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Synopsis 

  In order to theoretically evaluate and show the effect of REM and Ca-

sulfides on heterogeneous nucleation, investigations have been made to find 

how REM addition influences the solidification microstructure of ingots 

and continuously cast slabs. 

  Some characteristics of REM-added steel compared with ordinary steel 

are as follows ; 

  (1) Primary dendrite arm spacing is narrower. 

  (2) Primary dendrite arm length is shorter. 

  (3) The growth direction of dendrite arms is less oriented. 

  (4) The micro-segregation of C, S, P, Si and Mn is less. 
  It is concluded that new primary dendrite arms are generated due to the 

heterogeneous nucleation by REM addition in the region of comparatively 

small supercooling near liquid-solid interface.

I. Introduction 

  Recently extensive studies have been made on the 
utilization of Ca and rare-earth metals (REM) in the 

ingot-making and continuous casting processes, with 
the objective of high-grade steel production. Many 

studies have been reported concerning their effect on 
controlling the shape of sulfides and oxides.' 
  Ca and REM, reportedly, control not only inclu-
sion shape but also solidification structure itself.'-3~ 

For the development of their utilization, quantitative 
analysis of these functions is desired. 

  The authors have studied use of the excellent phys-
icochemical properties of Ca and REM. The studies 

have revealed marked effect of Ca and REM to im-

prove the thicknesswise ductility of steels resistant to 
lamellar tear,4~ to reduce the anisotropy of non-tem-

pered HI-TEN steels, and to prevent hydrogen-in-
duced cracking in sour gas line pipes, etc. Basically, 

all these seem to be attributable to the following four 

principal functions achieved by Ca and REM added 
to the molten steels: 

1) Formation of nucleation catalysts having high 

    nucleation potency 
2) Improvement of solidification structure 

3) Formation of non-metallic inclusions with low 

   plastic deformability, at hot working temperatures 
4) Enhancement of molten steel cleanliness. 

  Many studies have disclosed interesting facts about 

3) and 4), whereas few reports have been reported as 
to 1) and 2). 

  In this paper, the heterogeneous nucleation poten-
cies of Ca and REM are evaluated. Also, the charac-

teristics of REM-added steel, especially the solidifica-
tion micro-structure including the spacing, length and

inclination of dendrite arms, and micro-segregation 

are studied with some consideration given on relevant 

mechanisms.

II. Heterogeneous Nucleation Potencies of Ca 
   and REM 

  Estimating the ability of Ca and REM to improve 

solidification structure is very important for their effec-
tive utilization. 

  To estimate the heterogeneous necleation potencies 

of A1203, Si02 and Ce203 suspended in molten steel, 

the authors experimentally determined corresponding 

critical supercooling temperatures of liquid iron. Con-
sequently, Si02, A1203 and Ce203 were shown to in-

crease the potential of the heterogeneous nucleation 
in this order.5~ It has also been found that critical 

supercooling temperature can theoretically be ex-

plained in terms of " Planar disregistry " o at crys-
talline interfaces between the oxides and o-Fe.° 

  Figure 1 shows the condition under which the dis-
registry between CaS, and CeS, and o-Fe becomes 
minimum. Figure 2 shows the relationship between 
the calculated disregistry o and critical supercooling 

temperature which decreases in the order of CaO, 

Ce203, CaS and CeS. This means that the potential 
of the heterogeneous nucleation increases in this order. 

By using typical commercial steels added with REM, 
the authors have confirmed that REM sulfides etc. 

have high nucleation potency.

III. Method of Experiment 

1. Experimental Conditions of Test Steels 

  The test specimens were prepared from steels for 
welded structure melted in a 100-t BOF. The speci-
fied deoxidizing and alloying elements were added to 

the steels during tapping. The steels were then sub-

jected to RH vaccum degassing for 25 min. The 
principal experimental conditions are shown in Table 
1. In the early stage of RH degassing of steel C, 
total oxygen was held below 20 ppm, then a bar of 

misch metal,5~ 5.4 mm in diameter by 2 m in length, 

was immersed through the slag layer in the molten 
steel with a steel bar, rapidly melted near the down-
comer. Then, the molten steel was circulated several 

times, while making fine composition adjustment. 
Following the RH degassing, the steel was kept still 

for a given time to have nonmetallic inclusions float-
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ing up and removed. The steel was then bottom-

poured into molds to make 20-t ingots. To improve 

the properties of the rolled plate, a small quantity of 

misch metal was added in the mold immediately be-

fore completing the pouring. 

  Steel H was continuously cast into slab. Addition 

of REM was made in the form of wire by controlling

the supply rate so that the specified quantity of REM 

is fed in the vicinity of the mold center. 

  Steels A and I are REM-free. When pouring, the 
stream of each ingot was heavily argon-sealed. The 

concentration product of REM and S (%) in the 
REM-added molten steels was greater than their solu-

bility product7> (10 X 10-5). This indicated that 

(RE)S, (RE)2025 or (RE)A1203, or their composite 
inclusions had already precipitated in the molten 

steel.4~

2. Investigation Method 

  Ingot A and C were longitudinally cut along the 

central axis. Then, an approximately 200 mm thick 

piece was cut out from midway between the top and 
the bottom. The dendritic structure was observed 

from the surface to the center of the width. For con-
tinuously cast slabs H and I, the cross sections were 

observed, and specimens were taken from several areas 

with and without REM addition. Etching was per-
formed in an etchant containing hydrochloric acid, 
ferric and cupric chlorides. 

  The spacing, length, deflection angle of dendrite 

arm, etc., were directly measured using a low-power 
microscope. Photographs were taken and enlarged 

five times, as a supplementary measure to check the 
measurement. 

  Micro-segregation of solute elements between the 
dendrite arm and the interdendritic zone was measured 

mainly by an electron probe-microanalyzer. Phos-

phorus, which is believed not to be detected accurate-
ly by electron probe-microanalysis (EPMA), was re-

measured by ion microanalysis (IMA). The main 
measuring conditions were as follows :

Table 1. Casting conditions of tested materials.

Fig. 1. 

The crystallographic relationship at 

interface between the (100) of CaS, 

and the (100) of o-Fe.

the 

CeS

Fig. 2. Relationship between the planar disregistry 

       supercooling d T of various nucleant.

o and
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  EPMA-A beam of electrons was focused on a 

rectangular spot 3 im wide by 100 pm long by con-
sidering the arm spacing of the dendritic structure 

and the distribution of the ferrite-pearlite structure 
after transformation. Acceleration voltage was 15 

kV, specimen current was 0.05 ~cA, chart speed was 

20 mm/min, and specimen speed was 100 ,um; min. 
  IMA-02 was used as the primary iron, with the 

beam diameter being 200 to 250 p~b, ion current 200 
nA, and vacuum in the specimen chamber 6 to 8 X 

l0-' Torr. To increase the secondary ion yield of P+, 
the specimen was inclined (at approximately 50 deg) 

during the measurement.

Iv. Experimental Results 

1. Qualitative Evaluation of Dendritic Structure 

  Photographs 1 and 2 show, respectively, the den-

dritic structure of ingots A and C and continuously 

cast slabs H and I. The following discussion centers 
on the continuously cast slabs which clearly exhibit 
the characteristics of the REM-added steels. 

  In the REM-added steel, fine-grained dendrites at 
the surface develop extensively, with the adjoining 

columnar dendrites growing less than these in REM-

free steel. At the foremost end of the fine dendrites 
are seen dendrite fragments that are thought to have 

been formed by crystal multiplication. They seem to 
be the columnar dendrites in a " predendritic " state 

which are growing towards the bulk of molten steel. 
In other words, growth of columnar dendrites seems 

to start from these fragments. Many columnar den-
drites in REM-added steel somewhat resemble branch-

ed ones, the direction of growth being not so uniform 

as in REM-free steel. Chistyakov et al.22 reported, 

though not on the primary dendrites, that an increase 

in the number of higher-order arms and a decrease in 

the thickness of the arms were the characteristics of 

the Ce-added steel. The report on the thickness is 

quite similar to the finding obtained by the present 
authors. 

  Growth of columnar dendrites is blocked by the so-

called branched dendrites that are found in the transi-

tion area from the columnar zone to the equiaxed 

zone. The branched dendrites too are more irregular 

and fine-grained in REM-added steel than in REM-

free steel. They occur in the narrow limited area, 

and closer to the slab surface. Equiaxed dendrite 

zone formed subsequently, and their region extremely 

extended. This change in the growth of dendrite 

arms, starting in the early stage of solidification, char-

acterizes REM-added steels. 

  This difference in the solidification structure has an 

effect on the secondary structure after solidification. 

When a specimen etched to permit clear distinction 

of the dendritic structure was observed under a low-

power microscope, the secondary structure itself, 
which makes up the dendritic structure, was found 

to be fine-grained. This is considered to be asso-

ciated with the precipitation of ferrite and pearlite.8~

Photo. 1. The effect of [REM] additions on the dendritic struc-

   ture of ingot.

Photo. 2. The effect of [REM] additions on the dendrite struc-

   ture of continuously cast slab (Longitudinal section).
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  These characteristics of the dendritic structure in 

REM-added steel will have an indirect effect on the 

pattern of occurrence of the inverted V segregate9-11) 

and the formation of a loose structure in the ingot, 

and the macro-solidification structure, including the 

ratio of equiaxed crystals, and central segregation in 

the continuously cast slab. They will also greatly 

affect the heat-treatment conditions and mechanical 

properties of the rolled products. 

2. Arm Spacing 

  Figure 3 shows the primary and secondary dendrite 

arm spacings in the specimens. Both primary and 

secondary arm spacings increase with an increase in 

the distance from the chilled surface. As mentioned 

before, REM-added steel showed a finer dendritic 

structure than REM-free steel. The secondary arm 

spacing differs little between the two steels, whereas 

the primary arm spacing, compared at the same loca-

tion, is smaller in REM-added steel than in REM-

free steel. This distinct tendency was observed in 

both ingots and continuously cast slabs. 

  The closely packed arm spacing is hardly influenced 

by the flow of the unsolidified liquid metal. As a 

consequence, this is thought to be responsible for the 

reduced inverted V segregation in the ingot.'1) 

3. Arm Length 

  The effect of REM addition on the dendritic struc-

ture is not limited to the primary arm spacing, but 

extends to the primary arm length. Figure 4 shows 

the distribution of the primary arm length in con-

tinuously cast slab at different superheating tempera-

tures. 

  As shown in Fig. 4, the primary arm length is much 

shorter in REM-added steel than in REM-free steel. 

The effect of the REM addition increase with a de-

crease in the superheating temperature. According-

ly, the number of arms in a given area is much greater 

in REM-added steel. As a consequence, REM-added 

steel has a highly compact solidification structure.

4. Deflection Angle of Dendrite Arms 

  Figure 5 shows the effect of REM addition on the 
distribution of growth direction of the primary den-

drite arms of continuously cast slab. Deflection an-

gle, 8, is an angle at which the dendrite inclines with 
respect to the plane perpendicular to the surface of 

the slab. The angle in the same direction as the mol-
ten steel flows is expressed as negative, and the one 

in the opposite direction as positive. 
  In the columnar crystal zone of REM-free steel, 

the primary dendrite arms incline in the positive direc-

tion. In REM-added steel, they incline in both 
directions, negative and positive, as in the branched 
columnar crystal zone of REM free steel. In the 

branched columnar crystal zone of REM-added steel, 

the number of negatively inclined arms increases nat-
urally, but the arms are more scattered than in the 

same zone in REM-free steel. This distribution re-
sembles that in the equiaxed crystal zone of REM-

free steel. In the equiaxed crystal zone of REM-
free steel, more arms incline in both directions, unlike 

those in the columnar and branched columnar crystal 
zones. Because of the too dense structure, the equi-

axed crystal zone of REM-added steel did not permit 
evaluation. 

  To investigate the effect of water flow on the deflec-
tion angle of dendrite of ice grown in the super cooled 

water, Miksch12~ reported that the reflection angle 
changes greatly with the supercooling temperature. 

In REM-added steel, the deflection angle, e, of the 

dendrite arm varies greatly from the early stage of 
solidification. This fact seems to suggest that even 
slight supercooling can produce many effective nuclei 

anew. 
  The above-described characteristics of the dendrite 

structure of REM-added steel, of course, has an effect 
on the macro-solidification structure. Figure 6 shows 

the relationship between the primary dendrite arm 
spacing and macro grain size. As seen, the smaller 

the arm spacing, the smaller the macro grain size. 
Accordingly, REM-added steel, having a small arm 

spacing, has a fine-grained macro-structure.

Fig. 3. Effect of REM addition on dendrite 

       (Case of continuously cast steel slab).

arm spacing Fig. 4. Effect of REM addition on the distribution 

       mary dendrite arm length.

of pri-
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5. Micro-segregation 

  Figure 7 shows the results of electron probe micro-

analyses on C, P, S and Ce for the axes and branches 

of dendrites in REM-added and REM-free steels. 

Between the two steels, carbon exhibits the most pro-

nounced difference. The difference between the max-

imum and minimum values for carbon is smaller in 

REM-added steel, leveling off in many areas. Thus, 

in REM-added steel, the carbon between the branches 

and in the axes show little difference. 

  In REM-free steel, the peak of sulfur perfectly 

agrees with the peak of manganese. This agreement 

is due to MnS that precipitated between the branches. 

In REM-added steel, by contrast, the peak of sulfur 

often does not agree with that of manganese. Rather, 

it agrees with the peak of cerium. This indicates that 

the existence of sulfides is perfectly controlled in REM-

added steel. 

  These distribution tendencies of carbon and sulfur 

well characterize REM-added steel. Also, phospho-

rus, having a high segregation coefficient, might ex-

hibit a similar tendency. Micro-segregation of phos-

phorus seems to be slightly moderated in REM-added 
steel, but this observation was not a decided one. 

Since this ambiguity was felt to have resulted from 

the limited resolving power of EPMA, more sensitive 

IMA was applied. 

  The results are shown in Table 2. The interden-

Fig. 5. 

Effect of REM addition on the 

growth direction of dendrite arm.

distribution of

Fig. 6. Relationship between the primary 

spacing and macro grain size.

dendrite arm Fig. 7(1). Effect of REM addition on microsegregation of 

carbon and phosphor in columnar dendrite zone.

Fig. 7(2). Effect of REM addition on microsegregation of 

sulfur and cerium in columnar dendrite zone.
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dritic-to-intraarm phosphorus concentration ratio in 

the columnar dendritic zone is 2.19 with REM-free 

steel and 1.03 for REM-added steel. The ratio in 

the equiaxed dendritic zone too is lower in REM-

added steel. Thus, addition of REM moderates the 

segregation of phosphorus too. As shown also in 

Table 2, similar segregation moderating effects are 

observed on silicon and manganese in REM-added 

steel. 

  Thus, REM-added steel is shown to have an effect 

to reduce the micro-segregation, and this phenomenon 

supported the aforementioned characteristics of the 

dendritic solidification structure.

V. Consideration 

  As discussed in the foregoing, addition of REM has 

proved to have various effects on the growth of den-
drites. Basically, this seems to be due to the reduction 

of the primary dendritic arm spacing by REM. Now 

some consideration will be given as to this phenome-

non.

1. Comparison with Conventional Concepts 

  Generally, the primary arm spacing is believed to 

be decided by the length of a secondary branch which 
contacts an adjacent secondary branch which grows 

from a primary branch.13-15) 
  Okamoto and Kishitake13> formulated the following 

equation, by assuming that the liquid steel surrounded 
by the secondary arms growing from the primary ones 

solidifies as the secondary arms grow larger, and that 
the distance is determined by the moving distance of 
the solute: 

              d =2e[mDL.C.(k-1)/V]"2 ...............(1) 

where,

  In E 

to the 

effect o 

the am

 d: primary arm spacing 

 m : slope of liquidus line 
DL : diffusion coefficient of alloying element 

     in the molten steel 

 C: alloying element content 

 k : equilibrium distribution coefficient 
 V: cooling rate 

  £ : constant related to the growth pattern 

     of thickening secondary arm. 

q. (1), mC(k-1) is a parameter closely related 
arm spacing. This parameter represents the 
f the kind and content of alloying element on 

m spacing. Further, Okamoto and Kishitakels)

proposed the following modified equation, derived 
from the measurement of the columnar dendrite pri-

mary arm spacings resulted from the unidirectional 
solidification of Fe-Ni, Fe-Si, Fe-P and Fe-C alloys : 

                  d cc [mC(k-1)11/6/ ./V ..................(2) 

  Let us find out if these equations are applicable to 
our experimental results for continuously cast slabs. 

The values of mC(k-1) and V used in the calculation 

are shown in Tables 3 and 4. Figure 8 shows the 

primary arm spacing determined from Eq. (2) by 
using a suitable proportional constant. The calcu-
lated spacing agrees well with the measured one. 

When the effect of REM addition on the fixing of 
sulfur was calculated, however, the tendency for the 

primary arm spacing to reduce was determined. At 
any part of specimen, however, the difference in the

Table 2. Microsegregation 

   microprobe mass

of phosphor, silicon and 

analyzer.

manganese contents in dendrite structure determined by ion

Table 3. Value of me (K -1) used for calculation.

Table 4. Thermal 

   tinuously

conditions 

cast slab

on solidification of con-

at various portion.
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arm spacing between REM-added and REM-free 
steels did not exceed 10 ~Cm, not conforming to the 

experimental results shown in Fig. 3. 

  Now let us study the secondary arm thickening 
theory from a different viewpoint, using simple geo-
metric model. Let us assume that the shape of the 

secondary arm is expressed in terms of a periodic 
function shown in Fig. 9, that the length of the secon-

dary arm is equal to 1 /2 of the primary arm spacing 
d1, and that the bottom diameter of the secondary 

arm is equal to the secondary arm spacing d2. The 
shape is expressed as follows : 

                     x = (d1/2) cos pry/d2) .....................(3) 

  If the radius of curvature at the foremost end of 

the arm is r, 

        r 1 +(ax/ay)v~ 0 2d2 (4)                (a2
x/ay2)y-o rc2d1 

  Meanwhile, from Gibbs-Thomson's interfacial 

equilibrium equation, the radius of curvature r is 

expressed as follows : 

                       r = 2TE.c/pHs•4T .....................(5) 

where, T rE : equilibrium solidification temperature 
        U : solid-liquid interfacial energy 

        p : specific gravity of molten steel 
      Hs : latent heat of solidification 

      d T : interfacial supercooling. 

  Equations (4) and (5) give the following expres-
sion: 

                   d2/d1= 72 Q. T/ .Hs.d T..................(6) 

  Figure 10 shows the relationship between the pri-

mary and secondary arm spacings at the same loca-

tions in nucleus-former-free steels, using the value 

published by various investigators. The slope of the 
linear plots is very close to 1/2, in conformity with 

the result estimated from Eq. (6). In contrast, the 
slope with REM-added steel, also shown in Fig. 10, 
is close to 1, deviating from the result obtained from 

Eq. (6). The primary and secondary arms in the 

latter seem to be formed relatively independent of 
each other.

2. Study According to Nucleus Forming Theory 

  Considering that the supercooling gradient at 

liquid-solid interface constitutes an important factor 

in the formation of the dendritic structure, the authors 

reported that basically the dendrite arm spacing also 

could be estimated from the following equation :21) 

              1 f                             S 
= d T • dx .....................(7) 

                     a•GL o

Fig. 8. Comparison 

       primary den

of observed and 

drite arm spacing.

calculated values of

Fig. 9. Schema of unit cell.

Fig. 10. Relation between primary and secondary dendrite 

         arm spacing of various steels.

Fig. 11. Effects of supercooling on the arrest time in solidi-

fication and that of [REM] addition.
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where,

  Incr 

transfe 

the are 

                 spacing, in the 

to the formation of new primary arms. 

  Takahashi et a1.25j stated that the distance between 

the main dendritic axes is largely determined before

 S: area of solid-liquid interface per unit 

     area 

GL : temperature gradient in the liquid-

    phase at the interface 
 a : heat diffusivity 

 f : solidification rate. 
e ased supercooling increases the heat and mass 

r per unit time, accompanied by an increase in 

a of the interface. This means a reduction 

dendritic arm                  which should be ascribed

solidification starts, and that the distance between the 

main axes growing into columnar dendrites depends 
on supercooling that promotes the growth of nuclei. 

  Present authors5~ performed thermal analyses of 
REM-added and REM-free steels prepared by melt-

ing electrolytic iron in a Tammann furnace. The 
findings obtained are discussed in the following : 

  Figure 11 shows the relationship between super-
cooling and arrest time (during which solidification 

proceeds). As seen, REM-added steel, in spite of 
lower supercooling, requires less time for solidifica-

tion than REM-free steel. This suggests that, at the 

same supercooling, REM-added steel produces more

Photo. 3. Two phase inclusions 

   in dendrite arm.

constituted of rare earth sulfide-oxysulfide precipitated
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crystalline nuclei than REM-free steel. 
  From the above-described facts and experimental 

results summarized below, it is estimated that, new 

primary dendrite arms are generated due to the het-
erogeneous nucleation by REM addition in the region 
of small supercooling near liquid-solid interphase, 
while dendrites are solidifying. The experimental 

findings show (1) that the primary arm spacing is 

small and the arm length short, (2) that the deflection 
angle of dendrites varies widely, both in the positive 

and negative directions, and (3) that the arms con-
tain fine REM-base inclusions (Photo. 3). 

  What is needed now will be a more detailed ex-

perimental analysis of the heterogeneous nucleation in 
the supercooling zone next to the solid-liquid phase 

that takes place while dendrites are solidifying.

VI. Conclusions 

  Studies on the dendritic solidification structure in 

REM-added commercial ingots and continuously cast 
slabs have led to the following conclusions : 

  (1) Compared with REM-free steel, REM-added 
steel exhibited the following characteristics : (a) the 

primary arm spacing is small, (b) short but numerous 

grow, (c) the arms develop in varying directions, (d) 
the arms contain fine REM-base inclusions, and (e) 

micro-segregation of C, S, P, Si and Mn is limited, 
whereby REM-added steel has a very dense solidifica-

tion structure. 

  (2) From the above, it is estimated that, in REM-
added steel, new primary arms occur, induced by the 
heterogeneous nucleation, in the relatively small super-

cooling zones near the solid-liquid phase, while den-

drites are solidifying.
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