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Precipitation behavior of TiN in AISI 439 ferritic stainless steel was investigated using both thermodynamics and experiments. Calculated results using equilibrium approaches show that TiN can precipitate
only when the solid-phase fraction reaches 0.2. However, TiN was observed at the surface of the watercooled samples in our experiments, which indicates that TiN can precipitate at the initial stage of solidiﬁcation when the cooling rate is sufﬁciently high. Therefore, in order to predict efﬁciently the precipitation behavior of TiN during rapid solidiﬁcation, non-equilibrium effect has to be taken into account
during the calculations. In this work, a model, which relates the interface temperature with the
composition and growth rate at the solid/liquid interface under non-equilibrium conditions, has been
developed. It is shown that the calculated results using this model are in agreement with the experimental results.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Stainless steels which originate from FeeCr alloys are now
considered as one of the most important classes of steels, and
attract increasing attention in both defense and commercial
products. Generally, ferritic stainless steels, austenitic stainless
steels, martensitic stainless steels and duplex stainless steels are
the commonly used classes of stainless steels [1]. Among these,
ferritic stainless steels are more attractive because of their higher
thermal conductivity, lower linear expansion, better resistance to
chloride stress-corrosion cracking, pitting and crevice corrosion,
and adequate high temperature resistance to oxidation. In addition,
the price of ferritic stainless steels is relatively lower since no rare
Ni element is added. However, ferritic stainless steels are susceptible to the intergranular corrosion (IGC) due to the formation of
either chromium carbides or nitrides at the grain boundaries [2e7].
The common approach to prevent IGC in ferritic stainless steels is to
reduce the content of carbon and nitrogen and add the stabilizing
elements such as, Ti and/or Nb [8,9].
AISI 439 stainless steel, with stabilizing Ti element, is one of the
most important classes within the Fee17Cr ferritic stainless steels
[10]. It is known that the afﬁnity of N with Ti is much stronger than
that of Fe and other metal elements [8]. If the concentrations of Ti
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and N in the melts of AISI 439 stainless steel are sufﬁciently high,
TiN may form directly from the melts. Furthermore, for AISI 439
stainless steel, solutes Ti and N will be piled up at the solid/liquid
interface during solidiﬁcation since the equilibrium distribution
coefﬁcients of both Ti and N are less than unity. Therefore, it is
much easier for TiN to form during solidiﬁcation than from the
melts owing to higher concentration and lower interface temperature. TiN is a brittle phase with rock salt type structure (space
group Fm3 m) and its lattice parameter is aTiN ¼ 4.27 Å [11]. If coarse
TiN precipitates at the grain boundary during solidiﬁcation, it will
impair the mechanical properties of the steels greatly because it is
difﬁcult for TiN to deform. Otherwise, if TiN precipitates
dispersedly within the grain, it will act as the heterogeneous site
and can reﬁne the solidiﬁed microstructure of the stainless steels,
aluminum alloys and titanium alloys [12e15]. So, predicting and
controlling the precipitation behavior of TiN are of great importance to obtain desirable solidiﬁed microstructure and mechanical
properties for ferritic stainless steels.
Great efforts have been made to understand the precipitation
behavior of TiN and improve the mechanical properties of ferritic
stainless steels. For the prediction of precipitation of TiN in steels,
thermodynamic calculation is commonly used. According to thermodynamics, TiN precipitation is mainly determined by the product of titanium content and nitrogen content in the melts at a
certain temperature.
Through extensive thermodynamic studies [16e21], it was
found that under a certain temperature the product of titanium
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content and nitrogen content in the melts is a constant for a given
class of steel, and the contents of N and Ti affect TiN precipitation
behavior greatly. TiN would not precipitate from the melts when
the product of the contents of titanium and nitrogen in the melts is
less than the equilibrium concentration product under a given
temperature. To predict the precipitation behavior of TiN during
solidiﬁcation, Brody and Fleming's model [22] is usually used to
calculate the segregation behavior of solutes because the solute
concentrations are increased during solidiﬁcation if the equilibrium
distribution coefﬁcients are less than unity.
However, both the calculation of the product of solute concentrations in the melts and the analyses of the segregation behavior
during solidiﬁcation are based on the equilibrium assumption. To
determine the formation of TiN in the melts, the equilibrium constant is obtained under the assumption that the Gibbs free energy
change is zero. When analyzing the relationship between the
interface temperature and interface composition during solidiﬁcation, the Gibbs free energy change is also assumed to be zero.
Equilibrium conditions are difﬁcult to occur, and the deviation from
equilibrium takes place in the common casting process. So, it is
imperative for metallurgists and materials scientists to predict TiN
precipitation in ferritic stainless steels. Based on the published
literature, no work has been carried out to predict TiN precipitation
under non-equilibrium conditions until now.
The aim of the present work is to study the precipitation of TiN
in AISI 439 ferritic stainless steel during non-equilibrium cooling.
2. Experimental procedure
In this work, a commercial AISI 439 ferritic stainless steel the
chemical composition of which given in Table 1 was used. The
commercial stainless steel was re-melted at a temperature of
1873 K in a vacuum induction furnace, and then cast into the
magnesia molds with the dimension of 40 mm inner diameter, and
150 mm height, after stabilization at 1873K for about 20 min.
In order to examine the effect of cooling rate on the precipitation behavior of TiN in AISI 439 stainless steel, after pouring the
melts was cooled through three different ways, namely, furnace
cooling, air cooling, and water cooling. The cooling rates of the
water-cooled and furnace-cooled samples are the highest and
lowest ones, respectively. Cooling rate in air lies between the
cooling rates obtained in water and in furnace. The samples were
electrolytically etched with 10% oxalic acid reagent after being
mechanically ground and polished. The morphology and size of TiN
in the microstructure were analyzed by Optical Microscopy (OM).
The composition analyses were carried out by Scanning Electron
Microscopy (SEM).
3. Results and discussion
3.1. Thermodynamics of TiN precipitation in FeeCr melts

aTiN
hTi :hN

1
fTi ½%TifN ½%N

¼

(1)

DGo1 ¼ ð379000 þ 149TÞ J=mol

(3)

When the reaction reaches an equilibrium state, the relationship
between equilibrium constant and standard free energy change can
be expressed as:

lgKTiN ¼ 

DGO1
2:3RT

¼

379000  149T 19798
¼
 7:78
2:3RT
T

(4)

Based on Equations (2) and (4), the following equation can be
established

19798
þ 7:78 ¼ lgfTi þ lg½%Ti þ lgfN þ lg½%N

T

(5)

According to equation (5), in order to determine the relationship
between the titanium content and nitrogen content in the FeeCr
melts at a certain temperature, the activity coefﬁcients of titanium
and nitrogen fTi and fN must be known ﬁrst. Generally, the activity
coefﬁcients can be obtained using Wagner theory [23]:

lgfi ¼

X

j

ei ½%j



(6)

j
j

where ei is the ﬁrst order interaction parameter of component j on
component i. The interaction parameters, listed in Table 2, are used
in the present work [18,19]. By substituting the thermodynamics
parameters into Equation (6), the relationship between titanium
content and nitrogen content in the FeeCr melts under a certain
temperature can be determined using Equation (5). Fig. 1 shows the
result of titanium content and nitrogen content in FeeCr melts
under equilibrium conditions at 1873K, liquidus temperature
TL ¼ 1783 K, and solidus temperature TS ¼ 1772 K, respectively. The
content of titanium and nitrogen in the present stainless steel is
denoted as point A in Fig. 1. According to thermodynamics, TiN will
precipitate from the melts if the product of titanium content and
Table 2
Interaction parameters used in this work [18,19].
Parameters

1873 K

eTi
Ti

0.048

e

2.041

19500/Tþ8.37

eSi
Ti

0.0256

177.5/T-0.12

eCr
Ti

0.028

1196/T-0.61

eTi
N

0.593

5700/Tþ2.45

eN
N

0

e

eSi
N

0.0491

286.2/Tþ0.202

0.045

850/Tþ0.409

eCr
N

The equilibrium constant for reaction (1) can be written as:

(2)

where hTi and hN are the Henrian activities of titanium and nitrogen
relative to 1 mass% standard state in liquid iron, respectively, and fTi
and fN are the activity coefﬁcients of titanium and nitrogen,
respectively. Under the present experimental conditions, the activity of TiN, aTiN, can be considered as unity. According to Pak et al.
[19], the standard Gibbs free energy change for reaction (1) can be
written as:

eN
Ti

The reaction equilibrium equation for the formation of solid TiN
in liquid FeeCr melts can be expressed as: [17,18]

½Ti þ ½N ¼ TiNðsÞ

KTiN ¼

939

Temperature dependency

Table 1
Chemical composition of the experimental as-cast steel (wt.%).
C

Cr

Si

Ti

Mn

Ni

Al

Mo

N

Ca

O

S

P

0.01

17.65

0.28

0.24

0.27

0.18

0.02

0.03

0.0085

0.0017

0.0085

0.001

0.023

940
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Fig. 1. Equilibrium relations between Ti content and N content in liquid iron at
different temperatures.

nitrogen content in the melts is higher than the equilibrium concentration product. From Fig. 1, it is clear that the product of titanium content and nitrogen content in the present work is lower
than the equilibrium concentration product at the liquidus temperature. Thus, it can be inferred that TiN would not precipitate
from the melts.
3.2. Precipitation behavior of TiN during solidiﬁcation under
equilibrium conditions
According to the above analyses, it is clear that TiN cannot form
directly from the melts. The observed TiN in the microstructure
should be resulted from the solidiﬁcation process. In order to understand the formation mechanism of TiN during solidiﬁcation,
equilibrium conditions are taken into account ﬁrst. It is known that
solutes will be rejected into the liquid if the equilibrium distribution coefﬁcients of the solutes are less than unity. The solute concentration at the solid/liquid interface will increase gradually
during solidiﬁcation. Resultantly, melting temperature will
decrease gradually with the development of solidiﬁcation. The
concentration of titanium and nitrogen in the melts is reduced
subsequently for the class of AISI 439 stainless steel. When the
concentrations of titanium and nitrogen in the melts exceed the
equilibrium concentration under a temperature lower than the
liquidus temperature, TiN may precipitate at this temperature. For
linear solidus and liquidus lines, the solute concentration at the
solid/liquid interface during solidiﬁcation can be calculated from
the classical lever rule as: [24]

CL ¼

C0
1  ð1  k0 ÞfS

(7)

where CL is solute concentration in the liquid at the solid/liquid
interface, k0 the equilibrium distribution coefﬁcient, C0 the initial
alloy composition, and fS the solid-phase fraction during solidiﬁcation. Based on Equation (7), it is apparent that solute concentration is increased gradually with increasing the solid-phase
fraction during solidiﬁcation. Using the similar method, for linear
liquidus and solidus and equilibrium solidiﬁcation, interface temperature can be obtained as: [25]

T ¼ T0 

T0  TL
S
1  fs TT0L T
TS

(8)

where T0 is the melting point of pure solvent, TL and TS the liquidus

and solidus of the steel studied, respectively. Using Equation (7)
and the parameters listed in Table 3 [26e28], the change of the
solute concentration at the solid/liquid interface during solidiﬁcation can be calculated. Here, the liquidus, solidus, and liquidus
slopes in Table 3 are calculated using Thermo-Calc thermodynamic
software. Fig. 2 shows the relationship between the concentrations
of titanium and nitrogen at the solid/liquid interface and the solidphase fraction under equilibrium solidiﬁcation. Based on Fig. 2, it
can be found that titanium and nitrogen at the solid/liquid interface
become enriched gradually with the increase of the solid-phase
fraction. The concentration of nitrogen at the interface increases
faster than that of titanium owing to its lower equilibrium distribution coefﬁcient. This indicates that TiN may form at a certain
solid-phase fraction during solidiﬁcation when the concentrations
of titanium and nitrogen reach the critical magnitudes required at
this temperature. Usually, the precipitation behavior of TiN during
solidiﬁcation can be analyzed by comparing the concentration
product of solutes Ti and N in the melts under a certain temperature
and the concentration product during equilibrium solidiﬁcation.
Using Equations (5), (6) and (8), the product of concentration of
=
Ti and N, KTiN , in the melts can be obtained. The concentration
product of Ti and N, QTiN , during equilibrium solidiﬁcation can be
calculated using Equation (7). Fig. 3 shows the relationship be=
tween lgðKTiN Þ and lgðQTiN Þ under various solid-phase fractions. It
can be seen that when the solid-phase fraction reaches about 0.2,
the concentration product of titanium and nitrogen during solidiﬁcation is equal to the concentration product in the melts. This
means that TiN should precipitate from the steel melts when the
solid-phase fraction exceeds 0.2.
However, the experimental results do not support the calculation results using equilibrium approaches. In the experiments, the
method to measure the distance from the surface toward the center
in various samples can be schematically shown in Fig. 4. The ingots
were cut longitudinally ﬁrst. The samples were obtained in the
radial direction, from the surface to the center, as shown in Fig. 4(a).
The length of the samples is about 10 mm. During the measurement, we observed the TiN precipitations with an optical microscope from the surface to the canter in the samples, as shown in
Fig. 4(b). TiN was observed at the surface of the samples cooled in
water; about 1.0 mm away from the surface of the samples cooled
in air and about 3.0 mm away from the surface of the samples
cooled in furnace, as shown in Fig. 5. The experimental results
suggest that cooling rate has a dominant effect on the precipitation
behavior of TiN and TiN can precipitate from the melts at the initial
stage of solidiﬁcation if the cooling rate is sufﬁciently high.
Therefore, it is not reasonable to predict the precipitation behavior
of TiN only using equilibrium assumptions. Moreover, cooling rate
affects the characteristics of TiN in the solidiﬁed microstructure
greatly. There are many TiN precipitates in the water-cooled samples and the size of TiN is about 1 mm, as shown in Fig. 5(a). In the
furnace-cooled samples, the size of TiN is about 10 mm, which is
much coarser than that in the water-cooled samples, and the
amount is decreased greatly, as shown in Fig. 5(c). The size of TiN
for the air cooling samples is about 3 mm. High cooling rate can
reﬁne the solidiﬁed microstructure and make the microstructure
more uniform in comparison with the common solidiﬁcation
techniques [29e31]. The surface scanning analyses of a precipitate
indicate that the precipitate is mainly composed of Ti and N elements, as shown in Fig. 6(a) and (b). In the core of the precipitate,
Ca and O elements are observed, as shown in Fig. 6(c) and (d),
which means that CaO may act as the heterogeneous nucleation
site of TiN. No Fe and Cr elements are found in the precipitate.
In the calculation of Figs. 2 and 3, interface composition is
calculated based on phase diagram during solidiﬁcation, which
means that interface equilibrium is assumed. However, under rapid
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Table 3
Solidiﬁcation parameters used in this work [26e28].
Parameter

Ti

N

Reference

Equilibrium distribution coefﬁcient, k0
Liquidus slope, mL (K/wt.%)
Solute diffusion coefﬁcient, DL (cm2/s)
Interatomic distance, a0(cm)
Velocity of sound for pure metals, V0(cm2/s)
Melting point of pure solvent, T0 (K)
Liquidus, TL (K)
Solidus, TS (K)

0.40
20
7.3  105
2.0  107
4.0  105
1789
1783
1772

0.32
64.5
1.56  103

26
27
28
28

Fig. 3. The relationship between the concentration product of solutes Ti and N in the
melts and the concentration product during equilibrium solidiﬁcation.

liquid. Therefore, the composition in the solid cannot change
following the solidus during solidiﬁcation. A limiting case is that
solute diffusion in the solid is negligible and the diffusion in the
liquid remains complete. This non-equilibrium treatment method
produces the following classical equation: [24]

CS ¼ k0 C0 ð1  fS Þðk0 1Þ

Fig. 2. The relationship between the solute concentration in the liquid at the solid/
liquid interface and solid-phase fraction under equilibrium solidiﬁcation for AISI 439
stainless steel. (a) for Ti solute; (b) for N solute.

solidiﬁcation conditions, it is hard to achieve equilibrium, and
interface composition and temperature cannot be determined by
Equations (7) and (8). Therefore, non-equilibrium conditions
should be taken into account because the solidiﬁcation cannot
operate under equilibrium in many casting conditions.

3.3. Precipitation of TiN during solidiﬁcation under nonequilibrium conditions
It is known that solidiﬁcation process of ferritic stainless steels is
controlled by solute diffusion. Thus, cooling rate exhibits a dominant effect on the solidiﬁcation behavior of ferritic stainless steels.
When the cooling rate is much higher, there is no enough time for
solute atoms to diffuse completely during solidiﬁcation. Furthermore, the diffusibility in the solid is much lower than that in the

(9)

where CS is the concentration in the solid at the solid/liquid
interface. Equation (9) is often referred as the Scheil equation,
which can be considered as a reasonable approximation when
directional solidiﬁcation and small volume element within the
mushy zone dominate. In Equations (8) and (9), complete diffusion
in the solid and no diffusion in the solid during solidiﬁcation are
assumed respectively. However, these assumptions are not in
agreement with the real situation where solute diffusions appear
but are not complete in the solid. So, the real solidiﬁcation behavior
should lie somewhere between the above two extremes.
The model by Brody and Flemings and Clyne and Kurz [22,23] is
wildly used for the analyses of solute redistribution during alloy
solidiﬁcation. However, in Equations (8) and (9), equilibrium or
local equilibrium solidiﬁcation at the solid/liquid interface is
assumed, where Gibbs free energy difference before and after solidiﬁcation is equal to zero. When the cooling rate is high enough,
non-equilibrium effect at the interface will dominate the solidiﬁcation behavior, and deviation from local equilibrium occurs. The
compositions in the solid and liquid at the interface are not unique
and cannot be obtained by phase diagram directly. Here, the
compositions in the solid and liquid at the interface can be analyzed
by Gibbs free energy change during solidiﬁcation. The relationship
between Gibbs free energy and composition can be schematically
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Fig. 4. Schematic of the cast samples showing the approximate site in samples corresponding to the images of Fig. 5.

shown in Fig. 7. At a given interface temperature Ti, the equilibrium
compositions in the liquid CLe and in the solid CSe can be obtained
by drawing a common tangent to the free energy curves for the
liquid and solid. For a given liquid composition CL, the free energy
change can be determined by drawing a tangent at the composition
CL when 1 mol solid precipitates from an inﬁnite amount of liquid
with the composition CL.
From Fig. 7, it is found that for the given liquid composition CL, a
range of the compositions of the formed solid are possible according to the decrease of Gibbs free energy. When the precipitated
solid composition is assumed to be CS, the free energy change for
1 mol solidiﬁed solid, DGm, shown in Fig. 7, can be expressed as:

(10)
where mSA ðCS Þ, mLA ðCL Þ, mSB ðCS Þ, and mLB ðCL Þ are the chemical potentials of solvent and solute in the solid and liquid, respectively.
For dilute solutions, the chemical potentials of solvent in the solid
and liquid can be obtained according to Raoult law as:

 i
*
þ RT lnð1  CS Þ
mSA ðCS Þ ¼ mQ
SA ðTÞ þ RT ln PA

 lnð1  CL Þ
(15)
By using lim ½lnð1  xÞz  x , Equation (15) can be simpliﬁed
x/0

as:

mSA ðCS Þ  mLA ðCL Þ ¼ RT½ðCL  CLe Þ  ðCS  CSe Þ



h



h



*
mLA ðCL Þ ¼ mQ
LA ðTÞ þ RT ln PA

m0LA ðCLe Þ

h



i

i

*
¼ mQ
LA ðTÞ þ RT ln PA


(17)

DGm
RT

¼ ð1  CS Þ½ðCL  CLe Þ  ðCS  CSe Þ þ CS ln

CLe CS
CSe CL

(18)

Using k0 ¼ CSe/CLe and kv ¼ CS/CL, Equation (18) is changed as:

(11)

DGm

¼ ð1  kV CL Þ½ðCL  CLe Þ  ðkV CL  k0 CLe Þ þ kV CL ln

kV
k0
(19)

þ RT lnð1  CSe Þ

þ RT lnð1  CL Þ

i

CLe CS
CSe CL

Substituting Equations (16) and (17) into (10), the Gibbs free
energy change for forming 1 mol solid can be written as:

RT
*
m0SA ðCSe Þ ¼ mQ
SA ðTÞ þ RT ln PA

(16)

For solutes, using the similar method, Equation (17) can be obtained according to Henry law

mSB ðCS Þ  mLB ðCL Þ ¼ RT ln

DGm ¼ ð1  CS Þ½mSA ðCS Þ  mLA ðCL Þ þ CS ½mSB ðCS Þ  mLB ðCL Þ

h

mSA ðCS Þ  mLA ðCL Þ ¼ RT½lnð1  CLe Þ  lnð1  CSe Þ þ lnð1  CS Þ

þ RT lnð1  CLe Þ

(12)

For linear solidus and liquidus, the interface temperature can be
expressed as:

(13)

Ti ¼ T0 þ mL CLe

(14)

where mL is the liquidus slope under equilibrium solidiﬁcation
conditions. Using Equations (19) and (20), the interface temperature can be expressed as:

where m0SA ðCSe Þ and m0LA ðCLe Þ are the chemical potentials of solvent
in the solid and liquid under equilibrium conditions, respectively,
mQ
mQ
SA ðTÞ and LA ðTÞ the standard chemical potentials at T temperature
in the solid and liquid, respectively, and PA* the vapor pressure for
pure solvent A at T temperature. Using m0SA ðCSe Þ ¼ m0LA ðCLe Þ and
Equations (11)e(14), (15) can be obtained as:


Ti ¼ T0 þ mL


(20)


ð1  kV Þð1  kV CL Þ þ kV lnðkV =k0 Þ
CL
ð1  k0 Þð1  kV CL Þ

DGm mL
RTi ð1  k0 Þð1  kV CL Þ

(21)

According to [32], the mole free energy change can be expressed
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ð1  kV Þð1  kV CL Þ þ kV lnðkV =k0 Þ
CL
ð1  k0 Þð1  kV CL Þ
VmL

V0 ð1  k0 Þð1  kV CL Þ
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Ti ¼ T0 þ mL

(24)

Now, the relationship between the temperature, composition at
the solid/liquid interface and growth rate under non-equilibrium
solidiﬁcation conditions has been established. This equation can
be extended into multicomponent alloys [33]. In order to calculate
the interface temperature under non-equilibrium solidiﬁcation, the
parameter kV should be known ﬁrst. Using the reaction rate theory
to correlate the atomic motions across the interface, Aziz [34] obtained the following equation:

kV ¼

k0 þ a0 V=DL
1 þ a0 V=DL

(25)

where a0 is of the order of interatomic distance and DL the solute
diffusion coefﬁcient in the liquid.
From Equations (24) and (25), it is apparent that growth rate has
an important effect on the interface temperature. The interface
temperature is directly related with the undercooling which is the
driving force for solidiﬁcation. Thus, the change of interface temperature due to high growth rate during solidiﬁcation is one of the
main characteristics under non-equilibrium conditions. This can
resultantly determine the precipitation behavior of TiN in ferritic
stainless steels.
Another important characteristic of non-equilibrium solidiﬁcation is the solute composition in the liquid at the solid/liquid
interface, which cannot be determined by the phase diagram any
more. In both Scheil and Brody-Flemings models, complete mixing
in the liquid is assumed. However, under high cooling rate during
solidiﬁcation, it is impossible to achieve complete diffusion in the
liquid without strong convection due to the time limit. In the model
by Tiller et al. [35], no diffusion in the solid and only diffusion
without convection in the liquid are assumed. For solute redistribution under rapid solidiﬁcation, no diffusion in the solid can be
assumed. It is reasonable under non-equilibrium solidiﬁcation
since the cooling rate is much higher and there is no enough time
for solutes to diffuse in the solid. In the liquid, incomplete mixing
during solidiﬁcation should be assumed since residual convection
by pouring and natural convection may exist. Similar with BrodyFlemings, the solute redistribution can be determined as Equation
(26) by using solute conservation within the volume element, as
shown in Fig. 8.
Fig. 5. TiN Morphology in the solidiﬁed microstructure under different cooling conditions. (a) at the surface of the sample cooled in water; (b) about 1 mm away from the
surface of the sample cooled in air; (c) about 3 mm away from the surface of the
sample cooled within the furnace.

(26)

where L is the length of the volume element and dL, solute
boundary layer in the liquid, is given as:

as:



DGm

1
ðCL  CS ÞLdfS ¼ dL dCL
2

V
¼ RTi ln 1 
V0

dL ¼


(22)

where V is the growth rate of the interface and V0 a constant which
is of the order of the velocity of sound for pure metals. Using
lim ½lnð1  xÞz  x , Equation (22) can be written as:
x/0

DGm ¼ RTi V=V0

(23)

Substituting Equation (23) into (21), the interface temperature
can be ﬁnally written as:

2DL
V

(27)

After calculating by integration, solute concentration in the
liquid at the solid/liquid interface can be obtained as:



VL
CL ¼ C0 :exp
ð1  kV ÞfS
DL

(28)

Equation (28) relates the solute composition in the liquid at the
solid/liquid interface with the solid-phase fraction and growth rate.
Now, the inﬂuence of non-equilibrium effect on the composition
and temperature at the solid/liquid interface can be discussed.
Using Equation (25), (28) and the parameters listed in Table 3
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Fig. 6. Surface scanning analysis of TiN precipitate in the steel. (a) Ti; (b) N; (c) Ca; (d) O; (e) Fe; (f) Cr; (g) SEM image.

[26e28], the relationship between the solute concentration in the
liquid at the solid/liquid interface and the solidiﬁcation length
under various growth rates can be obtained, as shown in Fig. 9. It
can be found that the concentrations of Ti and N solutes in the
liquid at the solid/liquid interface increase signiﬁcantly at the initial
stage. Subsequently, a steady value will be reached at a certain
solidiﬁcation length. With the further increase of the solidiﬁcation
length, solute concentrations in the liquid at the solid/liquid
interface almost remain unchanged. Furthermore, the solidiﬁcation
length before steady solute concentration is shortened markedly

with increasing the growth rate. This indicates that solute concentrations of Ti and N can reach a steady value immediately at a
very short solidiﬁcation length when a high growth rate is imposed.
For the present stainless steel, at the growth rate of 10 cm/s, the
solute concentration of Ti and N can rise up to a steady value
immediately at the initial stage of solidiﬁcation, as shown in Fig. 9.
Meantime, the solute concentration (CL) required to form TiN under
non-equilibrium solidiﬁcation is lower than the concentration
under equilibrium solidiﬁcation (CLe), as shown in Fig. 7. Therefore,
TiN can form at a very short solidiﬁcation length if the growth rate
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Fig. 7. Schematic diagram for establishing the relationship between the interface
temperature, interface composition and the growth rate considering non-equilibrium
effect (possible range to form solid CS from CL liquid composition is denoted).

Fig. 8. Schematic illustration of the solute redistribution during directional
solidiﬁcation.

is sufﬁciently high. This can account for the observed TiN at the
surface of the water-cooled samples, as shown in Fig. 5(c).
Based on Equations (24), (28) and the parameters listed in
Table 3, the effect of growth rate on the temperature at the solid/
liquid interface during solidiﬁcation can be discussed as well. Fig. 10
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Fig. 9. The relationship between the solute concentration in the liquid at the solid/
liquid interface and the solidiﬁcation length under various growth rates. (a) for Ti
solute; (b) for N solute.

shows the relationship between the interface temperature and
solidiﬁcation length at various growth rates. It is apparent that the
temperature at the solid/liquid interface decreases gradually with
the increase of the solidiﬁcation length and then reaches a plateau
at a certain solidiﬁcation length. Furthermore, growth rate has a
signiﬁcant effect on the temperature at the solid/liquid interface
during solidiﬁcation. With the increase of the growth rate, the
temperature at the solid/liquid interface is decreased more rapidly.
Meanwhile, the corresponding solidiﬁcation length becomes
shorter when the temperature at the solid/liquid interface approaches the plateau. It is known that the concentration of Ti and N
in the melts is lowered when the interface temperature is
decreased. It is more favorable for TiN to precipitate from the melts
at higher growth rate during solidiﬁcation due to lower interface
temperature and shorter solidiﬁcation length. The interface temperature is decreased to the plateau when the solidiﬁcation length
is almost zero at the growth rate of 10 cm/s for the present stainless
steel. This suggests that TiN can precipitate from the melts in the
initial stage of solidiﬁcation at the growth rate of 10 cm/s, which is
in agreement with the observed TiN in the water-cooled samples,
as shown in Fig. 5(c). Compared with the prediction using equilibrium approach, as shown in Fig. 3, this model is more precise in
the prediction of TiN precipitation in ferritic stainless steel since
non-equilibrium solidiﬁcation has been considered. It should be
noted that though the calculated results in Figs. 9 and 10 show that
TiN can form at the initial stage of solidiﬁcation at the growth rate
of 10 cm/s and TiN can be observed at the surface of the water-
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Fig. 10. The change of the temperature at the solid/liquid interface with the solidiﬁcation length under various growth rates.

cooled samples, actual growth rate cannot be measured directly.
Therefore, the calculated results in Figs. 9 and 10 cannot be linked
directly to the experimental observations of the water-cooled
samples at present.
4. Conclusions
In summary, the main conclusions drawn from this work can be
shown as follows:
(1) According to the calculations using equilibrium approaches,
TiN cannot precipitate directly in the melts and can form
when the solid-phase fraction reaches 0.2 during
solidiﬁcation.
(2) Taking into account the non-equilibrium conditions, a model,
relating the interface temperature with the interface
composition and growth rate, was developed as


V CL ÞþkV lnðkV =k0 Þ
L
Ti ¼ T0 þ mL ð1kV Þð1k
.
CL  V ð1kVm
Þð1k C Þ
ð1k Þð1k C Þ
0

V

L

0

0

V

L

(3) The calculations using this model show that TiN can precipitate when the solidiﬁcation length is very low at the
growth rate of 10 cm/s for the present AISI 439 ferritic
stainless steel. This result is in agreement with the experimental work where TiN was observed at the surface of the
water-cooled samples.
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