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Abstract The precipitation behavior of TiN particles

under homogeneous and heterogeneous nucleation condi-

tions in a low-carbon high-strength steel with 0.11 wt% Ti

was investigated by thermodynamics and dynamics equa-

tions combining with the microstructural observations on

the surface and at the core of the casting slabs. The effect

of cooling rate on the morphology and dimension of TiN

particles was also analyzed in the present study. In addi-

tion, the three-dimensional and the spatial tridimensional

morphology of compound TiN–Al2O3 was innovatively

characterized by a focused ion beam scanning electron

microscope. It was found that TiN particles possessed

inerratic facet morphology (such as squares and clusters),

and the square morphology was predominant. The prefer-

ential plane for TiN precipitates in the tested steel was

{100}. Moreover, TiN particles precipitated both in solid

and liquid phases from the solid–liquid phase region during

the solidification process, and preferential precipitation was

observed in the solid phase. Furthermore, the size of TiN

particles decreased with the increasing cooling rate during

the casting process. Al2O3 particles provided nucleation

sites for the heterogeneous nucleation of TiN particles.

Keywords TiN inclusions � High-strength steel �
Thermodynamics � Dynamics � Tridimensional morphology

1 Introduction

Titanium nitride (TiN) is a common inclusion in steels and

possesses a face-centered cubic crystal structure with a

lattice constant (a0) of 0.431–0.432 nm; thus, it generally

appears in a regular cubic shape in steel products. The

lattice mismatch between small-sized TiN and d-Fe is 3.9%

at 1538 �C [1]. TiN precipitations at high temperatures act

as the heterogeneous nucleation core of the primary d-

ferrite phase and refine the initial solidified microstructure

and improve the quality of steels [2–5]. The chemical

stability of TiN is very high (melting point of 2930 �C);

thus, it is very difficult to wipe TiN particles off by reac-

tions with other elements once they are formed in steel

samples. The element Ti comes from the low-carbon fer-

rotitanium alloy added during the vacuum treatment after

deoxidization. However, the N comes from both the

residuals in the molten iron and the N adsorption in the

environment during steel tapping. And TiN forms gradu-

ally during the steelmaking process. Moreover, the elastic

modulus of TiN is * 600 GPa, which is much higher than

that of the matrix steel (* 200 GPa) [6]. The appearance

of large-sized TiN particles exerts deteriorative effects on

mechanical properties of steels. It is proved that the effects

of 6 lm-sized nitride inclusions on fatigue properties of
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steels are equivalent to those of 25 lm-sized oxide parti-

cles [7]. The TiN cloud acts as the cleavage fracture source

under stresses and impairs the impact toughness and the

fatigue life of steels [8–14]. Furthermore, it also exerts

infaust effects on the whole expanding performance [15]

and the drawing performance of steels [16, 17] during the

forming process. Therefore, the volume fraction and the

size of TiN particles are often decreased by reducing the

contents of titanium (Ti) and nitrogen (N) in steels [18, 19].

On the other hand, the carbides of Ti provide precipitation

and grain refinement strengthening in low-carbon high-

strength microalloyed steels [1, 20–22]. In recent years, the

sustainable development strategy has attracted consider-

able attention in iron and steel industries. With the devel-

opment of microalloyed steels, an obvious shortcoming of

high production cost due to the high price of microalloying

elements in international markets has been exposed; thus, a

strong trend of employing more Ti during steel production

has emerged due to the relatively low price of Ti ore (in

comparison to Nb and V) and the excellent strength–duc-

tility balance of Ti-microalloyed steels. Some studies on Ti

alloyed steels or Ti-containing composite microalloyed

steels have been carried out. These studies mainly focuses

on microstructures and mechanical properties of microal-

loyed steels [23, 24], the deformation-induced ferrite

transformation [25, 26] and heat treatment processes for

microalloyed steels [27]. In addition, very few studies

reported the formation mechanism and the morphologies of

TiN particles [2, 28, 29]. However, it is well known that the

micro-cracks preferentially form within the TiN particles,

especially at the interface between the TiN housing and its

heterogeneous nucleated core. The probability of cracking

increases with the increase in dimension and volume

fraction of TiN particles. Therefore, it is important to

consider the precipitation behavior of TiN particles.

Nevertheless, investigations on high-Ti steels

(Ti[0.10 wt%) mixed with other microalloying elements

are very limited. The precipitation behavior and the

microstructural characterization of TiN in high-Ti steels

are rarely reported. The novelty of present study is to

clarify the precipitation behavior of TiN particles under

homogeneous and heterogeneous nucleation conditions by

thermodynamic and dynamic equations combining with the

microstructural observations on the surface and at the core

of the casting slabs. The effect of cooling rate on the

morphology and dimension of TiN particles was also

analyzed. Moreover, the three-dimensional and the spatial

tridimensional morphologies of TiN were revealed by a

focused ion beam scanning electron microscope (FIB-

SEM). The obtained results could provide a better under-

standing on the precipitation behavior of TiN particles and

important reference for the production of high-strength

high-Ti-microalloyed steels.

2 Experimental Procedure

The chemical composition of the experimental low-carbon

high-strength steel was 0.056C-0.05Si-1.40Mn-0.010P-

0.0060S-0.030Nb-0.114Ti-0.0021N-0.034Als-balance Fe

(in wt%). The specimens taken from the surface and the

core of a continuous casting slab (thickness of 210 mm)

were prepared to perform the microstructural characteri-

zation of TiN particles. Metallographic observations were

carried out on an FEI Quanta 400 SEM to measure the size

of TiN particles. In order to reveal the three-dimensional

morphologies of TiN particles, a Zeiss Aurig FIB-SEM

was employed. In addition, the chemical composition of

TiN particles was analyzed by selected area elemental

mapping through energy disperse spectroscopy (INCA-

EDS) at an operating voltage of 200 kV. The acquisition

time was long enough to ensure sufficient acquisition

counts. Film specimens for FIB-SEM were electrolyzed in

6 vol% perchloric acid–alcohol solution. Furthermore, the

spatial tridimensional morphologies of TiN particles were

also observed. Specimens were electrolyzed with a current

of 20 mA/cm2 in a solution of 1.0 vol% citric acid and

7.5 vol% potassium chloride. Ultrasonic processing, fil-

tering, magnetic separation, rinsing, and drying were per-

formed orderly after electrolysis, and the residues were

used to observe the spatial tridimensional morphologies of

TiN particles.

3 Results and Discussion

3.1 Homogeneous Nucleation

During the solidification of liquid metals, the main for-

mation mechanisms of TiN particles are the homogeneous

and heterogeneous nucleations. In the present research, the

precipitation behavior of TiN particles under two nucle-

ation modes has been separately studied. The liquidus (TL)

and the solidus temperatures (TS) of the tested steel are

calculated by Eqs. (1) and (2) [7, 28, 30]:

TL ¼ Tm �
X

i

mi � ½%i�0 ð1Þ

TS ¼ Tm �
X

i

ni � ½%i�0 ð2Þ

The relationship between temperature and solidification

percentage is obtained by Eq. (3) [30]:

T ¼ Tm � Tm � TL

1 � fs � TL�Ts

Tm�TL

ð3Þ

where Tm is the melting point temperature of pure iron

(= 1809 K), mi and ni are the decrease in liquidus and
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solidus temperatures, respectively, per 1% increase in the

element i of liquid steel, ½%i�0 is the initial component of

the element i in liquid steel (in wt%), and fs is the

solidification rate. The corresponding physical parameters

of m and n can be found in the literature [31–33].

Therefore, the values of TL and TS for the tested steel are

calculated as 1797 K and 1745 K, respectively. The

concentration product (Kl(TiN)) of TiN in the liquid phase

is calculated by Eq. (4):

lgKl TiNð Þ ¼ lg % Ti½ �l
� �

þ lg % N½ �l
� �

¼ � 14844

T
þ 5:56

ð4Þ

The concentration diagram of Ti and N at the liquidus

temperature is displayed in Fig. 1. In the current smelting

technology, the low content of N (0.0020–0.0060 wt%) has

been controlled by the vacuum treatment to ensure the

purity of molten steel. If TiN precipitates from the liquid

phase, the initial content of N should be equal to or larger

than 0.332 wt%. Hence, TiN can not directly precipitate

from the pure liquid phase of the tested steel.

When the temperature of the molten steel decreases to

the solid–liquid phase region, Ti and N begin to segregate.

Scheil [34] calculated the element contents in liquid and

solid phases during the solidification process by consider-

ing a fully diffusion and a diffusionless transformation of

elements in the liquid and solid phases, respectively.

%i½ �l¼ %i½ �0� 1 � fsð Þki�1 ð5Þ

%i½ �s¼ ki %i½ �0� 1 � fsð Þki�1 ð6Þ

where %i½ �l and % i½ �s are the mass fractions of the element

i in the liquid and the solid phases during the solidification

process, %i½ �0 is the mass fraction of the element i at the

beginning of the solidification process, ki represents the

equilibrium solute partition coefficient of the element i

[31–33]. The actual concentration product (Ql(TiN)) in the

liquid phase during the solidification process is calculated

by Eq. (7):

Ql TiNð Þ ¼ %Ti½ �l� %N½ �l
¼ %Ti½ �0� 1 � fsð ÞkTi�1� %N½ �0� 1 � fsð ÞkN�1 ð7Þ

Now, by combining Eqs. (4) and (7), the relationships

among lgQl(TiN), lgKl(TiN), and fs in the liquid phase are

expressed in Fig. 2a. Similarly, the relationship among

lgQs(TiN), lgKs(TiN), and fs in the solid phase is also obtained

(Fig. 2b). It is found that when lgQ(TiN)[ lgK(TiN), the

precipitation thermodynamics of TiN from the solid and

the liquid phases is met during the solidification process.

When fs is equal to 0.70 or 0.165, TiN separately

precipitates from the liquid and the solid phases in the

nonhomogeneous solid–liquid phase region. For high-

strength steel with [%Ti]0 C 0.108% and

[%N]0\ 2.6 9 10-5%, TiN does not precipitate in the

liquid phase during solidification. However, it is very hard

to control such low N content in the present smelting

technology.

TiN is spontaneously precipitated in the liquid and the

solid phases during the solidification. The growth of TiN in

the liquid and solid phases can be determined in advance.

The initially precipitated TiN particles in the molten steel

are spherical in shape, and the diffusion of N is the con-

trolling condition for the growth of TiN [35]. The growth

of TiN particles in the liquid phase during solidification

process is described by Eq. (8) [36]:

rdr

dt
¼ Msqm

100Mmqs

Dl Cl � Ceð Þ ð8Þ

where r is the radius of TiN particles (m), t is solidification

time (s) and is calculated as t = (TL–TS)/Rc, Rc is the

cooling rate (K/s), Mm and Ms are the atomic weights of

pure iron (0.056 kg/mol) and TiN (0.062 kg/mol), respec-

tively, qm and qs are the densities of steel (7070 kg/m3) and

TiN (5430 kg/m3), respectively, Dl is the diffusion coeffi-

cient of N in the molten steel and is equal to

3.25 9 10-7 exp-11,500/RT (m2/s), Cl is the actual content

of N at the solidification front (%), and Ce is the actual

content of N at the equilibrium state of TiN (%). Figure 3

presents the relationship between r and [%Ti]0 and also

between [%N]0 and Rc based on Eq. (8). It is noticeable

that the size of TiN changes with the cooling rate and the

initial contents of Ti and N. Further, for the same fs, the

size of TiN increases with the increase in initial contents of

Ti and N and the decrease in cooling rate. Moreover, the

size of micron-scale TiN particles in the liquid phase

reaches 30 lm.

The diffusion coefficient of N in the solid phase is much

higher than that of Ti; thus, the precipitation of TiN in the

solid phase is controlled by the diffusion of Ti. The dif-

fusion coefficient (Ds(Ti)) of Ti is equal to
Fig. 1 Relationship between the concentration of Ti and N in the

liquid phase
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1.5 9 10-5 9 exp (- 250,000/RT) (m2/s) [36], and the

diffusion coefficient (Dl(N)) of N in the molten steel at the

solidification front is 3.25 9 10-3 9 exp (- 11,500/RT)

(m2/s). Figure 4 illustrates the relationship between

lgD and T. It is noticeable that Dl(N) is larger by 9–13

orders of magnitude than Ds(Ti); hence, it indicates that the

Fig. 2 Relationship between lgQ(TiN)–fs and lgK(TiN)–fs in a liquid phase and b solid phase

Fig. 3 Relationship between size of TiN and a Ti content (RC = 200 �C/min, [%N]0 = 0.005%), b N content (RC = 200 �C/min,

[%Ti]0 = 0.108%) and c cooling rate ([%Ti]0 = 0.108%, [%N]0 = 0.005%)
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growth rate of TiN particles in the liquid phase is much

higher than that in the solid phase. Therefore, the growth

rate and the final size of TiN particles in the solid phase are

unmentioned.

3.2 Heterogeneous Nucleation

The critical nucleation radii for homogeneous and hetero-

geneous nucleations (r�ho and r�herespectivelyÞ are expressed

by Eqs. (9) and (10) [37]:

r�ho ¼ 2r
DG

ð9Þ

r�he ¼
2rlc
DG

ð10Þ

where DG is the unit volume free energy required for the

formation of a new phase, r and rlc are, respectively, the

unit interface free energies between the liquid phase and

the nucleation site during homogeneous and heterogeneous

nucleations.

The physical meaning of r and rlc is the same, thus

resulting in the same critical nucleation radius during

homogeneous and heterogeneous nucleations. However,

the heterogeneous nucleation site is a part of the nucleation

sphere. It implies that TiN particles require few atoms

before reaching the critical nucleation radius, and thus, the

resistance of heterogeneous nucleation decreases. Zheng

et al. [38] propounded that 80% TiN inclusions are in the

heterogeneous nucleation mode during solidification.

Although the volume of nucleation sites for TiN increases

by heterogeneous nucleation, there is a threshold value in

composite inclusions during the solidification of the molten

steel when the cooling rate is constant. This phenomenon

can be explained by the diffusion coefficient of N. With the

increase in TiN size, more N is required. The time for TiN

growth is limited as the cooling rate is constant. Thus, the

diffusion distance of N is confined, and it is not possible for

composite inclusions of TiN to grow unrestrainedly.

3.3 Morphologies of TiN Particles

In the study on crystal orientation relationship, Yong et al.

[39] proved that carbon nitride particles are spherical at the

beginning of the formation process. The effects of interface

energy induced by carbon nitride particles become

insignificant after the growth process; thus, the stage at the

interface acts as the preferential adhering sites of new

diffused atoms. According to the theory developed by

Jackson et al. [40], when the value of dimensionless

entropy of a certain phase is smaller than 2, the phase will

grow with a non-faceted morphology or a rough interface.

However, if the value of dimensionless entropy is larger

than 2, this phase will grow with a regular faceted mor-

phology or a smooth interface. The dimensionless entropy

for TiN is about 2.5, which is larger than the threshold

value of 2, and thus, TiN generally presents faceted mor-

phology [2, 24]. TiN possesses a face-centered cubic (FCC)

crystal structure and different crystal planes possess dif-

ferent surface energies and grow at different rates. The

growth rate of crystal planes with low surface energies

(which control the shape of TiN particles) is generally very

slow. According to the Woolf curve [41], cuspidal points

representing the minimum surface energy exist in the

directions of h100i and h111i of an FCC crystal; therefore,

the {100} and the {111} crystal planes can be regarded as

its equilibrium crystal plane. When the {111} crystal plane

controls the growth of TiN, eight {111} crystal planes form

an octahedron. Similarly, six {100} crystal planes form a

cube when the growth of TiN particles is controlled by the

{100} crystal plane.

In order to examine the precipitation morphologies of

TiN particles, the cross-sectional morphologies on the

surface and at the core of the continuous casting slabs are

displayed in Fig. 5. Four different shapes, such as square,

rectangle, triangle, and trapezoid, are noticed in cross-

sectional morphologies of TiN particles. Ten SEM images

with the same magnification have been used to determine

the average size of TiN particles based on number density

using JMATPRO software, and almost 50–70 TiN particles

have been taken from each specimen to ensure a reliable

analysis. Figure 6 illustrates the size distribution of TiN

particles on the surface and at the core of the continuous

casting slabs. The unimodal size distribution is observed

for TiN particles. It is observed that TiN particles on the

surface mainly concentrate within 6.0 lm, whereas the

section of TiN particles at the core of the continuous

casting slabs is * 8.0 lm. The average sizes of TiN par-

ticles on the surface and at the core of the continuous

casting slabs are 4.3 lm and 7.4 lm, respectively,

Fig. 4 Relationship between the diffusion coefficient of the con-

trolled element and the temperature during the TiN growth
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signifying that the size of TiN particles at the core is larger

than that on the surface in the continuous casting slabs. The

statistical results in the dimensions of the TiN particles

from the surface and the core in the continuous casting

slabs are consistent with the calculation in Fig. 3, both

demonstrating that the dimension of TiN particles decrea-

ses with the increase in the cooling rate.

The possible reason for different TiN particle sizes can

be attributed to different cooling rates across the slabs

during the continuous casting process. Based on industrial

data, the cooling rates on the surface and at the core of the

slab are about 500 �C/min and about 10 �C/min, respec-

tively. Precipitation nucleation is a type of diffusion

transformation and depends on the diffusions of N, Ti, and

Nb atoms. It is well known that atomic diffusion manifests

a positive correlation with temperature. The instantaneous

temperature at the core position of the slabs is higher due to

the relatively slow heat transfer, thus resulting in efficient

nucleation and growth of TiN particles. On the contrary,

the precipitation and growth behavior of TiN particles on

the surface of the slab are limited due to the fast heat

transfer towards the environment. Normally, composite

carbonitrides of microalloying elements manifest excellent

thermal stability due to their complex chemical composi-

tions [39]. However, the size of TiN particles increases

from the surface to the core of the slab because TiN par-

ticles have a relatively simple chemical composition, thus

resulting in poor thermal stability. In addition, the actual

size of TiN particles is smaller than the calculated values,

which can be explained by excluding the reactions between

Ti and O, Al, and N.

Figure 7 displays the three-dimensional morphologies of

TiN particles at the core of the slabs. The top view and the

side view are both recorded by FIB-SEM. It is noticeable

that only the basement of TiN particles is retained after

Fig. 5 Cross-sectional

morphologies of TiN in a,

b surface and c, d core in the

casting slabs

Fig. 6 Size distributions of the TiN particles at the surface and core

in the continuous casting slabs
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electrolytic etching. The nucleus of heterogeneous nucle-

ation for TiN particles is of rice-granule shape with a

hexagonal cross section, and its diameter is about 1.8 lm.

The length and the width of rectangular TiN particles

are * 6.36 lm and * 5.82 lm, respectively. The reason

for the formation of large-sized TiN (in comparison to

other microalloyed carbonitrides) can be explained by its

higher precipitation temperature. It is well known that

larger TiN particles have little precipitation strength con-

tribution to steels. Moreover, larger TiN particles deterio-

rate the toughness of steels. Furthermore, some grain

boundaries are found around TiN precipitates. It can be

inferred that these TiN precipitates are mainly formed at

grain boundaries and act as the heterogeneous sites for

ferrite formation during solidification. The observed TiN

particles found adhering to heterogeneous sites also

demonstrate that it is easier to happen for heterogeneous

nucleation than homogeneous nucleation during the TiN

formation, which is in accord with the introduction in

Sect. 3.2.

Figure 8 presents the results of selected area elemental

mapping. Al2O3 particles are the nucleus of heterogeneous

nucleation for TiN particles. Al2O3 particles act as the

deoxidizing agent in the steel to provide nucleation sites for

the formation of TiN particles. In addition, some scholars

also found an intermediate transitional phase of Al2TiO5 in

Al2O3-TiN composite inclusions [8]. Except for Al2O3

particles, MgO/MgS or MnS also play the same role in

heterogeneous nucleation of TiN particles. Furthermore, Ti

only aggregates in TiN precipitates and no enrichment of

Ti is detected at grain boundaries. This is because Ti is

consumed by TiN precipitates and the solid-solution in

Fig. 7 Three-dimensional

morphology of TiN particles:

a top view graph and b side

view graph

Fig. 8 Corresponding selected area elemental mapping result of the Al2O3–TiN composite inclusion
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ferrite. However, N atoms are detected at grain boundaries

(Fig. 8e), revealing that the amount of N is relatively more

than Ti. As the affinity of N with Ti is stronger than that

with C, TiC can not be formed when N exists. Moreover, O

is distributed dispersedly in the matrix region, implying

that Al2O3 particles for the heterogeneous nucleation of

TiN appear in the original melt before solidification.

Figure 9 depicts the formation mechanism of TiN at the

Al2O3 core. During solidification, as the equilibrium dis-

tribution coefficients of Ti and N are both less than unity,

solid solutions of Ti and N atoms are expelled to the liquid,

at or ahead of the interface between solid and liquid. Ti and

N atoms at or ahead of the interface gradually accumulate

and reach a critical value, and thus, TiN is formed from the

melt. Simultaneously, the appearance of Al2O3 particles is

easily found. In comparison to homogeneous nucleation,

the rate of undercooling in heterogeneous nucleation is

much lower, and thus, the latter pattern dominates the

formation mechanism of TiN precipitates.

Figure 10 presents the spatial tridimensional mor-

phologies of TiN particles. TiN particles possess both

square and cluster morphologies, and the square morphol-

ogy is found to be predominant. Sharp edges are observed

in these TiN particles, and their sizes are about 5–10 lm.

The spatial tridimensional morphology (octahedron or

cube) of TiN generally depends on its formation sur-

roundings. The octahedron morphology of TiN is often

observed in TiN coatings fabricated by chemical vapor

deposition, whereas cube-shaped TiN particles are mainly

formed during metallurgical processes caused by turbu-

lence and the collision mechanism of Stokes in the molten

steel [41]. Due to the dispersive distribution of TiN parti-

cles in the tested steel, various cross-sectional morpholo-

gies are noticed (Fig. 5). The reason for cube-shaped TiN

formation can be attributed to interface energy. The inter-

face energy during solidification is determined by the

atomic density of crystal planes. The bounded plane of

faceted phases possesses the lowest interface energy during

solidification. The atomic density of the FCC {100}

structure for TiN precipitates is higher than that of FCC

{111}. TiN precipitates are of cubic shape when the

Fig. 9 Schematic of the formation mechanism of TiN with Al2O3

Fig. 10 Spatial tridimensional

morphologies of TiN particles
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interface is bounded by the secondary close-packed (100)

plane. It is found that the preferential plane for TiN pre-

cipitates in the tested steel is {100}. In addition, impurities

in molten metals affect the growth behavior of the specific

planes and cause a significant change in the final crystal

structure.

4 Conclusions

In the present study, thermodynamics and dynamics

equations were used to analyze the precipitation behavior

of TiN particles under homogeneous and heterogeneous

nucleation conditions of low-carbon high-strength steel

with 0.11 wt% Ti. In addition, the three-dimensional and

the spatial tridimensional morphologies of TiN were

characterized by a focused ion beam scanning electron

microscope. The following main conclusions are obtained.

1. TiN particles precipitate both in solid and liquid phases

from the solid–liquid phase region during the solidi-

fication process, and preferential precipitation is

observed in the solid phase.

2. The size of TiN particles decreases with the increasing

cooling rate during the casting process, and it is

verified by the increasing TiN particle size from the

surface (4.3 lm) to the core (7.6 lm) in the continuous

casting slabs.

3. Al2O3 particles, as the deoxidizing product in the

tested steel, provide nucleation sites for the heteroge-

neous nucleation of TiN particles.

4. TiN particles possess inerratic facet morphologies

(such as squares and clusters), and the square mor-

phology is predominant. In addition, the preferential

plane for TiN precipitates in the tested steel is {100}.
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