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Effects of Ca(Y)-Si modifier on interface morphology and solute segregation
during directional solidification of an austenite medium Mn steel
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Abstract: The austenite medium Mn steel modified with controlled additions of Ca, Y. Si were directionally solidified using the ver-
tical Bridgman method to study the effects of Ca(Y)-Si modifier on the solid-liquid (S-L) interface morphology and solute segrega-
tion. The interface morphology and the C and Mn segregation of the steel directionally solidified at 6.9 pm/s were investigated with
an image analysis and a scanning electron microscope equipped with energy dispersive X-ray analysis. The 0.5wt% Ca-Si modified
steel is solidified with a planar S-L interface. The interface of the 1.0wt% Ca-Si modified steel is similar to that of the 0.5wt% Ca-Si
modified steel, but with larger nodes. The 1.5wt% Ca-Si modified steel displays a cellular growth parttern. The S-L interface
morphology of the 0.5wt% Ca-Si+1.0wt% Y-Si modified Mn steel appears as dendritic interface, and primary austenite dendrites
reveal developed lateral branching at the quenched liquid. In the meantime, the independent austenite colonies are formed ahead of
the S-L interface. A mechanism involving constitutional supercooling explains the S-L interface evolution. It depends mainly on the
difference in the contents of Ca, Y, and Si ahead of the S-L interface. The segregation of C and Mn ahead of the S-L interface en-
hanced by the modifiers is observed.
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rate. In directional solidification, cooling rate and
modifier amount can be independently controlled so
that one may study the dependence of segregation on
either the cooling rate at a constant modifier amount
or the modifier amount at a constant cooling rate.
Therefore, the directional solidification of the aus-
tenite medium Mn steel modified with controlled ad-
ditions of Ca, Y, and Si has been carried out using the
vertical Bridgman method. The results from these
solidified alloys in this paper will illustrate the effects
of Ca(Y)-Si modifier on the solid-liquid interface
morphology and C and Mn segregation, in order to get
a better understanding of the growth behavior and the
modification mechanism for the austenite medium Mn
steel.

1 Introduction

Austenite medium Mn steel is still a popular wear
resistant material. Its wear resistance increases with
the increment of C content, while the toughness will
decrease greatly because the network and/or needle-
like carbides appear in the austenite matrix [1]. It has
been reported that the diffusion-controlled precipita-
tion of these carbides can be impeded, meanwhile
granular y-(Fe, Mn),;C eutectics appear in the as-cast
austenite medium Mn steel modified with Si-
containing agents [2-3]. It is therefore believed that
the modifiers exert a great influence on the eutectic
formation. Some experiments have been performed to
investigate the effects of cooling rate and modifier
amount on the microstructure selection of the aus-
tenite medium Mn steel and the scales of eutectics

. 2 Experimental procedure
such as volume fraction and diameter [4]. The discus-

sions on the effects of modifiers on the segregation of
C and Mn during the solidification of austenite medi-
um Mn steels have been given in reference [2]. How-
ever, characterizing the relationship between the
modifier amount and segregation degree in the classi-
cal sand cast state is probably influenced by cooling
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The master samples were prepared by melting
weighed quantities of pig iron, steel scraps, Fe-Mn
alloy (wt%) (Fe-80Mn-1.0Si-1.2C), Al-Si alloy (Al-
1.0Si-0.01Fe), Ca-Si agent (Fe-28Ca-65Si-2.4Al-
0.8C), and Y-Si agent (Fe-12Y-44Si-2Mn). After the
allowing time for melt homogenization, the molten
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alloy was poured into the prepared bar molds. The
nominal composition of the cast steels is listed in ta-
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ble 1.

Table 1 Chemical composition of master samples for directional solidification wt%
. . Nominal composition
Sample Quantity of modifier C Mn si Al Ca Y S o Fe
No.l Ca-Si/0.5 1.25 6.60 0.67 1.00 0.14 — 0.02 0.02 Bal.
No.2 Ca-Si/1.0 1.25 6.60 1.06 1.06 0.30 — 0.02 0.02 Bal.
No.3 Ca-Si/1.5 1.25 6.60 1.75 1.08 045 — 0.02 0.02 Bal.
No.3 Ca-Si/0.5+Y-Si/1.0 1.25 6.60 1.63 1.06 0.14 0.10  0.02 0.02 Bal.

Directional solidification was performed using a
high temperature gradient Bridgman-type unit in the
protective argon atmosphere. Detailed descriptions of
the unit were given elsewhere [5]. The specimens
were directionally solidified at a constant pulling
speed of 6.9 um/s with a constant temperature gradi-
ent of about 800 K/cm. The assumption was made that
the growth rate is equal to the pulling speed according
to reference [6]. They were quenched rapidly into al-
loys reservoir after 30 mm steady growth. The sam-
ples were ground, polished, and etched in a solution of
4 mL HNO; and 96 mL C,H,;OH.

The microstructure and solute distribution in the
quenched liquid ahead of the solid-liquid (S-L) inter-
face were examined by using an image analysis (IA)
and a scanning electron microscope (SEM) equipped
with energy dispersive X-ray analysis (EDXA). The
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average value of line scan data was calculated by us-
ing the Microsoft Excel software.

3 Results and discussion

3.1 S-L interface morphology and solidified micro-
structure

Figures 1(a)-(d) show the optical micrographs of
the S-L interfaces in steels No.1-No.4 directionally
solidified at 6.9 pm/s. Steel No.l is solidified with a
planar S-L interface. The interface of steel No.2 is
similar to that of steel No.l, but with larger nodes.
Steel No.3 displays a cellular growth parttern. The
dendritic interface appears, and the developed lateral
branching of primary austenite dendrites into the
quenched liquid and independent austenite colonies
(see figure 1(d), marked by a solid arrow) ahead of the
interface are observed in steel No.4.

e B SL 1 XD N E p
;»1;/;(:! ,f\'?:&-,‘s,ntf(f
Z}r 'l'l sfé {w‘l‘r ,[ g =
x5 7 ,;’(‘- ﬂ = ; H

DR
R

S

4/
’%{f(t* zf Ks:g/": i

200 pm T

» < £\ -y
~ éx:m%&\ | » 200 pm

Figure 1 Solid-liquid (S-L) interfaces of directionaily solidified steeis at 6.9 um/s: (a) No.1; (b) No.2; (c) No.3; (d) No.4 (the

arrow indicates the growth direction).

Figure 2 shows the microstructure of steel No.2 di-
rectionally solidified at 6.9 um/s. The solid at a
distance of 550 um to the S-L interface contains single
austenite, but without any other phases. The solid near

the S-L interface in steel No.I is the same as that in
steel No.2 (see figure 1(a)). Otherwise, the solid near
the S-L interfaces in steels No.3 and No.4 contains
austenite in which a few C(Mn)-richer phases
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distribute among the dendrites (see figures 1(c) and
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(d), marked by a hollow arrow).
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Figure 2 Microstructure morphology for steel No.2 directionally solidified at 6.9 pm/s, where carbide is marked by C, and

pearlite by P (the arrow indicates the growth direction).

3.2 Solute segregation ahead of the S-L interface

Figures 3(a) and (b) show the SEM micrographs of
the S-L interfaces and the corresponding Si and Ca
line scan images of the directionally solidified steels
No.l and No.2, respectively. It is seen that the
quenched liquid ahead of the S-L interface in steel
No.2 contains a higher level of Si and Ca than steel
No.l. It is consistent with the nominal composition
(see table 1). Figure 3(c) presents the secondary
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electron images with corresponding Y and Si line scan
maps of the S-L interface in steel No.4. The EDXA
point analysis shows that the composition of the area
where Y content is the lowest along the scan line (see
figure 3(c), marked by A) is as follows (wt%): C, 2.08:
Si, 41.51; Mn, 7.27, Y, 0.74; Ca, 0.10, Fe, balance; as
shown in figure 3(d). Clearly Y content ahead of the
S-L interface is much larger than its nominal compo-
sition in the matrix (see table 1).
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Figure 3 Quenched S-L interfaces and corresponding Y, Si and Ca line scan data of the steels: (a) No.1; (b) No.2; (¢) No.4;
(d) EDXA analysis result on the area marked by A in (c). The distance beween the scan line and S-L interface is fixed at
about 100 um. The arrows indicate the growth direction. The scan rate is fixed at about 950-1000 CPS.

Figures 4(a)-(c) show the SEM micrographs of the

S-L interfaces and the corresponding C and Mn line
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scan images of the directionally solidified steels No.1,
No.2, and No.4, respectively. The average line scan
data of C and Mn are calculated by using the Mi-
crosoft Excel software. The results are presented in
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figure 5. It can be seen that the quenched liquid ahead
of the S-L interface in steel No.2 contains a higher
level of C and Mn than steels No.1 and No.4.
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Figure 4 Quenched S-L interfaces and corre-
sponding C and Mn line scan data of the steels: (a)
No.1; (b) No.2; (c) No.4. The distance beween the
scan line and S-L interface is fixed at about 100
pm. The arrows indicate the growth direction.
The scan rate is fixed at about 950-1000 CPS.
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Figurer 5 Average values of the line scan data of the steels corresponding to figure 4: (a) C; (b) Mn.

An effect of constitutional supercooling is the
breakdown of a planar interface into cellular and den-
dritic growth. The instability of the interface arising
with increasing the Ca-Si modifier amount is probably
the result of constitutional supercooling. The equilib-
rium partition coefficients of Si and Ca are 0.83, and
0.56, respectively {7]. The constitutional supercooling
develops when a higher level of Si, and Ca segregates
ahead of the S-L interface. It leads to the change of the
S-L interface shape from planar to cellular growth

parttern (see figures 1(a)-(c)). The equilibrium partiti-
on coefficient of Y is approximately equal to zero [8].
This indicates that Y segregates severely (see figures
3(¢) and (d)). The fact that the S-L interface of steel
No.4 is most instable may result from it according to
the classical theory of constitutional supercooling.

In describing the segregation degree of solute i
ahead of the planar growth front when the growth rate
is very low, it is convenient to define the segregation
ratio, SR; [9]:
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SR;=C;,/C, (1)
where C;;, C, are the contents of solute 7 in the liquid
and solid, respectively. The larger SR indicates solute
segregates severely if the equilibrium partition coeffi-
cient of solute i (k) is less than 1. Both k¢ and ky, val-
ues are less than 1. Therefore, for element C (or Mn),
the higher the Cq; (or Cy, ). the larger the SR (or
SRy.) according to equation (1), and the more
severely the C (or Mn) segregates.

Steels No.1 and No.2 are solidified with a planar S-
L interface, as a result, no eutectic is formed among
the ausentic dendrites during solidification (see figures
1(a) and (b)). In addition, some carbides are formed
during subsequent cooling to the eutectoid tempera-
ture. C and Mn partitioning occurs primarily at the
boundary (see figure 2, marked by a hollow arrow),
followed by the regions richer in C and Mn inside the
grain (see figure 2, marked by a dot hollow arrow).
Below the eutectoid temperature, the austenite may be
unstable and transform to pearlite during cooling [10].
The redistribution of C and Mn in the solid near S-L
interface has not met the thermodynamics conditions
during subsequent quenched cooling after solidifica-
tion. Therefore, the solid at a distance of 550 pm to
the S-L interface in steel No.2 (or No.l) contains
single austenite, but without any other phases (see
figures 1(a) and (b), and figure 2). From this
discussion, it is clear that equation (1) can be used to
describe the segregation of C and Mn ahead of the S-L
interface in steels No.l and No.2. Figure 5 shows that
the quenched liquid ahead of the interface in steel
No.2 contains a higher level of C and Mn than steel
No.1, indicating the segregation of C and Mn in-
creases with increasing the Ca-Si modifier amount.

The solid near the S-L interfaces in steels No.3 and
No.4 contains austenite in which a few C(Mn)-richer
phases distribute among the dendrites (see figures 1(c)
and (d), marked by a hollow arrow). Therefore,
equation (1) is not used to discuss the segregation of C
and Mn in steels No.3 and No.4 because it is
impossible to confirm the C;5 value. The EDXA
analysis shows that the composition of these phases
corresponds to the eutectic. Moreover, the distance to
the S-L interface is within 550 um. It therefore seems
most likely that these phases are formed after the
remaining liquid among austenite dendrites being
quenched. The richer C and Mn in the remaining lig-
uid among primary austenite dendrites (see figures 1(c)
and (d), marked by a hollow arrow) indicates that the
C and Mn contents ahead of the S-L interface decrease.

Consequently, the quenched liquid ahead of the inter-
face in steel No.4 contains a lower level of C and Mn
than steel No.2.

4 Conclusions

(1) The 0.5wt% Ca-Si modified steel is solidified
with a planar S-L interface. The interface of the
1.0wt% Ca-Si modified steel is similar to that of the
0.5wt% Ca-Si modified steel, but with larger nodes.
The 1.5wt% Ca-Si modified steel displays a cellular
growth parttern. The S-L interface morphology of the
0.5wt% Ca-Si+1.0wt% Y-Si modified Mn steel
appears as dendritic interface, and primary austenite
dendrites reveal developed lateral branching at the
quenched liquid. The independent austenite colonies
are formed ahead of the S-L interface

(2) The modifiers enhance the segregation of C and
Mn during the solidification of the austenite medium
Mn steel.
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