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1. Introduction

As-cast austenite (g) grain size is one of the most impor-
tant factors to be controlled during continuous casting
process of carbon steel in the light of its influence on sur-
face cracking sensitivity of the continuously cast slabs and
their deformation behavior in the subsequent hot rolling
process. It was reported that the surface crack propagates
from the surface to inward of the slab along the boundary
of coarse columnar g grains.1) This crack propagation is es-
sentially attributed to a decrease in ductility in g and/or
a�g phase fields. Hence, the control of g grain size and
the morphology is important issue in steel industries.2)

Our recent work on the solidification process of S45C
steel cooled at 0.028°C/s3) revealed that the addition of tita-
nium and boron conduces to the grain refinement of as-cast
g grain structure. The g grain size was reduced down to a
size comparable to the secondary Dendrite Arm Spacing
(DAS). It was considered that this effect should be ascrib-
able to the formation of pinning particles composed of tita-
nium or boron at inter-dendritic positions. This was sup-
ported by the result that the g grain size was reduced by re-
ducing the secondary DAS with a high cooling rate. It
should be noted that these findings were obtained in slow
cooling process with small temperature gradients where the
as-cast g grain structure consists of the equiaxed grains. As
mentioned above, the coarse columnar g grain structure de-
velops during the continuous casting process and, however,
the effect of titanium and boron addition on the columnar
grain structure has not been clarified.

It was demonstrated that the temperature gradient at
d→g transformation front plays a dominant role in the

morphology of g grain structure and a large temperature
gradient results in the development of the columnar struc-
ture.4) In this study, we investigate the effect of titanium and
boron addition on the columnar g grain structure by means
of casting experiments where a large temperature gradient
is involved during the solidification process. This effect is
discussed in terms of the correlation between the g grain
and dendrite structures.

2. Experimental Procedures

The chemical composition of the S45C steel rod em-
ployed in this study is shown in Table 1. The titanium and
boron were added to the S45C steel. In our previous study
on the slow cooling process,3) the molar ratio of the added
titanium and boron was fixed to be 1 : 2 with the aim of
yielding TiB2 phase as a pining particle material. In this
study, also, the molar ratio was taken to be 1 : 2. The
amount of addition of these elements is specified by x
mol% TiB2 in this paper and x was varied from 0 to 0.5. In
order to expose the dendrite structure by the use of Ober-
hoffer’s reagent, 0.02 wt% of phosphorous was added to the
steel. The steel sample of about 350 g was put into an alu-
mina crucible with an inner diameter of 30 mm and a depth
of 90 mm and it was melted at 1 550°C in a SiC electric fur-
nace filled with argon gas of purity higher than 99.999%.
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Table. 1. Chemical composition of commercial S45C steel
rod employed in this study (wt%).



After holding the sample for 1 h at 1 550°C, two types of
casting experiments were carried out as follows.

(1) Casting into an Alumina Mold of 800°C

The alumina mold with an inner diameter of 30 mm and
a depth of 90 mm was kept at 800°C in an electric furnace
for 1 h. The crucible was taken out from the furnace and
then put on a refractory brick and the melted steel sample
was immediately poured into the alumina mold. After pour-
ing, the B-type thermocouple was inserted into the poured
steel at the center. When the monitored temperature de-
creased down to 1 100°C, the sample was quenched into
strongly stirred iced water.

(2) Casting into a Stainless Steel Mold of Room Temper-
ature

The melted steel sample was poured into the stainless
steel mold held at the room temperature. The inner diame-
ter and depth of the mold were 30 mm and 100 mm, respec-
tively. The B-type thermocouple was put at the center of the
sample to measure the temperature. The sample was simi-
larly water-quenched from 1 100°C.

The temperature for completion of transition into g sin-
gle phase, Tg, was measured from the cooling curve ob-
tained in each casting experiment. We defined the cooling
rate by averaging the cooling rate in the temperature range
between Tg and Tg�100°C. The cooling rates, T, for the
casting experiments (1) and (2) were calculated to be
4.50°C/s and 16.67°C/s, respectively. The sample ingot has
a columnar shape with a diameter of 30 mm and a height of
80 mm. The horizontal section at middle of height was sub-
jected to the metallographic investigations. The size of
columnar g grain was characterized by the long axis diame-
ter along radial direction and the short axis diameter along
the direction normal to the long axis. The dendrite structure

and inclusion particles were also investigated on the same
section.

3. Results and Discussions

Figure 1 shows as-cast g grain structures in samples 
obtained at Ṫ�4.5°C/s. In the sample without addition of 
titanium and boron (Fig. 1(a)), the columnar g grains 
develop along the radial direction from the mold side into
inward of the ingot. The columnar grains develop even in
the center region. On the other hand, when the titanium and
boron were added, the equiaxed g grains exist in the center
region, especially, the fine equiaxed g grain structure forms
over the whole observation section in the sample with
0.2 mol% Ti and 0.4 mol% B (Fig. 1(a)). The titanium and
boron addition leads to formation of fine equiaxed g grain
structure.

In addition to the formation of equiaxed g grains, the 
titanium and boron addition induced the Columnar-to-
Equiaxed Transition (CET) of dendrite structure. Figure 2
represents the g grain structure (micrograph of the upper
part) in the sample with 0.05 mol% Ti and 0.1 mol% B.
Also the dendrite structure in the corresponding region of
the sample is given in the lower part of Fig. 2. The dashed
lines in the central part of each micrograph indicate the po-
sition where the structure changes from the columnar to
equiaxed shape. It was observed in all the samples that this
position for the g structure approximately coincides with
the one for the dendrite structure. The same is true in the
other casting samples with Ṫ�16.67°C/s. On the other
hand, it was found in the previous paper3) that when the
cooling rate is 2.25°C/s, the columnar dendrite structure
forms near the mold wall, although the columnar g struc-
ture was not observed even in the vicinity of the mold wall.
This implies that the formation of columnar g grain is not
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Fig. 1. Austenite grain structures cooled at Ṫ�4.50°C/s (a) without addition of Ti and B, (b) with 0.02 mol% Ti and
0.04 mol% B, (c) with 0.1 mol% Ti and 0.2 mol% B, and (d) with 0.2 mol% Ti and 0.4 mol% B.



mainly ascribable to the morphology of the dendrite struc-
ture but to the temperature gradient at the front of the g
grain formation, as discussed in Ref. 4). In contrast, the
present results demonstrated that the fraction of columnar g
grain structure is closely associated with the fraction of
columnar dendrite structure. In this regard, the effect of the
titanium and boron addition on the dendrite structure was
discussed in more detail below.

We measured the length of the region for columnar den-
drite structure along the radial direction of the ingot. Then,
this length was divided by the radius of the ingot, 15 mm, to
obtain the fraction of the columnar dendrite region. The 
dependence of this fraction on the titanium and boron addi-
tion is shown in Fig. 3 where data for Ṫ�2.25°C/s obtained
in the previous work3) are also presented. In the sample
without titanium and boron cooled at Ṫ�4.50 and 16.67°C
/s, the columnar dendrite structure forms over the entire re-
gion. The fraction of the columnar dendrite is reduced by
the addition of titanium and boron. The fraction of the
columnar dendrite at Ṫ�16.67°C/s is always larger than the
one at Ṫ�4.50°C/s. This is because the solidification
process at Ṫ�16.67°C/s involves larger temperature gradi-
ents which prompt development of the columnar dendrite.
In the case of Ṫ�2.25°C/s, furthermore, the fraction of the
columnar dendrite region decreases with addition of tita-
nium and boron. As already mentioned, the g structure in
the samples at Ṫ�2.25°C/s consists of the equiaxed grains
over the entire region. This fact implies that the temperature
gradient during g formation process is relatively low com-
pared with that during dendrite formation and the condition
for formation of equiaxed g grains could be satisfied.4)

It is considered that the formation of equiaxed dendrite
structure due to titanium and boron addition originates
from the extension of constitutional undercooling region by
segregation of solute element ahead of the developing den-
drite and/or formation of some particles acting as nucle-
ation site for equiaxed dendrite. As discussed later, the
Ti(C,N) and BN were observed in the sample with titanium
and boron addition. It was reported in Ref. 6) that the
Ti(C,N) is very effective in promoting heterogeneous nucle-
ation of d-Fe phase, because of low disregistry between
Ti(C,N) and d-Fe phases. In the studies on ferritic stainless
steels,7) furthermore, it was demonstrated that the Ti(C,N)
particles give rise to the CET of d solidification. Therefore,
the CET of the dendrite structure observed in this study

should be associated with the Ti(C,N) particles. As dis-
cussed in Ref. 4), however, the formation of equiaxed g
grain structure does not necessarily results from the
equiaxed dendrite structure. On the other hand, a strong
correlation was observed between the formations of
equiaxed dendrite and equiaxed g grains in the present 
results. The formation of equiaxed dendrite in the melt is
spatially discontinuous compared with the continuous
growth of columnar dendrite from the mold wall. Accord-
ingly, the release of the latent heat due to the nucleation and
growth of new equiaxed dendrite is considered to be also
spatially discontinuous. This discontinuous heat generation
during the d solidification process may reduce the tempera-
ture gradient during subsequent g formation, which causes
the formation of equiaxed g grains. In the present experi-
ment, we measured the temperature only at the center of the
sample in order to avoid the influence of the temperature
measurement on the solidification process. Thus, we could
not further discuss the relation between the temperature
gradient and formation of equiaxed g grain structure in the
present casing condition. In this regard, the detailed heat
transfer analysis on the present system remains as a future
work. On the other hand, as reported in the previous paper,3)

the addition of titanium and boron yields inclusion particles
in the interdenritic region and these particles pin the g grain
boundary. Hence, it is considered that the growth of the
columnar g grain may be prevented by the pinning particles
in the interdendritic region and this leads to the strong cor-
relation between the g grain and dendrite structures.

Next, the dependence of g grain size is discussed. Figure
4 represents the columnar g grain structures in the samples
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Fig. 2. Comparison between (a) dendrite and (b) austenite grain structures of sample cooled at Ṫ�4.50°C/s. The colum-
nar to equiaxed transition region is indicated by dashed lines in the center of each micrograph.

Fig. 3. Effect of addition of Ti and B on fraction of columnar
dendrite.



cooled at 4.50 and 16.67°C/s. It is seen that the columnar
grain size is reduced by the addition of titanium and boron.
The effects of the titanium and boron addition on the long
axis diameter d1 and short axis diameter d2 of the columnar
g grain are shown in Fig. 5. At each cooling rate, the long
and short axis diameters gradually decrease with the in-
crease in titanium and boron concentrations. The columnar

dendrite and g grain structures at the same position are
shown in Fig. 6. In the sample without titanium and boron
((a), (b)), the g grains are coarse and one grain covers sev-
eral dendrites growing in the same direction. In contrast,
there is one-to-one correspondence between one g grain
and one dendrite in the sample with titanium and boron
((c), (d)). As shown in Fig. 7, the small particles exist in-
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Fig. 4. Columnar austenite grain structures (a) without addition of Ti and B at
Ṫ�4.50°C/s, (b) 0.1 mol% Ti and 0.2 mol% B at Ṫ�4.50°C/s, (c)
without addition of Ti and B at Ṫ�16.67°C/s, and (d) 0.1 mol% Ti and
0.2 mol% B at Ṫ�16.67°C/s.

Fig. 5. Effects of addition of Ti and B on
long axis diameter, d1, and short axis
diameter, d2, of columnar austenite
grain.

Fig. 6. Comparison between austenite ((a) and (c)) and dendrite ((b) and (d)) structures at the same positions at
Ṫ�16.67°C/s. The micrographs (a) and (b) indicate the structures without addition of Ti and B, while the micro-
graphs (c) and (d) represent the structures with addition of 0.1 mol% Ti and 0.2 mol% B.



between the primary dendrite arms and these particles are
considered to pin the g grain boundary. The Energy Dis-
persed Spectroscopy, or EDS, analysis revealed that these
particles were not TiB2 which we initially expected but
Ti(C,N) and BN. Figure 8 represents the cooling rate de-
pendence of the primary dendrite arm spacing, l1. Since l1

is proportional to square of inverse of cooling rate or square
of solidification time,8–11) l1 decreases with the increase in
cooling rate. In Fig. 8, also, the short axis diameter of
columnar g grain d2 is indicated. While the short axis diam-
eter d2 always takes higher value than l1, d2 decreases in
accordance with decrement of l1.

Based on all the results thus described, we considered 
the following mechanism regarding the effect of titanium
and boron addition on the as-cast g grain structure. The
schematic illustration is given in Fig. 9. The addition of tita-
nium and boron induces the nucleation of equiaxed d den-
drite ahead of the columnar dendrite and the CET of d so-
lidification occurs. Accordingly, the temperature gradient
during g formation is changed to satisfy the condition for
the formation of equiaxed g grains, or possibly the Ti(C,N)
and BN particles form in-between the dendrite arms and the
pinning effect of these particles lead to the formation of
equiaxed g grains. Then, these particles prevent the g grain
growth. Accordingly, the strong correlation exists between
the dendrite and g grain structures. In fact, it was shown in
this study that the reduction of dendrite size by increasing
cooling rate results in refinement of g grain structure.

4. Conclusions

We investigated the effects of titanium and boron addi-
tion on as-cast g grain structure of S45C steel by means of
the casting experiment with different cooling rates of 4.50
and 16.67°C/s. The following results were found,

(1) The columnar g grain structure forms over the
whole observation section at each cooling rate in the sam-
ples without the addition of titanium and boron.

(2) The addition of titanium and boron reduces the
fractions of columnar dendrite and columnar g grain struc-
tures. The position where the structure changes from
columnar to equiaxed shape is almost identical in both the
dendrite and g grain structures.

(3) The equiaxed g grains develop over the whole ob-
servation area with 0.2 mol% Ti and 0.4 mol% B.

(4) The long and short axis diameters of the columnar
g grain decrease with the increase in titanium and boron
concentrations.

(5) The increment of cooling rate leads to the reduction
of primary dendrite arm spacing and, accordingly, the short
axis diameter of the columnar g grain decreases.
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Fig. 7. Pinning particles existing between primary dendrite arms
in the sample cooled at Ṫ�16.67°C/s.

Fig. 8. Effects of cooling rate on primary dendrite arm spacing
and short axis diameter of columnar austenite grain in the
sample with 0.1 mol% Ti and 0.2 mol% B.

Fig. 9. Schematic picture illustrating the effect of Ti and B on
solidification process.


