and 0.7%, respectively. The mismatch degrees

between La2O3, La2O2S and a-Fe were all less than 6%,

indicating that both La2O3 and La2O2S were most con-

ducive to induce heterogeneous nucleation of a-Fe. The

mismatch between LaAl2O3 and a-Fe was 8.4%, which

was between 6% and 12%, and the induction ability for

heterogeneous nucleation was relatively poor. In the steel

with La addition, LaAlO3, La2O2S and La2O3 could act as

heterogeneous nucleation cores of a-Fe during solidifica-

tion. When the content of TLa was not higher than

86 9 10–6, the nucleation of ferrite and refinement of

grains was mainly related to LaAlO3 and La2O2S during

the solidification process. When the TLa content was

360 9 10–6, the content of La2O3 in inclusions was higher,

which plays the dominant role in the nucleation of ferrite

and refinement of grains.

To further illustrate the influence of the interaction

between La-containing inclusions and ferrite nucleation on

the microstructure, according to Fig. 10c. The number

density of La-containing inclusions with strong heteroge-

neous’ nucleation ability increased nonlinearity with the

increase in the TLa content in the steel and an inflection

point appeared when the TLa content was 86 9 10–6. In

Sects. 3 and 4, it was also found that the TLa content

increased from 15 9 10–6 to 86 9 10–6, the change in the

equiaxed crystal ratio of the solidification macrostructure

(as shown in Fig. 4) and the change of high-angle grain

boundaries (as shown in Fig. 7) varied little when the TLa

content increased from 15 9 10–6 to 86 9 10–6. It was

because when the TLa content was 86 9 10–6, the inclu-

sions mainly existed in chain shape. Figure 13 shows the

three-dimensional morphology of chain inclusions.

Because of the limited nucleation site and the aggregation

of La-containing inclusions, the number density of inclu-

sions was greatly affected. At the same time, the aggre-

gation of La-containing inclusions reduced the crystal

planes that could match acicular ferrite to a certain extent,

resulting in little change in the equiaxed crystal ratio,

inapparent refinement of the microstructure and slight

decrease in the high-angle grain boundaries fraction when

the TLa content in the steel increased from 15 9 10–6 to

86 9 10–6. The aggregation of inclusions could inevitably

increase the inclusions size, which would lead to the

deterioration of the steel property. Therefore, the average

Fig. 12 Relationship of crystallizing planes between La2O2S (a), LaAlO3 (b), La2O3 (c) and a-Fe
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diameter of rare earth containing inclusions in the steel was

calculated, as shown in Fig. 14. The average diameter of

rare earth containing inclusions changed little under dif-

ferent La additions, that is, chain inclusions were the

aggregation of smaller-size inclusions, and the influence on

the size of rare earth inclusions can be ignored in this

experiment.

7 Conclusions

1. With the increase in the TLa content in the high-

strength steel from 0 to 360 9 10–6, the modification

paths of inclusions in the steel were Al2O3 and calcium

aluminate ? LaAlO3 ? La2O2S ? La2O2S–La2O3.

2. The addition of La in the high-strength steel signifi-

cantly improved its solidification structure. As the

content of TLa in the steel increased from 0 to

360 9 10–6, the equiaxed crystal ratio of solidification

macrostructure increased from 30.1% to 50.7%, the

proportion of high-angle grain boundaries in the

microstructure increased from 36.9% to 69.8%, and

the total area fraction of acicular ferrite and bainite

increased from 0 to 89.8%.

3. In the steel with La addition, LaAlO3, La2O2S and

La2O3 inclusions could act as heterogeneous nucle-

ation cores of a-Fe. With the increase in the TLa

content, the number density of inclusions in the steel

that can effectively induce heterogeneous nucleation

gradually increased, which was beneficial to refining

the as-cast structure of the high-strength steel, and

finally increased the proportion of acicular ferrite,

granular bainite ferrite and the equiaxed crystal ratio of

the solidification macrostructure.
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