
Investigations of Solidification Structures of High Carbon
Alloy Cast Steel Containing RE-V-Ti

Hanguang Fu, Yinhu Qu, and Jiandong Xing

(Submitted May 3, 2007; in revised form November 14, 2007)

The solidification microstructural characteristics of rare earth (RE) and vanadium and titanium-treated
high carbon alloy cast steel, whose chemical compositions are 0.90 wt.% C, 3.0 wt.% Si, and 1.0 wt.% Mn,
were investigated by means of optical microscopy (OM), scanning electron microscopy (SEM), electron
probe microanalyzer (EPMA), and energy dispersive X-ray spectrometry (EDS). The alloys were prepared
in an induction furnace. The results showed that compound additions of RE-V-Ti could obviously refine the
solidification structures and decrease the diameter of grains. The average grain diameter of untreated high
carbon alloy cast steel was 80 lm. The average grain diameter of high carbon alloy cast steel containing
RE-V-Ti decreased to 40 lm. Finally, the reasons that RE-V-Ti refined the solidification structure were
analyzed in detail.
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1. Introduction

Bainitic steel usually exhibits better strength, toughness, and
ductility than the martensitic and pearlitic steel and was widely
used in the industrial production (Ref 1-3). But, the presence of
coarse carbide precipitating in the bainite gives the microstruc-
ture poor ductility and less resistance to the cleavage fracture
(Ref 4). Recent studies have discovered that the precipitation of
carbides from austenite can be suppressed completely by
adding an appropriate concentration of silicon (Ref 5, 6). The
resulting carbide-free microstructure consists of the bainitic
ferrite, the retained austenite, and possibly, the martensite. The
stability of the residual austenite is greatly improved by the
absence of carbide, since the austenite can act as a sink of
carbon, a strong austenite stabilizer. Such bainitic microstruc-
tures have higher ductility and toughness than comparable
coarse carbide-containing microstructures (Ref 7-9). Further-
more, carbide-free bainitic microstructures are shown to exhibit
better tensile strength, impact toughness, and comparable wear
resistance (Ref 6, 10).

However, the solidification structure of high carbon alloy cast
steel containing many silicon elements is coarse. High carbon
alloy cast steel is easy to crack in the casting also. So far, rare earth
(RE), vanadium and titanium have been widely used for the
modification of microalloyed steels. By adding an appropriate

concentration of RE, vanadium, and titanium, the toughness,
plasticity, wear, and corrosion-resistant properties could be
remarkably improved for the microalloyed steels (Ref 11-13).

Until now, few studies have focused on the combined effects
of RE-V-Ti and on the refining mechanism of solidification
microstructures. The interaction among RE-V-Ti influences the
microstructures of high carbon alloy steel. Therefore, it is very
important to investigate the influence of RE-V-Ti on the
solidification microstructures of high carbon alloy steel and the
segregation of alloy elements. Work on the heat treatment
microstructures and mechanical properties of these materials
will be the subject of future papers.

2. Experimental

A master alloy of 0.90 wt.% C alloy steel was made in a
300 kg capacity induction furnace. The melt was poured into a
metallic mold and let to cool. The chemical composition of this
alloy is shown in Table 1. From this master alloy, 20 kg
samples of material were remelted in a 20 kg capacity furnace.
The additions of modifiers were as follows: (a) No RE-V-Ti;
(b) 0.25 wt.% RE only; (c) 0.15 wt.% V and 0.15 wt.% Ti;
(d) 0.25 wt.% RE and 0.15 wt.% V and 0.15 wt.% Ti. The
corresponding sample numbers were A0, A1, A2, and A3,
respectively. These alloys were then cast at 1450 �C into sand
molds to produce ingots of dimensions of 309 409 120 mm.
A thermocouple (Pt-Pt/Rh) was introduced through the side of
the mold and was placed centrally at half the height of the mold
cavity. Thermocouple output was logged and indicated a
cooling rate of 2.3 �C/s. Materials were investigated in the
as-cast.

The investigation techniques used for structure character-
ization included optical microscopy (OM), scanning electron
microscopy (SEM), energy dispersive X-ray spectrometry
(EDS), and electron probe microanalyzer (EPMA). Metallo-
graphic analysis were made on the samples etched in 4% natal.
The optical microscope used was a Neophot 32. The SEM
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used was a CSM 950. Energy dispersive X-ray spectrometry
(EDS) was carried on an accessory of a scanning microscope.
EPMA was carried on a JXA-8800R electron probe microan-
alyzer. The average size of grain is obtained by image analysis
using a Leica digital image analyzer.

3. Results

3.1 Effect of RE-V-Ti on the Grain Size of High Carbon Alloy
Cast Steel

The grain size of high carbon alloy cast steel under
different treating conditions is shown in Fig. 1. The grain of
unmodified cast steel is coarse and its average size is 80 lm,
as shown in Fig. 1a. Adding 0.25 wt.% RE, the grain size of

the cast steel decreases obviously and reaches 65 lm, as
shown in Fig. 1b. When 0.15 wt.% V and 0.15 wt.% Ti are
added to the cast steel, the grain size of the cast steel
decreases further and reaches 50 lm, as shown in Fig. 1c.
Adding 0.25 wt.% RE and 0.15 wt.% V and 0.15 wt.% Ti, the
refinement of cast steel grain is the best. The average grain
size of high carbon alloy cast steel is only 40 lm, as shown in
Fig. 1d.

3.2 EPMA Analysis of High Carbon Alloy Cast Steel Sample

Figure 2 shows the EPMA analysis of unmodified high
carbon alloy cast steel sample. The segregation of elements is
obvious. Especially, the segregation of carbon element is very
obvious, as shown in Fig. 2b. After modification with RE-V-Ti,
the segregation of elements shows a lightening tendency, as
shown in Fig. 3. The lightening of elements� segregation gains
from the refinement of solidification structure and the increase
of solidification rate. It is beneficial to the homogenization of
as-cast and heat treatment structures of alloy cast steel and the
improvement of mechanical properties of high carbon alloy cast
steel.

4. Discussion

The main reasons that RE-V-Ti refines the solidification
structure of high carbon alloy cast steel are as follows.

Table 1 Chemical composition of the master alloy

Element wt.%

Carbon 0.90
Silicon 3.07
Manganese 0.98
Molybdenum 0.29
Phosphorus 0.038
Sulfur 0.036

Fig. 1 Original austenite grain of A0 sample (a), A1 sample (b), A2 sample (c), and A3 sample (d)
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REs have low melting points and large atom radius, i.e.,
rCe = 0.182 nm. They are all strong ingredient undercooling
elements in the solidification of high carbon alloy cast
steel. Since the equilibrium constant K0 is far smaller than 1
(Ref 14), serious segregation occurs during the solidification. A
number of elements concentrate in front of the primary
austenite through redistribution. This results in high ingredient
supercooling, benefits the multiple branching of the austenite
crystal, reduces the arm space of dendrites, and refines the
primary austenite (Ref 14, 15). In addition, RE can also
deoxidize and desulfurize in molten steel, decreasing the
contents of sulfur and oxygen by combining them to form rare
earth oxide and sulfide. Moreover, vanadium and titanium can
combine with carbon and nitrogen in molten steel and form

carbon and nitrogen compounds having high melting points
(Ref 16, 17). In certain conditions, the rare earth oxide and
sulfide and carbon and nitrogen compound can act as the
solidification nuclei of molten steel. Moreover, a number of rare
earth oxide and sulfide and carbon and nitrogen compounds
have been discovered through SEM and EDS, as shown in
Fig. 4-6. Because the EDS apparatus only detects elements
with an atomic number of 11 or higher, the EDS spectra in
Fig. 4-6 cannot reveal the existence of carbon and nitrogen and
oxygen.

According to the mismatch theory brought forward by
Turnbull (Ref 18), the high melting compound can be a non-
spontaneous crystal nucleus of the new crystalline phase due to
the mismatch of the two phases� lattice parameter:

Fig. 2 EPMA analysis of unmodified high carbon alloy cast steel sample. (a) SEM; (b, e) the X-ray images for respective element: C, Mn, Si,
and Mo
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d ¼ aC � aN
aN

ðEq 1Þ

where, d is the mismatch of lattice parameter, aC and aN are
low index planes of the substrate and the nucleated solid
phase, respectively.

Bramfitt (Ref 19) proposed a theory that the nuclei were
most effective when the mismatch was less than 6%, less
effective between 6% and 12%, useless above 12%. The rare
earth oxide and sulfide and carbon and nitrogen compounds
have high melting points and lower mismatch with c-Fe lattice.
For example, the mismatches of RE2O3 and, TiN with c-Fe
lattice are 5.0% and 3.9%, respectively. Therefore, RE2O3, TiN,

etc. can act as the effective heterogeneous nuclei of primary
austenite and promote the refinement of as-cast structure.

Moreover, vanadium and titanium can increase the degree of
supercooling of molten steel (Ref 20). According to the
nucleating rate formula of the molten metal (Ref 21):

l ¼ NKt

h
exp �DFA þ DF�

kT

� �
ðEq 2Þ

where u is the nucleus quantity formed per second per unit
volume liquid; N is the total number of atoms per unit vol-
ume liquid; k is Boltzmann�s constant; h is Planck�s con-
stant; T is the absolute temperature; DFA is the activation

Fig. 3 EPMA analysis of high carbon alloy cast steel sample containing 0.25 wt.% RE and 0.15 wt.% V and 0.15 wt.% Ti. (a) SEM; (b, e) the
X-ray images for respective element: C, Mn, Si, and Mo
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energy of atomic diffusion in molten steel; and DF* is the
power of critical nucleation, its value is given as follows
(Ref 21)

DF� ¼ 1

3

16pr3
LST

2

L2DT2

� �
ðEq 3Þ

where rLS is the surface energy, N/m; L is the latent heat of
crystallization, J/m3; and DT is the degree of supercooling, K.

Formula (2) comprises two portions. As the power of critical
nucleation DF* is inversely proportional to DT2, exp � DF�

kT

� �
increases rapidly with the increase of degree of supercooling,
i.e., nucleating rate increases correspondingly. On the other
hand, as the degree of supercooling increases, the atomic heat
motion becomes weak; this causes the term exp � DFA

kT

� �
to

decrease and reduce the nucleating rate accordingly. Because of
the strong mobility of the metal atom under the solidifying
condition, the increase of the degree of supercooling will
promote the increase of nucleating rate and quicken the
solidification in the common casting condition, a fine solidi-
fication structure can be obtained.

5. Conclusions

Based on the above results, the following conclusions can be
drawn:

(1) The grain of the unmodified high carbon alloy cast steel
is coarse and its average size is 80 lm. Adding

Fig. 4 SEM fractography of A3 sample (a) and EDS in A point (b)

Fig. 5 SEM fractography of A3 sample (a) and EDS in A point (b)

Fig. 6 SEM fractography of A3 sample (a) and EDS in A point (b)
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0.25 wt.% RE, the grain size of the cast steel decreases
obviously and reaches 65 lm. When 0.25 wt.% RE and
0.15 wt.% V and 0.15 wt.% Ti are added into the cast
steel, the grain size of the cast steel decreases further,
and the average grain size is only 40 lm.

(2) The unmodified high carbon alloy cast steel has obvious
elements� segregation. After modification with RE-V-Ti,
the segregation of elements shows a lightening tendency.
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