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Abstract

Experimental verification of a critical condition for the formation of coarse columnar y
grain (CCG) structure in as-cast hyperperitectic carbon steels, which was put forward
based on theories of grain growth and phase-field simulations in early studies, is carried
out by means of a Bridgman-type directional solidification experiment. The occurrence
of the discontinuous and continuous grain growth processes and the resulting formation
of CCG and equiaxed y grain structures, respectively, are demonstrated. Importantly,
these changes of the as-cast microstructures and the grain growth modes are in excellent
agreement with the previously-proposed critical condition of the CCG formation.



I. INTRODUCTION

Control of the as-cast austenite (y) structure in casting processes of peritectic
solidified carbon steels is of great importance because the size and morphology of the y
grain structure determine the quality of the as-cast steels . The peritectic solidified
carbon steels especially having a composition around the peritectic point have a strong
tendency to undergo the formation of coarse columnar y grain (hereafter abbreviated as
CCQG) structure in continuous casting processes. The CCG structure causes the
deterioration of the mechanical properties of the cast and also the occurrence of the
surface cracking which is one of the serious problems reducing the yield ratio of
continuously-cast slabs. Therefore, elucidation of the formation mechanism of CCG
structure and also prevention of formation of CCG structure have been one of the
longstanding and important issues in the field of the solidification and casting of steels
[5-8]

Our experimental investigations on the evolution process of solidification
microstructure in hyperperitectic carbon steels revealed that the formation of CCG is
ascribable to a discontinuous grain growth process from fine y grains forming in the &
dendrite %, Furthermore, a theoretical relationship indicating a critical condition for
the formation of CCG structure was put forward based on theories of grain growth and
phase-field simulations of the discontinuous grain growth ™ 2. The relationship is
given by a balance between the cooling condition and the growth rate of CCG and it
will serve as a guiding principle for the prevention of CCG formation. It is important to
point out that the experimental verification of the theoretical relationship is
indispensable for the practical applications.

Recently, the validity of the theoretical relationship for the critical condition of
CCG formation was investigated by means of the casting experiments [**1. The relation
between the cooling condition and the observed microstructural changes were consistent
with the theoretical relationship and this fact supports its validity. However, further
efforts are required to prove the validity and reliability of the theoretical relationship
because of the following reasons. The cooling condition in the experiments of Ref. [13]
was not steady state condition. The discussion in Ref. [13] accordingly involves
uncertainties associated with the non-steady state condition as explained in the next
section. The detailed examination of the validity and reliability of the theoretical
relationship requires a solidification experiment with a precise control of the steady
state cooling condition. Moreover, it is expected that when the cooling condition is
controlled so as to avoid the CCG formation based on the theoretical relationship, the
continuous grain growth will take place and the equiaxed y grain (EG) structure



accordingly forms. However, this expectation has not been experimentally substantiated.
In this study, we carry out a Bridgman-type directional solidification experiment of a
hyperperitectic carbon steel in order to examine the validity and reliability of the
theoretical relationship for the critical condition of CCG formation. One will see that
the shape of as-cast y grains changes with the pulling velocity exactly according to the
theoretical relationship. In addition, an evidence for the occurrence of the continuous
grain growth and the resulting formation of the EG structure will be demonstrated. To
explain the purpose of this study in more detail, the important findings in early works
are briefly summarized and the remaining important issues are pointed out in the next
section. Section Il is devoted to the explanation of the experimental procedure. The
results and discussion are given in Section IV, followed by the conclusion in Section V.

Il. DISCONTINUOUS GRAIN GROWTH AND THE CRITICAL CONDITION
FOR ITS OCCURRENCE

In order to make clear the purpose of the present study, we briefly summarize
the previous important findings regarding the formation of CCG structure and point out
the remaining issues that are actually addressed in this study.

The formation process of CCG structure in hyperperitectic carbon steels was
investigated by means of a rapid unidirectional solidification experiment, the cooling
condition of which is very similar to the one near the slab surface in the practical
continuous casting processes %, Figure 1(a) shows the schematic illustration of the
rapid unidirectional solidification equipment in which MgO pipe on water-cooled
copper mold was preheated to 1843 K (1570°C) (melt temperature) and it plays a role of
a sidewall of the cast. The melted sample was cast into MgO pipe and it solidifies
directionally from the bottom (copper mold side) toward the top. This equipment
enables a rapid drop of the cast into intensely agitated iced water together with the MgO
pipe and it thereby enables the analysis of the frozen structure of the solidifying sample.
From the microstructural observation of the quenched samples, it was found that fine
columnar y grain (FCG) always exists ahead of the CCG growing in the solidification
direction as schematically shown in Fig. 1(b). The short-axis diameter of FCG was
comparable with the primary dendrite arm spacing (DAS) of & phase, while the diameter
of CCG was about mm in size. The important fact in Fig. 1(b) is that the change from
FCG to CCG is discontinuous and the boundary between FCG and CCG regions is
clearly identified. This boundary is called FCG/CCG region boundary (FCRB) in this
paper. The temperature at the FCRB was always close to the temperature for completion
of y transformation, T,, during the solidification. Hence, the FCG region corresponds to



liqguid + y two-phase field, while the CCG is in y single-phase field. These
microstructural features were observed in an earlier study using a Bridgman-type
directional solidification experiment . These microstructural features indicate that the
formation of CCG is ascribable to a discontinuous grain growth mechanism ! as
explained below.

In the beginning of the solidification, the columnar dendrites of & phase
develop in the direction of temperature gradient from the mold wall. The y phase
appears near the mold side and grows to CCG, although this process was not elucidated
in detail. Ahead of the CCG, new vy grains form in the & dendrite below the peritectic
reaction temperature T, and they grow to FCG. In the FCG region, the liquid phase
surrounding the FCGs exerts the pinning force on the grain boundary of FCGs in the
short-axis direction. Hence, the short-axis diameter of FCG becomes comparable with
the primary DAS of the & dendrites. The liquid phase in the FCG region also retards the
motion of FCRB, viz. the growth of CCG in the direction of temperature gradient. After
the liquid disappears and thereby the pinning force vanishes below T,, the CCGs grow
in the direction of temperature gradient at the expense of FCGs. This growth process is
classified into a discontinuous grain growth process and it is characterized by the
motion of FCRB in the direction of temperature gradient.

The occurrence of such discontinuous grain growth in the as-cast y grain
structures was confirmed by the phase field simulation of the grain growth from the
FCG structure 2. Moreover, the critical condition for the discontinuous growth to

start and continue was examined in detail. It is given by 1)

Vi <Veee, (1)

where V7 is the migration velocity of the position at which the temperature reaches T,
and this velocity is called the thermal velocity. Vcce Is the migration velocity of FCRB
and, based on the theories of grain growth > the following relation is obtained !

. 1
Vcce =M (Ty )f'che . (2)

Here, M(TY*) is the kinetic constant for y grain growth at a temperature Ty* =T, -
G- &-drce With a temperature gradient G. drcc IS the short-axis diameter of FCG and it
corresponds to the primary DAS of & phase as described above. & is a constant
determined by the local shape of FCRB. During the formation process of CCG, the
migration of FCRB in the direction of temperature gradient is inhibited by the pinning
effect of liquid phase in FCG region !, As the cooling proceeds, the liquid phase
disappears and the pinning effect accordingly vanishes in the FCG region. Then, the



FCRB can move and the discontinuous grain growth thereby proceeds. However, the
temperature in the FCG region is always higher than that in the CCG region due to the
temperature gradient and therefore the grain boundary mobility in the FCG region is
generally higher that in the CCG region. Hence, if the liquid phase disappears quickly,
in other words, the position of T, moves at a velocity higher than the migration velocity
of FCRB (V1 > Vcce), the continuous grain growth of FCGs takes place instead of the
discontinuous grain growth. In this case, the EG structure will form. The discontinuous
grain growth is dominant when Vr is lower than Vccg and this condition is exactly
represented by Eq. (1). The validity of Eq. (1) was supported by the phase-field
simulations ™4,

The validity of Eq. (1) was examined by means of casting experiments using
the different types of molds (metallic and ceramic molds) in a recent study 2. The
as-cast y grain structures in all the samples consist of the CCG and EG regions. The
position where the microstructure changes from CCG to EG, which is called transition
depth according to Ref. [13], depended on the type of the molds, viz., the cooling
condition. Since the cooling condition was not steady state condition in these casting
experiments, Vr and Vcce depended on the position of the samples. In addition, both the
primary DAS (viz., decg) and the numerically estimated V+ at the transition depth were
different for the different cooling conditions. However, the values of M(Ty*) estimated
by substituting drcg and Vr at the transition depth into Egs. (1) and (2) were almost
identical in all the casting experiments. That is, almost a unique value of M(Ty*) was
obtained even though the critical values of V1 and drcc were different depending on the
casting condition. This is the important fact supporting the validity of Eq. (1). However,
a care has to be paid to the following points. The discussion of Ref. [13] is based on the
assumption that the relation of V = Vccg is satisfied exactly at the transition depth as
long as Eqg. (1) is valid. This assumption should basically be reasonable as demonstrated
in our phase-field simulations of the discontinuous grain growth under the non-steady
state cooling condition (see Fig. 7 of Ref. [11]). However, from such phase-field
simulations one can also understand that there is some variation in the transition depth
and the transition depth does not exactly coincide with the position of V1 = Vcce. In fact,
a relatively large error associated with the variation of the transition depth was
considered in the estimation of M(TY*) in Ref. [13], which impairs the accuracy of the
validation. Hence, the solidification experiment under steady state cooling condition is
indispensable for further detailed examination of the validity and reliability of Eq. (1).
In addition, the direct evidence has not been demonstrated regarding the occurrence of
the continuous grain growth and the resulting formation of EG structure when V1 >



Vcee. These points are addressed in this study by means of the Bridgman-type
directional solidification experiment.

I1l. EXPERIMENTAL PROCEDURES

We employed a 0.2 mass% carbon steel rod, the chemical composition of
which is 0.204%C, 0.208%Si, 0.805%Mn, 0.015%P, 0.004%S, 0.041%Al and
0.0064%N (in mass%). This is one of typical carbon steels which have a strong
tendency to exhibit the CCG structure in casting processes ™ . The equilibrium
liquidus, Ty, the peritectic reaction temperature Ty, and T, of the steel are 1788 (1515),
1762 (1489) and 1749 K (1476°C) according to the thermodynamic calculation ™. This
sample was directionally solidified in the Bridgman-type vertical tubular furnace. The
sample setup inside the furnace is schematically shown in Fig. 2(a). The sample of 150
g having a cylindrical shape with a center hole of 7 mm diameter was put into an Al,O3
crucible with an inner diameter of 20 mm and a depth of 90 mm. The Al,O3 suspension
tube with an outer diameter of 6 mm was inserted into the sample through the hole. The
B-type thermocouples were inserted into the sample through the Al,O3 suspension tube
to measure the temperatures inside the sample. Then, the top of the crucible was closed
by the ceramic cap having two holes; one is for the Al,O3 suspension tube and the other
is for a small Al,O3 tube with a diameter of 2 mm which was used for the ventilation.
The crucible, cap and the Al,O3; suspension tubes were fixed by Al,O3; cement. The
Bridgman-type directional solidification equipment used in this study is schematically
shown in Fig. 2(b). It consists of the vertical furnace core pipe with an inner diameter of
60 mm and a length of 1000 mm, MoSi, heating elements and lifting/lowering device
outside the furnace. The crucible with the sample shown in Fig. 2(a) was put inside the
vertical furnace core pipe and it was suspended from above by fixing the Al,O3
suspension tube to the lifting/lowing device outside the furnace. The furnace core pipe
was hermetically-closed with the upper and lower caps of water-cooled steels. The
lower cap is manually openable by sliding the plate. The furnace core pipe was
evacuated first and then filled with Ar of 99.9995% purity. The Ar flow was kept all
through running of the furnace.

The temperature at the center height of the vertical furnace pipe is the highest
and it decreases as the height (position) decreases. The sample was first placed near the
center height of the vertical furnace where the temperature is about 1823 K (1550°C).
The sample was melted at about 1823 K (1550°C) inside the furnace and held for 30
min.. Then, it was moved downward at the prescribed descent velocity V. The sample
was thereby solidified upward from the bottom. We focused on four descent velocities,



V = 0.05, 0.10, 0.20 and 0.43 mm/s. While the temperature profile in the vertical
direction inside the furnace was kept constant with time during the solidification
process, the temperature gradient gradually increases from about 1 K/mm to 5 K/mm
with decrease in the position from the center to the lower position in the furnace.
Although not demonstrated here,, it was found in the present experiments that the
cooling process largely deviates from the steady state condition until the sample is
solidified up to about 15 mm height. We accordingly focused on the microstructure in a
region above 15 mm height of the sample. The value of V; was estimated for each
descent velocity by measuring the temperatures inside the sample at 20 and 30 mm
heights. It was carried out by measuring the timings at which the temperature reaches T,
in the cooling curves at 20 and 30 mm heights. If an error of £2 mm in the measurement
of the distance between the thermocouple is assumed, the estimated error of Vr is about
10% in all the cases. Table 1 shows the measured values of the cooling rate T, the
temperature gradient G and the thermal velocity Vy for each descent velocity. T is the

value near T, and G was obtained from the relation G =TV, . It is noted in Table 1

that the cooling rate first increases and then decreases as the descent velocity increases.
On the other hand, it was found that the cooling rate during o solidification (1788-1762
K) (1515-1489°C) increases with increase in V monotonically as is the case of the usual
directional solidification experiments. More specifically, the cooling rates during &
solidification were measured to be 0.04 K/s for V = 0.05 mm/s, 0.14 K/s for 0.1 mm/s,
0.17 K/s for 0.2 mm/s and 0.2 K/s for 0.42 mm/s. The cooling rates near T, shown in
Table 1 should be more sensitive to the temperature distribution inside the furnace and
the heat extraction from the bottom of the crucible. In the cases of V = 0.05, 0.1 and 0.2
mm/s, the temperatures inside the sample should change almost in accordance with the
temperature distribution inside the furnace, which can be understood from the fact that
the values of V1 are almost the same as the values of V in this range. However, in the
case of V = 0.42 mm/s, V1 was measured to be 0.34 mm/s which is lower than V. It
means that the temperature distribution inside the sample deviated from the temperature
distribution inside the furnace due to the high descent velocity of 0.42 mm/s. However,
it should be emphasized that our main concern is neither the cooling rate nor
temperature gradient. According to the critical condition given by Eq. (1), it is Vt that
determines the occurrence of the formation of CCG. We henceforth use Vy instead of V
in the discussion.

The samples were completely solidified inside the furnace. The height of the
solidified sample was about 60 mm. It was vertically sectioned, polished and etched



with 3% nital and Oberhoffer’s solutions to observe the as-cast y grain and dendrite
structures, respectively. In addition, in order to investigate the microstructural evolution
during the solidification, some of the solidifying samples were quenched by dropping
them into strongly-agitated iced water after opening the lower cap of the directional
solidification furnace.

IV. RESULTS AND DISCUSSION

Figure 3 shows the as-cast y grain structures in the samples solidified at
different V. Since some of the grain boundaries are not clearly visible in these printed
images, the grain structure traced from the macrograph is shown on the right side of
each micrograph. As mentioned in the previous section, we shall focus on the
microstructure above about 15 mm height from the bottom. When V1 is 0.075 mm/s, the
CCGs form in the whole observation area (above 15 mm height). The structure changes
gradually with increase in V1. To be more specific, the columnar grains become
relatively fine and the number of EGs increases with increase in Vt. The important
finding is that the as-cast y grain structure entirely changes to relatively fine EG
structure by increasing Vr up to 0.34 mm/s. The microstructural change shown in Fig. 3
demonstrates that it is possible to completely avoid the formation of CCG by controlling
V.

In order to clarify the mechanism of the microstructural change observed in Fig.
3, we investigated the microstructures during the solidification in the quenched samples.
Figure 4 shows the optical micrographs for (a) dendrite and (b) y grain structures in the
sample solidified at V+ = 0.0075 mm/s and quenched into iced water before the
completion of the solidification. The columnar dendrites develop upward from the lower
part of the sample. On the other hand, three regions are clearly distinguishable in the y
grain structure. Very fine grains and CCGs form in the upper and lower parts,
respectively, and FCGs form between them. The structure discontinuously changes from
FCG to CCG and the FCRB can be thereby identified. As reported in Refs. [9, 14], the
temperature at the FCRB corresponds to T,. Hence, the CCG region is in y single-phase
field, while the FCG region corresponds to liquid + y two-phase field. It is noted that the
height of FCG region is about 5 mm and the temperature at the upper edge of FCG
region was very close to T, according to the measured temperature gradient in Table 1.
Hence, the region of very fine grains in Fig. 4(b) corresponds to liquid + & two-phase
field.

According to the microstructural observation, the FCG structure seems to form
via nucleation of the y phase inside the & dendrites. However, its formation process has



not been elucidated in detail. The peritectic reaction might be related to the formation of
FCG structure. The kinetics of peritectic reaction was investigated by means of confocal
laser scanning microscope 8% and we have recently investigated the kinetics of
peritectic reaction at different degree of undercooling by means of phase-field
simulations %, According to these previous investigations, the peritectic reaction
velocity is quite fast and the growth front of y phase forming by the reaction should
easily follow the solidification velocities (descent velocities) we focused in the present
paper. It means that the FCG structure can easily form in the range of the descent
velocities used here, provided that the FCG structure originates from the peritectic
reaction process.

As described in Section 11, the CCG structure shown in Fig. 3 is considered to
have developed by the discontinuous grain growth mechanism which is characterized by
the upward motion of FCRB in Fig. 4(b). The FCRB is always pinned by the liquid
phase in FCG region and the upward motion of FCRB occurs when V+ is lower than
Vcee. On the other hand, it is expected that when Vi > Ve is satisfied, the
discontinuous grain growth becomes non-dominant and the continuous grain growth
partly or entirely start, resulting in the formation of EGs. Shown in Fig. 5 are the
microstructures in the sample solidified at Vt = 0.34 mm/s and quenched into iced water
before the completion of the solidification. The columnar dendrites develop upward
from the lower part of the sample as is similar to Fig. 4(a). However, the y grain
structure in Fig. 5(b) is quite different from Fig. 4(b). Except for the bottom region of
Fig. 5(b), the grains are very fine and relatively coarse in the upper and lower regions,
respectively. The transition position of the grain structure is not clearly identified in
contrast to Fig. 4(b). According to the temperature measurement, the position of T, is
located at the middle of this micrograph. Hence, there exist liquid + & and liquid + y
two-phase fields in the upper half of this micrograph. However, the clear distinction
between these two-phase fields is difficult. This should be because under this high V+
condition, the y phase in liquid + y two-phase region was not allowed to grow to be
large during the solidification, which makes it difficult to distinguish between the y
grains in liquid + y two-phase region and those appearing in the quenching operation.
When the region indicated by A in Fig. 5(b) is considered, the grains gradually become
large from the upper to lower part. Hence, the continuous grain growth takes place in
this region. On the other hand, in the region B, the grain structure looks discontinuous
and therefore, the discontinuous grain growth may partly occur in this sample. However
such discontinuous growth is not dominant enough to allow the columnar grains to keep
growing to CCGs. Hence, the grains are relatively equiaxed shape in the lower half of



this micrograph.

As demonstrated above, the CCG structure can be avoided and alternatively the
EG structure can be obtained by increasing V1. This is qualitatively consistent with the
expectation based on Eg. (1). This fact indicates that the microstructural change
observed in Fig. 3 is attributed to the change of the dominant mode of grain growth
from the discontinuous to continuous one. Now our focus is directed at the quantitative
accuracy of Eq. (1). In order to estimate Vcce, the primary DAS of & dendrite A; was
measured in all the samples shown in Fig. 3, since drcg in EQ. (2) can be approximated
by 4, L. The results are shown in Fig. 6 where the circle symbols represent the
measured values of A, and its vertical axis corresponds to the left side axis. 4; gradually
decreases with increase in V. However the variation of A; is not substantial in this
range of Vr. By substituting these values into Eq. (2), Vcce was estimated and the
results are shown in Fig. 6. The closed square plots with the solid line indicate Vccs and
its vertical axis corresponds to the right side one. We used M(T,") = 2.2x10°® m?/s for
the carbon steel of our focus Y and &= 0.45 which was estimated by considering the
effect of liquid phase on the motion of FCRB ¥, Vo does not change significantly
and it approximately takes 0.1 mm/s. The dashed line in Fig. 6 is the diagonal line along
which V1 = Vg holds. The solid line intersects with the diagonal line at Vy = 0.0875
mm/s, indicating that the critical velocity is 0.0875 mm/s. Hence, the discontinuous
grain growth should be dominant when V+ is lower than 0.0875 mm/s according to Eq.
(2).

Figure 7 shows the measured aspect ratio of the y grains in all the samples
shown in Fig. 3. It decreases with increase in V1. As described above, the discontinuous
grain growth should be dominant at V+ = 0.075 mm/s according to the microstructure in
Fig. 3(a) and 4(b). The aspect ratio of y grains in Fig. 3(a) is as high as about 4. By
slightly increasing V1 up to 0.088 mm/s, the aspect ratio suddenly drops to about 2.7,
indicating that the continuous grain growth starts to takes place partly. The vertical solid
line in Fig. 7 denotes the critical velocity of 0.0875 mm/s estimated above. It is seen
that the critical velocity predicted from Eq. (1) is in excellent agreement with the result
of microstructural observation. This fact strongly supports the quantitative accuracy of
Eqg. (1). Therefore, it can be said that Eq (1) is quite reliable and it is utilized as the
guiding principle for the prevention of the formation of CCG structure in peritectic
solidified carbon steels.

As discussed above, the central quantity determining the occurrence of the
CCG formation is V1 which is the moving velocity of the position where the
temperature reaches T,, viz., the liquid phase vanishes. V1 can be varied by controlling
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the cooling condition just before the end of the solidification. On the other hand, the
migration velocity of FCRB, Vccg, is determined by decg which is the short-axis
diameter of FCG. As already mentioned, decg is generally comparable with the primary
DAS of 6 dendrite and Vcce can be accordingly varied by controlling cooling process
during the & solidification, in other words, the early stage of the solidification. Therefore,
the control of the as-cast y grain structure in peritectic solidified carbons steels should
be tackled by focusing on the cooling conditions in the early and/or late stages of the
solidification process. In this regard, it is important to note that the control of Vcce
requires the knowledge of the dependence of drcg or A1 on the cooling condition %231,
Also, it is noted that the relationship of Eq. (1) denotes the condition for the
discontinuous grain growth to be dominant and it does not represent the condition for
the continuous grain growth to be dominant as is understood from Fig. 7. The short-axis
diameter of FCGs is not spatially uniform in the FCG structure and the discontinuous
grain growth easily occurs in the region where FCGs are relatively small. Hence, the
condition for the continuous grain growth to dominantly take place is determined by the
size distribution of short-axis diameter of FCGs which should be closely related to the
size distribution of the primary DAS. The elucidations of the size distribution of FCGs
and the condition for the continuous grain growth remain as an important future work.
Furthermore, we have not taken into account the elastic strain produced during &/y
transformation. If the elastic strain energy contributes to the migration of FCRB, we
have to consider the driving force for the migration of FCRB due to the difference in the
elastic strain energy between CCG and FCG as well as the capillary force in Eq. (2). It
will lead to the increase of Vccg and thus the increase of critical velocity. This point
should be investigated in detail in a future work.

V. CONCLUSION

The prevention of formation of coarse columnar y grain (CCG) structure in
peritectic solidified carbon steels is one of the longstanding and important issues in the
field of solidification and casting of steels. Our recent investigations revealed that the
formation of the CCG structure originates from the discontinuous grain growth process
from fine columnar y grain (FCG) structure which forms in liquid + y two-phase field 3.
19 In addition, the theoretical relationship for the critical condition for the occurrence
of the discontinuous grain growth given by Eq. (1) was put forward based on the
theories of grain growth ™. Although the validity of this relationship was examined by
means of the casting experiments in the early study ™ it involves uncertainties
associated with the non-steady state cooling condition. Also, there has been no direct
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evidence to indicate that when the critical condition for the formation of CCG structure
is avoided, the continuous grain growth takes place and the equiaxed grain (EG)
structure accordingly develops. In the present study, we have carried out the
Bridgman-type directional solidification experiment of a hyperperitectic carbon steel. It
was demonstrated that the as-cast y grain structure changes from CCG to EG structure
with increase in the migration velocity of T, position, Vr, and this variation of
microstructure is in quantitative agreement with the theoretical relationship. In addition,
the direct evidence for the occurrence of the continuous grain growth and the resulting
EG formation was demonstrated. Although our focus in this paper has been directed at
only hyperperitectic carbon steels, the CCG structure in hypoperitectic carbon steel also
originate from the discontinuous grain growth in which the pinning phase on the
migration of FCRB corresponds to & phase . Hence, the critical condition discussed
in this paper should be applied to the hypoperitectic carbon steels.
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Table 1 The cooling rate T, temperature gradient G and the thermal velocity V+ measured during

the directional solidification experiments at different descent velocities V.

V (mmys) T (K/s) G (K/mm) V1 (mm/s)
0.05 0.14 1.87 0.075
0.10 0.42 4.77 0.088
0.20 0.82 4.10 0.20
0.42 0.69 2.03 0.34
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Fig. 1 Schematic illustrations of (a) rapid unidirectional solidification equipment used in the

previous study 9101 ang (b) typical microstructure during the discontinous grain growth proces

observed in the quenched sample.
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(8) Vy = 0.075 mm/s P (b) Vo= 0.088 mms ALy
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Fig. 3 As-cast y grain structures in 0.2 mass% steels directionally solidified at (a) V = 0.075, (b)
0.088, (c) 0.20 and (d) 0.34 mm/s. The illustration on the right side of each micrograph represents
the y grain boundary traced from the micrograph.
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Fig. 4 Optical micrographs of (a) dendrite and (b) y grain structures in the sample solidified at V1 =
0.0075 mm/s and quenched into iced water.

18



(b)

Region A

- Region B

rEG

Fig. 5 Optical micrographs of (a) dendrite and (b) y grain structures in the sample solidified at V1 =
0.34 mm/s and quenched into iced water.
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Fig. 6 The primary dendrite arm spacing (DAS), A4, (the left-hand axis) and the migration velocity of
FCRB, Vcce, (the right-hand axis) versus the thermal velocity, V1, controlled in the directional
solidification experiment
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