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1. Introduction

The Continuous Casting (CC) process has undergone 
remarkable technological progresses which have enabled
implementation of near-net-shape castings, i.e., thin-slab
and strip castings.1,2) Coarsening of as-cast g-austenite
grain structure, however, remains as a major problem in the
CC processes of medium carbon steels. In the conventional
CC process, the formation of the coarse g grains causes
surface cracks in bending or straightening process.3) In the
near-net-shape CC process, also, the formation of the
coarse g grains causes the surface cracks during direct
rolling process of the thin-slab4) and it results in the coarse
final structure of the strip.5) Therefore, the refinement of 
as-cast g grain structure is one of the most important sub-
jects to resolve these problems.

The studies on evolution of g grain structure during 
solidification and sub-sequent cooling in the medium car-
bon steels revealed that the addition of alloying elements
produces profound effects on the g grain size.6,7) The 
refinement of as-cast g grain structure was attempted by
lowering the temperature for completion of g transforma-
tion/solidification, Tg, or by stabilizing fine precipitates of
carbide or nitride at high temperatures.8–14) The addition of
d-ferrite stabilizing elements such as Nb, V and Mo ex-
tends the d�g region in the phase diagram toward lower
temperatures, which leads to refinement of as-cast g grain

structure due to pinning effect of the d phase on the g
grains.15,16) Moreover, it was reported that P addition led to
the refinement of as-cast g grain structure in 0.1 mass% C
steel.8–10) It was discussed that the increase in P concentra-
tion significantly lowers Tg and P segregation developed
during casting process provides the pinning effect. In our
previous study, we investigated the effects of Al addition on
the as-cast g grain structure in 0.2 mass% C steel.14) It was
observed that the Al addition leads to the refinement of the
g grain structure obtained by permanent mold casting. The
g grain structure consisted of Coarse Columnar Grain
(CCG), Fine Columnar Grain (FCG) and Coarse Equiaxed
Grain (CEG) regions. The increase of Al concentration 
resulted in the refinement of g grain structure due to the 
increase of the FCG region at the expenses of the other
coarse regions. The EPMA analysis and thermodynamic
calculation revealed that the AlN phase is not responsible
for the refinement, while the addition of Al is considered to
enhance P segregation at interdendritic regions which low-
ers Tg locally and results in the refinement.

As mentioned above, our recent study demonstrated that
Al addition leads to refinement of as-cast g grain structure
and this refinement is considered to stem from enhance-
ment of P segregation at the interdendritic regions. How-
ever, the following points remain to be clarified: 1) the 
effect of single addition of P on the as-cast g grain structure
in 0.2 mass% C steel, 2) the effect of simultaneous addi-
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tions of Al and P and 3) the direct evidence for the 
enhancement of P segregation due to Al addition. The pur-
pose of this study is to clarify these points. First, we investi-
gate the effects of single addition of P. We then investigate
the effects of simultaneous additions of Al and P, from
which the direct evidence for enhancement of P segregation
due to Al addition can be demonstrated.

2. Experimental Procedures

The carbon steel used in the present study is a 0.2 mass%
C steel rod. The Al and P concentrations in this base steel
are 0.04 and 0.015 mass%, respectively. The Al and P con-
centrations of our focus ranged from 0.04 to 1.04 mass%
and from 0.015 to 0.1 mass%, respectively. The composi-
tions of all the samples used in this study are shown in
Table 1. The sample weight was about 250 g. It was placed
in a cylindrical magnesia crucible with an inner diameter of
30 mm and a depth of 90 mm. The sample was melted at
1 550°C inside a SiC electric furnace under an Ar atmos-
phere. After holding for 1 h, the melt was cast into a steel
mold which was held at room temperature. The detailed
shape and size of the steel mold can be found in Ref. 11).

The ingot was then quenched into a strongly stirred iced
water bath from a temperature slightly above the Ar1 trans-
formation temperature. This operation leads to the forma-
tion of film-like pro-eutectoid a-ferrite on the g grain
boundary and martensite phase within the g grain, which
enables a clear observation of as-cast g grain structure. The
quenched sample had a rectangular prism shape with a
height of 40 mm, a width of 40 mm and a thickness of
20 mm.

The quenched sample was then sectioned transversely at
the middle of height. A rectangular area at the center of
width on the sectioned plane was selected for microstruc-
tural examination with optical microscopes. The rectangu-
lar area for the observation extended from the sidewall sur-
face to the center in the thickness direction. The as-cast g
grain and d dendrite structures were revealed using nital
(3 vol%) and Oberhöffer’s solutions, respectively. An Elec-
tron Probe Micro Analyzer (EPMA) was employed to iden-
tify fine precipitates and analyze concentration profiles of
solute elements.

3. Results and Discussion

3.1. The Effects of Single Addition of P on As-cast g
Grain Structure

Figure 1(a) shows the as-cast g grain structure in the
sample with 0.02 mass% P. The bottom and top parts of this
figure correspond to the sidewall surface and center of the
ingot, respectively. The bright boundary corresponds to the
as-cast g grain boundary. The structure consists of two dif-
ferent grain regions; one is columnar grain region which
develops from the mold side to the center and the other is
equiaxed grain region which forms at the center part of the
ingot. Figure 1(b) shows the d dendrite structure in the
same location. The structure consists of columnar dendrite
region near the mold side and equiaxed dendrite region at
the center. We measured the secondary Dendrite Arm Spac-
ing (DAS) at various positions along the thickness direction
and estimated the cooling rates based on an empirical equa-
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Table 1. The chemical compositions of all the samples made
in the present study in mass%.

Fig. 1. Microstructures of the sample with 0.04 mass% Al and 0.02 mass% P. (a) As-cast g grain structure, (b) d dendrite
structure. The two micrographs show the same location in the sample. The top and the bottom of each micrograph
correspond to the center of the ingot and the sidewall surface, respectively.



tion, l2�710(60T)�0.39.17) As is consistent with our previ-
ous study, the cooling rates in the present experiments fall
within a range of 5–30 K/s which is comparable to that in
the conventional continuous casting process of carbon steel
slabs.

The addition of P changed the as-cast g grain structure.
In the sample with 0.035 mass% P, very fine grains appear
between the columnar and equiaxed grain regions, as can be
seen in Fig. 2. Then, the as-cast g grain structure is charac-
terized by three regions; Coarse Columnar Grain (CCG),
Fine Columnar Grain (FCG) and Coarse Equiaxed Grain
(CEG) regions, while the CEG region was called Equiaxed
Grain (EG) region in the previous report.14) Figure 3(a)
shows the as-cast g grain structure in the sample with
0.1 mass% P. The comparison between the structures of

Figs. 1(a) and 3(a) clearly indicates the fact that P addition
leads to refinement of as-cast g grain structure. The struc-
ture in Fig. 3(a) consists of very fine columnar and
equiaxed grains over the whole observation area, except for
the vicinity of the sidewall surface where slightly coarse
grains exist. Both the very fine columnar and equiaxed
grains were denoted as the FCG in the present study, since
it was quite difficult to clearly distinguish between the
columnar and equiaxed shapes of the fine grains in some
samples. Figure 3(b) shows the d dendrite structure ob-
served in the same location. The d dendrite structure con-
sists of the columnar and equiaxed dendrite regions, and it
is not substantially different from the d dendrite structure in
the sample with 0.02 mass% P (Fig. 1(b)). By comparing
Figs. 3(a) and 3(b), it was observed that each of the fine
columnar g grains forms within one or a few dendrites in
the columnar dendrite region, and the short axis diameter of
the fine columnar grain is comparable to the size of the pri-
mary DAS. Also, each of the fine equiaxed g grains forms
within one columnar or equiaxed dendrite.

As mentioned before, the as-cast g grain structure con-
sisted of the CCG, FCG and CEG regions. The length of
each region along the thickness direction was measured,
and it was divided by the length from the sidewall surface
to the center of the ingot, viz., 10 mm, in order to obtain a
fraction of each region, fi with i�CCG, FCG or CEG. Figure
4 shows the dependency of the fractions of CCG, FCG and
CEG regions on P concentration. The FCG region does not
exist when P concentration is less than 0.035 mass%. The
increase of P concentration leads to increase of the fraction
of FCG region and decrease of the fractions of CCG and
CEG regions and, finally, almost fully refined structure
without CCG and CEG regions forms with the addition of
0.1 mass% P.

Figure 5 shows the dependency of the as-cast g grain
size in each region on P concentration. The short axis diam-
eter of CCG, dgSCCG, and diameter of CEG, dgCEG, decrease
with the increase of P concentration, while the short axis
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Fig. 2. As-cast g grain structure of the sample with 0.04 mass%
Al and 0.035 mass% P. The top and the bottom of each
micrograph correspond to the center of the ingot and the
sidewall surface, respectively.

Fig. 3. Microstructures of the sample with 0.04 mass% Al and 0.1 mass% P. (a) As-cast g grain structure, (b) d dendrite structure. The two micro-
graphs show the same location in the sample. The top and the bottom of each micrograph correspond to the center of the ingot and the side-
wall surface, respectively.



diameter of FCG, dgSFCG, is almost independent of P con-
centration. In order to demonstrate the correlation between
the as-cast g grain and d dendrite structures, the primary
DAS of columnar dendrites, l1, and the center-to-center
spacing of equiaxed dendrites, l e, are also presented in Fig.
5. The primary DAS was measured at 4 mm from the side-
wall surface where the FCG always existed in the samples
with 0.035 to 0.1 mass% P. The primary DAS and center-to-
center spacing of equiaxed dendrites are almost constant.
Therefore, the size in the d dendrite structure is not affected
by the addition of P. It is important to note that the short
axis diameter of FCG is comparable to the primary DAS,
which implies that the growth of the FCG was inhibited im-
mediately after the g transformation/solidification com-
pleted.

The phase diagram of Fe–0.2mass%C–0.04mass%Al–
0.8mass%Mn–0.2mass%Si–0.006mass%N–xmass%P steel,
calculated by CALPHAD method,18) is given in Fig. 6
where the horizontal axis is P concentration. For this calcu-
lation, we employed the thermodynamic database, Pan-
Iron.19) As P concentration increases, both the liquidus and
solidus temperatures are lowered, and especially, the solidus
temperature is lowered more significantly. Hence it is 
expected that the stabilized liquid phase might provide pin-
ning effect on the growth of g grain in the present steel
with P addition.

The EPMA analysis was conducted to investigate P con-
centration profile in the sample. Since the concentration
profile in as-cast g grain structure was focused, the sample
used for the EPMA analysis was the one quenched from

1 000°C which exhibited the full martensite structure with-
out the pro-eutectoid a-ferrite. The concentration profile
was obtained by performing the EPMA analysis for every
1 mm along a 300 mm distance parallel to the sidewall sur-
face in both CCG and FCG regions. Figures 7(a) and 7(b)
show the concentration profiles of P (full symbol) in the
CCG and FCG regions, respectively, in the sample with
0.035 mass% P. The P concentration in mass% is indicated
by the y-axis on the left-hand side, while x-axis represents
the distance of EPMA analysis. Segregation of P signifi-
cantly occurs in the FCG region but not in the CCG region.
Furthermore, from detailed comparison between the con-
centration profile of P and the d dendrite structure, the 
enrichment of P was found at interdendritic region, as 
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Fig. 7. Concentration profiles of P and Mn in (a) CCG and (b)
FCG regions of the cast sample with 0.04 mass% Al and
0.035 mass% P. The scanned direction is parallel to the
sidewall surface of the ingot. The full and open symbols
are the P and Mn concentrations, respectively.

Fig. 6. A phase diagram of Fe–0.2mass%C–0.04mass%Al–
0.8mass%Mn–0.2mass%Si–0.006mass%N–xP system ob-
tained from CALPHAD method.

Fig. 5. The effects of P addition on the g grain sizes. dgSCCG and
dgSFCG represent the short axis diameters of CCG and
FCG, respectively. dgCEG is the diameter of CEG. l1 and
l e are the primary DAS of columnar dendrites and the
center-to-center spacing of equiaxed dendrites, respec-
tively.

Fig. 4. The effects of P addition on the fractions of CCG, FCG
and CEG regions (fCCG, fFCG and fCEG). 



expected from the partition coefficient of P, kP�0.29 for d
solidification. As described above, the increase of P con-
centration lowers Tg, stabilizing liquid phase at low temper-
atures. It is considered, therefore, that the refinement of 
as-cast g grain structure should originate from the pinning
effect of the liquid phase at the interdendritic region stabi-
lized by the P segregation.

The influences of the other elements such as C, Si and
Mn are discussed in the following. The diffusion velocity of
C in solid and liquid phases is quite high, and therefore, the
concentration of C during the solidification process in the
present casting condition was considered to become ap-
proximately uniform. The EPMA analysis demonstrated
that the concentration profiles of Si were almost uniform in
both the CCG and FCG regions. This is because the aver-
age concentration of Si is relatively low and the partition
coefficient of Si is not significantly small, kSi�0.66. Hence,
the segregations of C and Si were negligible. The concen-
tration profiles of Mn in the CCG and FCG regions are
shown in Fig. 7. The Mn concentration in mass% is speci-
fied by the open symbol. The segregation of Mn occurs at
interdendritic region in the FCG region. From the thermo-
dynamic calculation, however, it was demonstrated that the
segregation of Mn does not significantly alter the phase
equilibria of this system. Therefore, the segregation of Mn
may lead to only small effect on the as-cast grain structure
and the refinement should be mainly ascribable to the seg-
regation of P.

The mechanism of the refinement of the as-cast g grain
structure by the segregation of P is explained as follows. As
indicated in Figs. 7(a) and 7(b), the microsegregation of P
in FCG region is significant, compared with that in CCG
region. It has been demonstrated in several studies20–24) that
in directionally solidified or mold cast samples, the degree
of microsegregation increases as the distance from the mold
wall increases, which is consistent with our observation.
Several mechanisms were proposed to explain this phenom-
enon, e.g., increase in partial solidification time,23) increase
in dendrite tip undercooling,25) decrease in partition coeffi-
cient20,22,25) and change in morphology of d dendrite struc-
ture.14) Furthermore, the convection flow in the liquid due
to pouring, thermal convection or density difference should
promote mass transfer from the solid/liquid solidification
front toward the center of ingot, which lead to increase in
the average concentration in the liquid and accordingly 
increment of the degree of microsegregation. Although it
remains to clarify which mechanism is dominant, the 
degree of microsegregation of P increases from the mold
side to the center of ingot in the present casting experiment.
After the formation of columnar d dendrite, the CCG forms
in the vicinity of the mold wall and the CCG develops into
the center of ingot along the thickness direction. In the
sample without P addition, the growth of the CCG will con-
tinues until the equiaxed g grains form from the equiaxed d
dendrite and these grains retard the development of the
CCG. In the sample with P addition, the P segregation at
interdendritic region of columnar dendrite gradually in-
creases as the distance from the mold wall increases, which
results in the stabilization of liquid phase at lower tempera-
tures. Then, the development of CCG was stopped by the
existence of the stabilized liquid phase, viz., the pinning 

effect of liquid phase. Ahead of the CCG, a fine grain struc-
ture develops on the columnar/equiaxed dendrite in an elon-
gated shape in the thickness direction of ingot, while the
grain growth along the direction perpendicular to the thick-
ness direction is inhibited by existence of the stabilized liq-
uid phase. As the result, the FCG forms subsequently to the
CCG formation. In the center of the ingot, the cooling rate
becomes low, which reduces the P segregation and, hence,
the g grains can coarsen, resulting in the formation of the
CEG in the sample with low P concentration. In the sample
with high P concentration, the P segregation substantially
occurs in the center part of the ingot and, hence, the fCEG

decreases with the increase in P concentration in Fig. 4.
This point will be discussed in more detail later in the next
section. It is noted that the value of fCEG firstly increases
from 0.02 to 0.035 mass% P in Fig. 4. In the sample with
0.035 mass% P, the effect of P segregation is not very sub-
stantial and it leads to decrement of CCG region and the
formation of the small FCG region. In this case, as men-
tioned above, the P segregation at the center should be 
reduced due to the low cooling rate. Hence, these condi-
tions lead to the slight increment of fCEG. On the other hand,
in the sample with P concentration higher than 0.075 mass%,
the fraction of CEG region decreases because the P segre-
gation at the center becomes significant despite the low
cooling rate. Figure 5 shows that the short axis diameter of
CCG and diameter of CEG decrease with the increase of P
concentration. Importantly, the size of CEG is eventually
reduced to the size of FCG. It is seen in Fig. 6 that the Tg
was reduced by P addition, even though the P segregation
does not occur substantially. Hence the refinement regard-
ing the short axis diameter of the CCG should be attributed
to the lowering of Tg over the whole sample by the P addi-
tion. In the following section, we will discuss the effects of
simultaneous additions of Al and P.

3.2. Effects of Simultaneous Additions of Al and P on
As-cast g Grain Structure

The as-cast g grain structure in the samples with simulta-
neous additions of Al and P similarly consisted of the CCG,
FCG and CEG regions. Figure 8 shows the dependency of
the fraction of FCG region on Al concentration in the sam-
ples with different P concentrations. It can be seen that the
fraction of FCG region increases with the increase of Al
concentrations. It is important to note that less amount of 
P concentration is required to obtain the refinement of 
the as-cast g grain structure when Al is added. Moreover,
the complete refinement, viz., fully fine g grain structure
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Fig. 8. The dependency of fraction of FCG region, fFCG, on Al
and P concentrations.



was observed in the samples with 0.05 mass% P and
1.04 mass% Al.

As discussed in the Sec. 3.1, the short axis diameter of
CCG and the diameter of CEG are reduced by the P addi-
tion. The effects of simultaneous additions of Al and P on
the as-cast g grain sizes in CCG, CEG and FCG regions are
discussed below. From the microstructural analysis, it was
found that the short axis diameters of FCG are almost inde-
pendent of Al concentration. However, the short axis diam-
eter of CCG very slightly decreases while the diameter of
CEG obviously decreases with the increase of Al concen-
tration, as shown in Figs. 9 and 10, respectively. The mech-
anism for the refinement by Al addition is explained in the
followings.

As was consistent with our previous study on the effects
of Al addition,14) the present EPMA analysis showed that
the AlN particles did not exist in the samples with 0.04 and
0.1 mass% Al, and they were rarely dispersed in the sam-
ples with 0.54 and 1.04 mass% Al. Consequently, the AlN
should not be responsible for the refinement described in
Fig. 8. In the previous study, it was discussed that the Al
addition reduces the partition coefficient of P during solidi-
fication process and hence, it enhances the P segregation,
which results in the pinning effect of high temperature
phase, liquid or d phase depending on the Al concentration,
on the as-cast g grain structure. However, the direct 
evidence for this mechanism was not yet provided in the
previous study. Figure 11(a) represents the result of the
EPMA analysis for the FCG region in the sample with
0.54mass%Al–0.035mass%P–0.2mass%C. The concentra-
tion profiles of Al and P are specified by the open and full
symbols, respectively. The concentration profile of Al is 
almost flat with slight peaks observed at dendrite stems. On
the other hand, the P segregation is clearly observed. Figure

11(b) demonstrates the concentrations profiles of Al and 
P in the FCG region in the sample with 1.04mass%Al–
0.035mass%P–0.2mass%C. The concentration profile of Al
is approximately considered to be flat. Importantly, the
comparison between Figs. 11(a) and 11(b) clearly indicates
the fact that the Al addition enhances the segregation 
of P. Furthermore, Figure 12 shows the result of the 
EPMA analysis for the CEG region in the sample with
0.54mass%Al–0.035mass%P–0.2mass%C. The degree of P
segregation in the CEG region is quite comparable to that in
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Fig. 9. The dependency of short axis diameter of CCG, dgSCCG,
on Al and P concentrations.

Fig. 10. The dependency of diameter of CEG, dgCEG, on Al and
P concentrations.

Fig. 11. Concentration profiles of Al and P in the FCG region 
of the cast samples with (a) 0.54 mass% Al and (b)
1.04 mass% Al. The P concentrations in the two samples
are 0.035 mass%. The scanned direction is parallel to
the sidewall surface of the ingot. The full and open sym-
bols are the P and Al concentrations, respectively.

Fig. 12. Concentration profiles of Al and P in the CEG region of
the cast samples with 0.54 mass% Al and 0.035 mass%
P. The scanned direction is parallel to the sidewall sur-
face of the ingot. The full and open symbols are the P
and Al concentrations, respectively.



the FCG region represented in Fig. 11(a). It is hence ex-
pected the P segregation in the CEG region may lead to the
pinning effect.

In the present study, it was demonstrated that the simulta-
neous additions of Al and P lead to the refinement of the 
as-cast g grain structure, which originates from the P segre-
gation enhanced by the Al addition. Figure 12 shows the
contour lines of partition coefficient of P at the liquidus
temperature in the P and Al concentrations plane obtained
by the CALPHAD method. The partition coefficient of P
fairly decreases with increase of Al concentration in the
range of our focus. The decrease of the partition coefficient
by the Al addition hence contributes to the enhancement of
P segregation, as observed in Fig. 11.

4. Conclusions

In the present study, the effects of single addition of P
and simultaneous additions of Al and P on the as-cast g
grain structure in 0.2 mass% C steel were investigated by
means of the permanent mold casting experiments. The fol-
lowing points obtained in this study are important to be
summarized:

(1) The as-cast g grain structure consists of Coarse
Columnar Grain (CCG), Fine Columnar Grain (FCG) and
Coarse Equiaxed Grain (CEG) regions in the present cast-
ing condition. The addition of P increases the FCG region
and reduces the CCG and CEG regions.

(2) The short axis diameter of the CCG and the diame-
ter of CEG decrease with the increase of P concentration.
However, the short axis diameter of the FCG is almost inde-
pendent of P concentration and it is comparable to the pri-
mary DAS of columnar dendrite.

(3) The refinement by the P addition is ascribable to the
segregation of P developed at the interdendritic region,
which significantly lowers the temperature for completion
of g transformation/solidification, Tg.

(4) The simultaneous additions of Al and P result in the
refinement of the as-cast g grain structure. Importantly, the
complete refinement of the g grain structure, viz., a fine
grain structure without the CCG and CEG regions was 
observed with small amount of P when Al was added.

(5) The refinement by simultaneous additions of Al and
P is ascribable to the P segregation enhanced by the Al 
addition.
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Fig. 13. The dependency of partition coefficient of P at liquidus
temperature, kP, on Al concentration in the samples with
different P concentrations obtained from CALPHAD
method.


