Effect of Cerium on the Austenitic Nucleation
and Growth of High-Mo Austenitic Stainless Steel
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The influence of small amounts of cerium on the solidification phenomena of S31254 high-Mo
austenitic stainless steel was investigated by in situ observations and theoretical calculations. In
situ observations indicate that cerium addition in molten steel can accelerate austenitic
nucleation but inhibit primary austenite grain growth. The initial nucleation temperature occur
32.3 °C in advance and the nucleation site density increases to 176/mm after 2 seconds in
S31254-Ce compared to S31254. The modified Ce-containing inclusions in S31254-Ce
improve the ability for austenite heterogeneous nucleation, which would significantly
reduce the energy barrier of nucleation. The nucleation mechanism obtained from
Johnson—-Mehl-Avrami-Kologoromov (JMAK) theory is changed from site saturation
nucleation to site saturation plus Avrami nucleation after cerium addition. Furthermore,
cerium addition also prolongs the whole solidification temperature range from 28 °C to 43.9 °C
and limits the growth velocity of a single austenite grain from approximately 20 to 2 um/s. The
ratio of the solid phase decreases from 60 to 8.2 pct, but the grain density increases from 68.8 to
280/mm2, with the solidification time extended to 8 seconds after cerium addition. Thus, the
main solidification behavior in the early solidification stage of S31254-Ce is nucleation instead
of primary grain growth. The low growth velocity for austenite grains and significant high
nucleation site density exhibit a low rate constant k during the solidification process. Moreover,
cerium addition could significantly refine the solidified structure, and the grain density of the
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final solidified structure in $31254-Ce is 366.6/mm?.
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I. INTRODUCTION

HIGH-MO austenitic stainless steel (HMASS) has
high concentrations of alloying elements (> 40 pct),
especially Cr and Mo. This steel is believed to have great
potential for application in extremely harsh service
environments, such as seawater handling systems,
chemical processing equipment, waste incineration sys-
tems and plate heat exchangers.!"?) However, a higher
Mo content is more likely to induce segregation due to
the low Eartition coefficients at the liquid/austenite
interface.’) Center segregation is the main pattern of
Mo macrosegregation through a numerical simulation
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of the ingot pouring process.”*! The Mo-rich region in
HMASS is susceptible to the formation of sigma phases,
which results in difficulties in hot working processes."’
Sigma in HMASS is a hard and brittle phase, and it may
fracture during deformation, potentially initiating
cracks or widening into interparticle voids during
continued deformation.!” The grains of HMASS are
easy to grow during welding solidification, and this steel
would be more sensitive to the precipitation of sec-
ondary phases (o, y and Laves phases).”” Thus, the
elimination of Cr and Mo segregation is critically
important to improve the performance homogeneity of
HMASS.

To obtain the optimum hot workability, homoge-
nization heat treatment is necessary after casting. Zhu
et al™ indicated that the residual microsegregation can
be either minimized or eliminated by homogenization
heat treatment; however, it should be noted that it is
virtually impossible to eliminate Mo macrosegregation
due to the distances over which Mo is required to
transfer. A feasible method to reduce the diffusion
distance is refining the solidification structure. The
currently available grain refinement techniques used
during steel casting can be categorized into three groups:
electromagnetic stirring (EMS), fast cooling and
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chemical grain refinement.”® However, EMS and fast
cooling is limited by the actual casting equipment.
Therefore, chemical metallurgical methods including
oxide metallurgy are commonly used for grain refine-
ment. Inclusion-assisted microstructure control has been
a key technology to improve the mechanical properties
of steel. Inclusion may act as nucleation sites for
heterogeneous nucleation to promote liquid to solid
phase transformations during casting,” '*! induce intra-
granular ferrite formation in the welding heat-affected
zone,'"* ' and pin austenite grains, thereby preventing
grain growth during the heat treatment process.!'>>"

Park er al® and Guo er al'*" noted that REM
inclusions can refine macroscopic solidification struc-
tures in low-alloy steel. Cai et aﬁzz] indicate that cerium
from the flux layers to weld metals can effectively refine
the microstructure of the weld and promote the nucle-
ation of acicular ferrites in BS700MC steel. Eijk er al.!**
analyzed the formation of Ce-Al-oxide inclusions in
liquid S31254 stainless steel prior to solidification, which
have good crystallographic compatibility with austenite.
In summary, many studies performed by previous
researchers mainly focused on the effects of various
RE inclusions on crystal nucleation in low-alloy steel,
whereas the application of cerium addition on the high
alloy austenite stainless steel solidification process was
rarely involved.

The common methods to investigate solidification
behavior include liquid quenching, thermal-analysis
technology and mold filling. However, these methods
are indirect methods to confirm solidification and
always have discrepancies in analyzing the solidification
process. High-temperature laser scanning confocal
microscopy (HT-LSCM) is an in situ analysis method,
which has been implemented to observe the solidifica-
tion process. HT-LSCM offers a great capability for
real-time analysis, different cooling rates and continuous
observations of phase transformations at high temper-
atures.”*! Therefore, it is of great interest to perform an
in situ observation of the HMASS solidification process.

In the present study, the purpose is to investigate the
influence of cerium addition on solidification phenom-
ena, which can further show the function of cerium
addition on austenite nucleation and growth in S31254
high-Mo austenitic stainless steel.

II. MATERIALS AND EXPERIMENTAL
METHODS

For the experiments with cerium addition, the S31254
high-Mo austenitic stainless steel samples (400 g) were
contained in a MgO crucible (®L50) and placed in a
vertical MoSi, resistance furnace (®290). The schematic
diagram of the experimental device used in this work is

shown in our former study.”* The temperature of the
liquid steel was maintained at 1500 °C under a high-pu-
rity Ar atmosphere (Ar 99.999 pct). To protect the
cerium metal (99.9 pct purity, Aladdin) from oxidation,
the metal was wrapped in a reduced iron powder and
pressed into a metal cylinder, and then, the metal
cylinder that was wrapped in pure iron chips was added
to the molten steel. Good cerium homogeneity was
achieved in the molten steel by stirring the molten steel
for 15 seconds with a quartz tube. Table I shows the
compositions of the steel samples, which were analyzed
by ICP (Plasmal000, NCS).

In situ solidification observation was conducted on a
HT-LSCM (VL2000DX-SVF17SP). The reaction cham-
ber was vacuumed to 100 mPa and refilled with
high-purity Ar (Ar 99.999 pct) three times. The temper-
ature control system of the HT-LSCM was calibrated
properly by a standard thermocouple. The samples,
7.5 mm in diameter and 3.5 mm thick, were placed in
the aluminum crucible, which was inserted into the
furnace. The sample was heated to 1450 °C at a rate of
200 °C/min and held isothermally for 5 min. The
cooling rate was set to 50 °C/min to investigate the
solidification behavior in all of the samples, and each
experiment was repeated twice.

To observe the inclusions in the steel, the steel sample
was ground to 2000 grit using SiC abrasive papers and
then polished with diamond paste. The chemical com-
positions and morphologies of inclusions were analyzed
through scanning electron microscopy and energy dis-
persive spectroscopy (SEM-EDS, Zeiss G500). Each
sample was observed with 15 fields of view under
magnification 1000 times.

III. RESULTS AND DISCUSSION

A. In Situ Observations

As mentioned previously, due to the Creq/Nieq =
0.95 in S31254 (Creq = Cr + Mo + 1.5Si, Nieq =
Ni + 30C + 30N + 0.5Mn), this steel solidification
type belongs to the A mode, i.e., only L — 7. Figure 1
illustrates the solidification processes of S31254
obtained by HT-LSCM. The variations in the temper-
ature and time duration are also displayed on the
continuously recorded pictures. The white irregular
particles and black areas in the pictures are solid phases,
and the white areas are liquid phases. As shown in
Figure 1(a), the initial nucleation site appears at
1382.9 °C. Two seconds later, the nucleation site density
is increased to 13.32/mm?>. As the temperature decreases,
60 pct solid phase is formed within 8 second in
Figure 1(c). At the end, the solidus temperature is
1354.9 °C. The temperature range and entire time of

Table I. The Chemical Composition of the S31254 High-Mo Austenitic Stainless Steels

Wt Pct Cr Ni Mo N Cu Si Mn C Al Ce Fe
S31254 20.1 18.2 6.0 0.21 0.5 0.5 0.7 0.015 0.01 0 bal.
S31254-Ce 20.1 18.2 6.0 0.21 0.5 0.5 0.7 0.015 0.01 0.013 bal.
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Fig. 1—Solidification process of S31254 observed in situ via HT-LSCM and cooled at 50 °C/min. The 6 features of interest areas follows: (a) and
(b) primary austenite starts to nucleate; (¢) continual growth of austenite grains; () the end stage of solidification with residual liquid; and (e)

and (f) the sample is completely solidified.
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Fig. 2—Solidification process of S31254-Ce observed in situ via HT-LSCM and cooled at 50 °C/min: («) primary austenite starts to nucleate, and
some surface oxide can be observed; (b) to (d) nucleation and continual growth of austenite; (¢) continual growth of austenite grains; and (f)
residual liquid is solidified at the end stage of solidification, and several crescent-shaped austenite grains still exist in the final solidified

microstructure.

solidification are 28 °C and 29.5 seconds, respectively.
Figure 1 shows that the solidification of S31254 com-
menced below the surface of the opaque melt and was
gradually shown on the melt surface.

Figure 2 gives the solidification process of S31254
with the addition of cerium. It shows quite a different
solidification morphology. First, the initial nucleation
site appeared at 1415.2 °C, which is 32.3 °C earlier than
that of S31254. Two seconds later, the nucleation site
density increased dramatically to 176/mm?, which is
162.68/mm? higher than that of S31254. It is apparent
that the addition of cerium is highly beneficial for the
nucleation process. The solidus temperature is changed
to 1371.3 °C in S31254-Ce. The temperature range and
entire time of solidification are 43.9 °C and 50.2
seconds, respectively. When the solidification time is
extended to 8 seconds, only 8.2 pct solid phase formed,
which is 51.8 pct lower than that of S31254. However,
the grain density is enhanced from 68.8 to 280/mm?,
which is shown in Figures 1(c) and 2(c). Thus, the main
solidification behavior in the early solidification stage of
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S31254-Ce is nucleation instead of primary grain
growth. The grain density of the final solidified structure
in S31254-Ce is obtained from Figure 2(f), and the
measurement result is 366.6/mm> Thus, 0.013 pct
cerium addition could significant refine the solidified
structure. The analysis results are shown in Table II.
Furthermore, cerium is a surface active element, which
would reduce the steel surface tension and further
restrain solidification shrinkage. Crescent-shaped pri-
mary austenite and some surface oxides can be observed
in Figure 2.

B. Quantification Analysis of the Nucleation and Growth
Process by Using the JMAK theory

The solid volume in each case has been obtained via
ImagelJ software. The relationship between the solid
volume fraction and time are plotted in Figure 3.
Polycrystalline solidification is a type of first-order
phase transformation proceeding via nucleation and
growth. The kinetics of such transformations are often
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Table II. Analysis Results of Solidification Process

Tn (°C) Ts (°C) AT (°C) Grain Density (2 s) Grain Density (8 s) Solid Ratio (8 s) total (S)
S31254 1382.9 1354.9 323 13.32/mm? 68.8/mm2 60 pct 29.5
S31254-Ce 1415.2 1371.3 43.9 176/mm? 280/mm? 8.2 pct 50.2
1.0 o bt b n
° Y =1-—-exp(—kt") 1]
_osf o’ ® $3125450°C/min
5 . — - —-Fitting Curve
B ® 531254-Ce 50°C/min n
8 —-— - Fitting Curve k= k() exXp 7Q [2]
% 06 RT
£ . .
2 The Avrami exponent n is evaluated to be 2.6 and
5 04 3.57 in S31254 and S31254-Ce, respectively. This leads
3 to a change in the mode of nucleation from site
« saturation to site saturation plus Avrami nucleation
02 during the solidification after cerium addition. Thus, a
small addition of cerium in steel can prolong the period
0 . of nucleation, which is beneficial for grain refinement.
0 20 40 60 The rate constant k is decreased from 3.91 x 107> to

Time/s

Fig. 3—Fitted curves of the solid volume fraction as a function of
time.

Table III. Fitting Results Obtained from the JMAK Model

k n R?
S31254 391 x 1073 2.6 0.998
S31254-Ce 1.79 x 1073 3.57 0.998

described in terms of the Johnson—Mehl-Avrami—Kol-
ogoromov (JMAK) theory.”® The JMAK equation is
commonly expressed as Eq. [1] where ¢ is time, k is the
rate constant for solidification and » is the Avrami
exponent. The Avrami exponent n could be used to
analyze the mechanism of nucleation. The Avrami
exponent n < 3 indicates site saturation as the nucle-
ation mechanism, which only has the initial nucleation
at the start of the phase transformation. The Avrami
exponent 4 >n >3 indicates site saturation plus
Avrami nucleation as the nucleation mechanism, which
has a decreasing nucleation rate after the initial nucle-
ation.”” The rate constant k could represent the velocity
of solid-liquid phase transformation. The rate constant
k can be expressed as Eq. [2] where Q is the activation
energy, kg is the dynamic parameter, 7 is the thermo-
dynamic temperature, and R is the molar gas constant.
The effective overall time or temperature-dependent
activation energy QO can be interpreted as a combination
of the constant activation energies for nucleation and
growth, O and 0g.P%?! The fitting results are shown
in Table III.
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1.79 x 107>, which indicates that the phase transition
from liquid to solid has a relative lower velocity after
cerium addition.

To determine the activation energy ¢ and the
dynamic parameter Ink,, a collection of mathematical
analyses were used and are shown in Appendix A. The
relationship between In [#Y)* (g—;ﬂ and 1/T is
expressed in Eq. *! where Y and g—; can be calculated
from Tables III and IV. The calculated results can be
used for linear fitting, where Ink, an —%are the
intercept and slope of the fitting result. The fitting
results are shown in Figure 4 and Table IV.

ol (0] - (D)

As shown in Table IV, the activation energies Q for
S31254 and S31254-Ce are 4.08 and 1.54 kJ/mol,
respectively. The dynamic parameters Ink, for S31254
and S31254-Ce are 55.29 and 28.27, respectively. Cerium
addition can lower the activation energy and the
dynamic parameter of the solidification phase transition.
From the energy barrier point of view, the solidification
transition would be easier in the S31254-Ce sample.
However, a relative lower rate constant k is given in
S31254-Ce, which requires detailed discussion.

C. Effect of Cerium Addition on the Nucleation Process
in S31254

The nucleation process is influenced by the nucleation
mode and solid-liquid interfacial energy. Inclusion-
induced heterogeneous nucleation commonly occurs
during solidification in cerium-containing steel. Ther-
modynamic calculations were carried out to evaluate the
evolution of inclusions in S31254 stainless steel after

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table IV. Fitting Results for Calculating the Values of Q and Ink, for S31254 and S31254-Ce

Ts (°C) A B R y (°CJs) 0 (kJ/mol) Ink,

S31254 1354.9 249 x 1071 7.82 0.978 5/6 4.08 55.29
S31254-Ce 1371.3 3.69 x 1078 5.03 0.997 5/6 1.54 28.27
An estimate of the lattice disregistry is given in

18+ —mM8 ——
L ® S31254-50°C/min

1.7 - | —fitting result

16 | ® $31254-Ce-50°C/min

—— fitting result

15[ R?=0.998
Intercept:55.29
Slope: -88284.68
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Fig. 4—Fitting results of S31254 and S31254-Ce under cooling rate
of 50 °C/min.

adding a small amount of cerium. A stability diagram of
Ce-Al-O was calculated by using FactSage7.0 software
(Databases: FToxid, FactPS, FTmisc, Phase Dia-
gram module) based on the chemical composition of
S31254 stainless steel at 1500 °C. In Figure 5, the
inclusions could transform in the order of
“Slag-lig + Spinel > MgO + «-Ca,SiO, + AlCeO; +
Ce,03” after an addition of 0.013 pct Ce. Figure 6
shows the SEM-mappings of the typical inclusions in the
S31254 and S31254-Ce samples. The inclusions in the
S31254 sample were composed of the types of
Al,O3MgO. The shape of those inclusions is irregular,
blocky and rectangular. Figure 6(b) shows the typical
inclusions in the S31254-Ce sample. It was determined
that shared features of the Ce,03-Al,03-SiO, system
inclusions were a high Ce content in the inner part and
right part and a high Si content in the left part. Thus, the
typical type of inclusion in molten steel is changed from
MgO-Al,O3 to high-Ce,O; complex inclusions after
cerium addition, which is consistent with the calculated
results.

The inclusion disregistry can be calculated on the
basis of Bramfitt’s planar lattice disregistry model®®:

; | (d[uvw]fg X €Os 0) —dluvwl’ |
(hkl), dluvw],,
Ohk, = z; 3

(hkl)s, = a low-index plane of the substrate/nucleated
solid; [uvw]y,, = a low-index direction in (hkl)s/(hkl),;
d[uvw]y,, = the interatomic spacing along [uvw]/[uvw],;
0 = the angle between the [uvw], and [uvw],,.

% 100 4]
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Table V. AlCeO; and Ce,O; have a smaller lattice
disregistry (< 12 pct) between inclusions and the
austenitic phase. Nuri er a/® indicate the relationship
between the calculated disregistry ¢ and critical under-
cooling temperature. As shown in Table V, the critical
undercooling temperature decreases in the order of
a-Ca,Si0y4, MgO, MgAl,04, Ce,0O3 and AlCeOs. This
calculated result is consistent with the initial nucleation
temperature, which is obtained from in situ observation.
Ce-containing inclusions in steel could improve the
ability for austenite heterogeneous nucleation due to
having part of AlCeOj; or Ce,O; crystal characteristics.

Figure 7 shows the SEM-BSD photos of the samples
of S31254 and S31254-Ce. The MgO-Al,O; system
inclusions are mainly distributed in the boundary of
grains in the sample of S31254. However, Ce-containing
inclusions are mainly distributed in the interior of grains
in the sample of S31254-Ce. Thus, Ce-containing
inclusions could be an effective core for austenite
heterogeneous nucleation. The inclusion number density
and inclusion size distribution in S31254 and S31254-Ce
are shown in Figure 8. Cerium addition could increase
the inclusion number density from 35.7 to 81.2/mm?” and
decrease the inclusion size distribution, which is signif-
icant for austenite heterogeneous nucleation.

The solid—liquid interfacial energy (ysp) plays an
important role in the liquid solid transformation, which
resists nucleation during solidification. Cerium is an
interfacial active element and can modify ys; . However,
the change in the interfacial energy during the nucle-
ation process is difficult to obtain through an experi-
mental method. The effect of cerium microalloying on
the interfacial energy change is still unclear. Zhang
et al®" presented a new thermodynamic model for
obtaining the solid—liquid interfacial energy based on
the Warren model, which could give a way to look at the
influence of cerium addition on the interfacial energy
during the nucleation process. The interfacial energy
contains chemical (ysr()) and structural (ysy(s)y) contri-
butions. In view of the small Gibbs energy change
between the liquid and solid during the period of
nucleation, the chemical contributions to the interfacial
energy can be ignored.

It is assumed that the composition of the nucleus
interface is the same as the steel composition except for
cerium atoms. The content of cerium is enriched in the
interface during nucleation due to its low solubility in
austenite. Calculated parameters for the interfacial
energy are shown in Table VI, and the result is shown
in Figure 9. The principal components in S31254 were
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Fig. 5—Stability diagram of Ce-Al-O in S31254 stainless steel at 1500 °C.
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Fig. 6—SEM-mappings of typical inclusion in S31254 (a) and S31254-Ce (b).
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Table V. Lattice Disregistry Between Austenite and the Inclusions

Lattice Lattice

Constant Orientation [Akl] Inclusion  [hkl] Austenite 0 (deg)  Disregistry (Pct) AT = 58—2 (°O)
Austenite 3.56 Ao L ~
MgALO, 8.075A  (011) MgAlLO, [112] [112] 0 13.01 21.15
//(111yy-Fe [101] [101]
[110] [110]
2-CaSi0;  5.532A  (0001) 2-Ca,SiO, [210] [001] 0 51.72 334
[f110)y-Fe [100] [111] 5
[010] [110] 0
MgO 4224 A (100) MgO [001] [121] 0 16.98 36.04
//(100);-Fe [011] 211] 15
[010] [101] 0
AlCeO; 3767 A (100) AlCeOs [001] [001] 0 3.82 1.82
//(100)y-Fe [012] [011] 18.5
[010] [010] 0
Ce, 05 3941 A (0001) Ce,O4 [1210] [T01] 0 6.8 5.78
[(111)-Fe [1100] (11]
[2100] [110]

wt  No MgO ALO; CaO Si0, Ce,0;

1 24.8% 75.2%

2 20.2% 76.3% 3.5%
$31254

3 22.9% 77.1%

4 237% 71.2% 2.4% 2.7%

5 0.6% 19.5% 0.4% 17.4% 62.1%

6 1.1% 30.2% 2.1% 7.2% 59.4%

7 0.8% 34.9% 3.6% 5.1% 55.6%

$31254-Ce

oo
%
N
X

27.3% 5.1% 3.3% 62.1%

9 47% 34.1% 2.8% 2.2% 56.2%

10 1.4% 41.9% 56.6%

11 12.8% 87.2%

Fig. 7—SEM-BSD photos in the sample of (a) S31254, (b) S31254-Ce, and (c) inclusion composition.
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Fig. 8—(a) Inclusion number density and (b) size distribution in S31254 and S31254-Ce.

Table VI. Calculated Parameters for Interfacial Energy
Fe Cr Ni Mo Ce
VéL(B) (J/m?) 0.278 0.331 0.279 0.380 0.087

300

290
280 |-
270 |
260 |

y=289.924-2.548x R*=1

250 I
240 I
230 I
220 I

Interfacial energy (mJ/mz)

210

200 1 1 1 1 1
0 5 10 15 20 25 30

Mass fraction Ce in solid-liquid interface (wt%)

Fig. 9—The interfacial energy with respect to cerium enrichment in
the solid-liquid interface.

used to calculate the interfacial energy. As shown in
Table VI, cerium has a relatively lower structure inter-
facial energy than any other main components.

As shown in Figure 9, the interfacial energy is reduced
from 289.92 to 287.37 mJ/m? when the cerium content is
increased from 0 to 1 wt pct in the solid-liquid interface.

The interfacial activity J (J :%) is an important

index for measuring the influence of any elemental
addition in an alloy on the solid-liquid interfacial
energy. J, is the slope of the relationship between wc,
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and ysp, which can be obtained from linear fitting. As
shown in Figure 7, J = — 2.548 mJ/m?. The interfacial
energy (ys1.) decreases with the enrichment of cerium in
the interface, which is beneficial for austenitic nucle-
ation; however, the variation in the interfacial energy is
small due to the nucleation process.

In summary, Ce-containing inclusions in S31254-Ce
improve the ability for austenite heterogeneous nucle-
ation, which would significantly reduce the energy
barrier of nucleation. Moreover, the solid-liquid inter-
facial energy is reduced with the increase of the cerium
content in the solid-liquid interface, but the change is
small due to the nucleation process.

D. Effect of Cerium Addition on Austenite Grain Growth
in S31254

Typical growth processes of a single grain in S31254
and S31254-Ce are shown in Figure 10. As shown in
Figure 10(a), the primary austenite starts to nucleate
and then exhibits continual growth in all directions. At
the same cooling rate, grain growth exhibits a different
mode in the S31254-Ce sample. The primary austenite is
observed in the shape of a crescent, and then, it bends to
form the shape of a circle. After forming the cir-
cle-shaped primary austenite, the primary phase con-
sumes all of the liquid phase in the circle and grows
outward until it touches the other primary phases.

The growth velocity of a single grain is measured from
Figure 10 and shown in Figure 11. As shown in Fig-
ure 11(a), the growth velocity of a single grain in S31254
is approximately 20 um/s. The growth velocity at the tip
and interface is obviously reduced to approximately
2 um/s for the sample of S31254-Ce. As shown in
Figure 11(b), the primary austenite has a much larger
growth velocity at the tip than in the middle, which
makes it form into the shape of a circle. Thus, cerium
addition limits the growth of austenite grains and causes
the solidified structure to become thinner.
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(a)

(b)

Fig. 10—HT-LSCM observation of the growth process of a single austenite grain cooled at 50 °C/min in (a) S31254 and (b) S31254-Ce stainless

steel.
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Fig. 11—Growth velocity of a single grain in (a) S31254 and (b) S31254-Ce.

Table VII. Calculated Parameters for AT¢

max

Cr Ni Mo Ce
Co 20 18 6 0.013
m; - 1.3 -39 - 28 - 11.5
k; 0.89 1.02 0.68 0.01
AT® 3.21 - 1.37 7.90 14.95

A possible reason for the inhibition of grain growth
during the solidification process is bigger constitutional
undercooling (AT%,,) at the solid-liquid interface
caused by cerium addition. The addition of solute
elements generates constitutional undercooling in a

diffusion layer ahead of the advancing solid/liquid
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interface, which restricts grain growth since the diffusion
of the solute occurs slowly, thus limiting the rate of
crystal growth. In addition, further nucleation occurs in
front of the interface because nucleants in the melt are
more likely to survive and be activated.?? It has been
shown in Figure 2(d) that new nucleants could be
observed in front of the other primary phase. The max
constitutional undercooling can be calculated through
Eq. [5]. The thermodynamic data listed in Table VII
were calculated by using Thermo-Calc software
]
Armax:ZCOxm,.x(k, 1) 5
ki

where C! is the initial composition of element i, m; is
the liquidus slope of element 7, and k; is the equilib-
rium partition coefficient of element i.

VOLUME 51B, AUGUST 2020—1781



As shown in Table VII, the value of AT}, in S31254
is mainly influenced by Mo (AT, =7.9) due to the
relatively low ky, = 0.68. However, a higher value of
ATy, = 14.95 is obtained after 0.013 pct cerium addi-
tion due to that the value of k¢, is much less than 1 in
austenite. Thus, cerium addition could significantly
increase the value of AT = from 9.74 to 24.69, which
indicates that S31254-Ce steel could have a much higher
AT, than that of S31254, and would further reduce
the growth velocity for austenite grain growth. Further-
more, the low growth velocity for austenite grains and
significantly high nucleation site density would exhibit a
low rate constant k during the solidification process.

The cerium element would be enriched in the
solid-liquid interface, which reduces the growth velocity
for austenite grain growth. The density of cerium atoms
is much lower inside the liquid zone than at the
interface, and the tip shape has the lowest resistance,
which makes the primary austenite form into the shape
of a crescent. Thus, the primary austenite has a much
larger growth velocity at the tip than in the middle,

which makes it form the shape of a circle.

IV. CONCLUSION

The effects of cerium on the solidification behavior of
S31254 stainless steel were investigated by in situ inves-
tigations and theoretical calculations. The main results
are summarized as follows:

1. Cerium addition is highly beneficial for the nucle-
ation sites. The initial nucleation temperature was
increased by 32.3 °C, and the nucleation site density
increased by 162.68/mm’ after 2 seconds in the
S31254-Ce sample. The Avrami exponent n changes
from 2.6 to 3.57 after cerium addition, which indi-
cates that the nucleation mechanism changes from
site saturation to site saturation plus Avrami nucle-
ation. The activation energy Q of the solidification
phase transition is decreased from 4.08 to
1.54 kJ/mol after cerium addition to the molten
stainless steel. Cerium in the steel melt can change the
types of inclusions from MgO-Al,Os-type inclusions
to Ce-containing inclusions. Those inclusions in
S31254-Ce improve the ability for austenite hetero-
geneous nucleation, which would significantly reduce
the energy barrier of nucleation. Moreover, the
solid-liquid interfacial energy is reduced with the
increase of the cerium content in the solid—liquid
interface, but the change is small due to the nucle-
ation process.

2. Cerium addition could significantly inhibit primary
austenite grain growth. Cerium addition could pro-
long the entire solidification temperature range from
28 °C to 43.9 °C and limit the growth velocity of
austenite grains from approximately 20 to 2 um/s.
The ratio of solid phase is reduced from 60 to 8.2 pct,
but the grain density is enhanced from 68.8 to 280/
mm?, with the solidification time extended to 8 sec-
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onds after cerium addition. Thus, the main solidifi-
cation behavior in the early solidification stage of
S31254-Ce is nucleation instead of primary grain
growth. The low growth velocity for austenite grains
and significantly high nucleation site density would
exhibit a low rate constant k during the solidification
process, which indicates that the phase transition
from liquid to solid has a relative lower velocity. The
value of k is decreased from 3.91 x 107° to
1.79 x 10 after cerium addition.
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APPENDIX A

The equation is commonly expressed as Eq. [Al],
where t is the time, k is rate constant and » is the Avrami
exponent. The rate constant k can be expressed as
Eq. [A2], where Q is the activation energy, kg is the
dynamic parameter, 7T is the thermodynamic tempera-
ture, and R is the molar gas constant. The fitting results
are shown in Table II.

Y =1—exp(—kt") [A1]
k = koexp ( RQT> [A2]

An equation was utilized to obtain the expressions of
temperature (7) and solid phase ratio (Y). The fitting
results are available in Figure A1(b).

Y= exp(*AX(T*T"‘)B) [A3]

where A and B are constants, 7, is the solidus
temperature.

Then, the derivative of both sides of Eq. [A1] is taken,
as shown in Eq. [A4]. f{Y) is an implicit function of Y,
and it can be expressed as shown in Eq. [AS].

dY

= k) (A4

AY)=n(1 = Y)[~In(1 - V)]'7 [A3]

Moreover, the following expression can be obtained:
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Fig. A1—Fitted curves of the solid volume fraction as a function of («) time and (b) temperature.
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According to Eqs.[A4], [A5] and [A6], the relationship 13

between ln[f.(‘—’y) * (g—;)] and 1/T is expressed in 14
Eq. [A7], where Y and g—’T’ are expressed in Eqs. [A2] s
and [A8], respectively. The linear part can be used for ’
linear fitting, where Ink, and —% are the intercept and 16.
slope of the fitting result, and the results are shown in 17
Figure.5 and Table I11.

18
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20
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