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Abstract: Carbon neutrality of the steel industry requires the development of high-strength steel. The mechanical properties of low-alloy steel
can be considerably improved at a low cost by adding a small amount of titanium (Ti) element, namely Ti microalloying, whose performance is
related to Ti-contained second phase particles including inclusions and precipitates. By proper controlling the precipitation behaviors of these
particles during different stages of steel manufacture, fine-grained microstructure and strong precipitation strengthening effects can be obtained
in low-alloy steel. Thus, Ti microalloying can be widely applied to produce high strength steel, which can replace low strength steels heavily
used in various areas currently. This article reviews the characteristics of the chemical and physical metallurgies of Ti microalloying and the ef-
fects of Ti microalloying on the phase formation, microstructural evolution, precipitation behavior of low-carbon steel during the steel making
process, especially the thin slab casting and continuous rolling process and the mechanical properties of final steel products. Future develop-
ment of Ti microalloying is also proposed to further promote the application of Ti microalloying technology in steel to meet the requirement of

low-carbon economy.

Keywords: titanium microalloying; precipitation; grain refinement; phase transformation; high-strength steel

1. Introduction

Currently, the steel industry requires green growth and
carbon dioxide emission reduction to achieve carbon neutral-
ity [1-2]. Increasing the strength of steel can indirectly re-
duce energy consumption and carbon dioxide emissions dur-
ing the use of steel, which is an important development direc-
tion for the future of the steel industry [3]. The addition of a
small amount of strong carbide-forming or nitride-forming
elements, such as titanium (T1i), niobium (Nb), vanadium (V),
and molybdenum (Mo), with contents generally no more than
0.1wt% to 0.2wt% in low-alloyed steel or manganese steel
can significantly increase the strength of steels [4—5]. This
technology is called the microalloying of steel. By applying
the microalloying technique, the grain size of steel can be ef-
fectively refined and a large number of nano-sized precipit-
ates can be developed at defects such as grain boundaries and
dislocations, which cansignificantly increase the strength with-
out sacrificing the plasticity and toughness of steel [6—12].

Ti, one of the most important microalloying elements, ex-
ists in steel in the form of solid solution and precipitation. Ti
significantly affects the strength and toughness of steel either
through solute drag or through the dissolution and precipita-
tion behavior of secondary phases [13—14]. Moreover, Ti
plays a significant role in improving the hardenability of steel
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and fixing nonmetallic elements. As an effective approach to
improve the properties and performance of steel, Ti microal-
loying technology has been widely applied in steels used in
fields, such as automobiles, construction, and machinery
[15-16].

Grain refinement can increase the strength of materials ac-
cording to the Hall-Petch equation, which quantifies the rela-
tionship between grain size and strength [17-18]. In the
1960s, Morrison [19] showed that precipitation strengthen-
ing and grain refinement can be obtained through the forma-
tion of precipitation in high-strength low-alloy steel. Sub-
sequently, Davenport et al. [20] discovered nano-sized pre-
cipitates in the matrix of low-alloy steel. These particles can
hinder the movement of dislocations, resulting in a strong
strengthening effect. Thus, grain refinement strengthening
and precipitation strengthening, which are the theoretical
bases for the development of microalloyed steel, have been
established and utilized as typical approaches to improve the
strength of low-alloy steel.

In the 1970s, the conference “Microalloying 75 summar-
ized the studies on microalloying of steel and proposed the
idea of producing a new generation of high-strength steel
through microalloying [21]. Subsequently, thermomechanic-
al controlled processing (TMCP) was employed and consid-
erably improved the mechanical properties of microalloyed
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steel.

In the 1990s, the conference “Microalloying 95 summar-
ized the studies on microalloying of steel for the past 20 years
and proposed two types of controlled rolling technology, i.c.,
recrystallization-controlled rolling (RCR) and non-recrystal-
lization-controlled rolling (CCR), for the production of high-
performance steel. Meanwhile, the concept of new-genera-
tion TMCP technology was also proposed [22]. The develop-
ment of TMCP for microalloyed steel further promoted the
development of microalloying theory and technology, which
has attracted considerable attention worldwide.

Despite extensive studies, Ti microalloying technology
has not been widely used in the steel industry for a long time.
One reason is the high chemical activity of Ti. Ti easily com-
bines with O, N, and S during metallurgy, resulting in the
formation of large-sized inclusions. Thus, the amount of ef-
fective Ti is reduced [23]. Consequently, the precipitation be-
havior of Ti is changed, significantly decreasing the strength
and stability of steel. Moreover, the formation of TiC is sens-
itive to temperature and cooling rate. Any fluctuation in the
parameters of the production process has a direct effect on
TiC precipitates, leading to large fluctuations in the mechan-
ical properties of different steel plates or different parts of the
same plate. Therefore, Ti microalloying technology has high
requirements for controlling both chemical and physical me-
tallurgies [24].

Since the 1990s, remarkable developments in Ti microal-
loying technology have been made with the progress of clean
steel smelting technology and thin slab casting and direct
rolling (TSCR) process. Ti microalloying technology-based
TSCR has been finally developed [25-26]. Extensive studies
on the microstructure, precipitation behavior, strengthening
mechanism, and process control of Ti-microalloyed high-
strength steel have been conducted [27-31]. Meanwhile,
large-scale industrial production was also implemented.

With the development of Ti microalloying technology, a
series of Ti-microalloyed steels with different strength grades
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Fig. 1. Crystal structures of TiC, TiN, TiS, and Ti,C,S, [35].

China has the largest reserves of Ti resources, which ac-
count for 45.6% of the world’s total reserves. Although mi-
croalloying elements, such as Nb, V, and Ti, are widely used
in the steel industry, the cost of Ti microalloying is only one-
fifth to one-seventh of those of Nb and V with the same
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were developed and used in civil engineering and other areas.
At present, the widely used low-strength steel needs to be re-
placed with low-cost and high-strength steel in the context of
a low-carbon economy. Ti microalloying will become one of
the directions for microalloyed steel and high-strength steel
because of its cost advantage and exceptional potential for
strengthening and toughening. This article reviews the pre-
cipitation, recrystallization, and phase transformation of Ti-
microalloyed steel and Ti-based multiple microalloying tech-
nology for Ti-microalloyed steel in recent years.

2. Physical properties of Ti and Ti compounds

Ti is a transition element with an atomic number of 22 and
is located in the IV subgroup of the fourth period in the peri-
odic table. Ti is a strong carbonitride-forming and nitride-
forming element that can form stable compounds with non-
metallic elements, such as O, N, and C. Ti is abundant in the
earth’s crust, with an abundance of approximately 0.63%.

Ti was first discovered by R.W. Gregor in ilmenite and ru-
tile in 1791. American chemist Hunter obtained Ti with a
purity of 99.9% for the first time in 1910 [32]. Kroll further
developed a method to produce Ti in large quantities in 1938
[33-34].

Ti is usually added to steel as a microalloying element and
exists in the form of titanium nitride (TiN), TiS, TiC, and
Ti,C,S,. Both TiN and TiC are interstitial phases with a
NaCl-type (B1) face-centered cubic structure, and their lat-
tice constants are a = 0.4239 nm and a = 0.43176 nm, re-
spectively. The ratio of C and N atomic radii to Ti atomic ra-
dius is less than 0.59, leading to the completely miscible form
of TiIC,N,_, (0 <x <1). TiS is a NiAs-type hexagonal crystal
structure with lattice constants of @ = 0.341 nm and ¢ = 0.570
nm. Ti,C,S, also has a hexagonal crystal structure with lat-
tice constants of a = 0.3209 nm and ¢ = 1.1210 nm. The
schematic diagram of the crystal structures of TiN, TiS, and
Ti,C,S, is shown in Fig. 1.

TiS

strengthening effect. Ti microalloying technology has the
most significant effects on microstructure refinement and
comprehensive performance improvement. The application
and popularization of Ti microalloying technology can
provide infinite possibilities for the efficient and high-quality
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utilization of Ti in steel. Therefore, the use of Ti resources
and the development of Ti microalloying technology have
considerable economic benefits and strategic significance for
China.

3. Precipitation behavior in Ti-microalloyed
steel

Precipitation of Ti-containing secondary phases is the
most important issue in Ti microalloying technology. Ac-
cording to Orowan’s theory [36], the strengthening effect of
precipitation is directly proportional to the volume fraction
and inversely proportional to the size of precipitates. By con-
trolling the precipitation behavior, grain growth, recrystalliz-
ation, and phase transformation can be effectively tailored
during the microalloying process of steel. Thus, grain refine-
ment can be enhanced and precipitation strengthening can be
obtained, thereby considerably improving the strength of Ti-
microalloyed steel. The key issues in theoretical studies and
manufacturing practices of Ti-microalloyed steel include: (i)
controlling the precipitation behavior of secondary phases,
(ii) accurately tailoring the amount, shape, size, and distribu-
tion of precipitated particles, and (iii) improving the micro-
structure and performance of Ti-microalloyed steel.

As a strong carbonitride-forming element, Ti has a max-
imum solubility of 0.69% in austenite, a solubility of 1.24%

at the phase boundary between austenite and ferrite, and a
maximum solubility of 8.4% in ferrite. Moreover, the solu-
bility of Ti in ferrite is significantly affected by temperature,
e.g., the solubility at 873 and 673 K is 0.53% and 0.15%, re-
spectively. Therefore, as the temperature decreases, Ti can
form a large number of precipitates with different sizes and
morphologies in the prior austenite grains and the final super-
saturated ferrite during phase transformation.

Fig. 2 shows the precipitation procedure of Ti-bearing
secondary phase particles developing at different stages dur-
ing the TSCR process. Ti,0; and TiN particles with relat-
ively large sizes (in micron scale) are precipitated from mol-
ten steel during the smelting process, which plays a role in
controlling the as-cast microstructure [37-38]. Fine TiN and
Ti,S,C, particles with sizes ranging from tens of nanometers
to hundreds of nanometers are precipitated in the solid state
during the cooling process of the cast slab, which can control
the grain size of austenite during soaking and hot rolling. TiC
particles with sizes ranging from a few nanometers to tens of
nanometers are formed through deformation induced by pre-
cipitation during hot rolling, which can postpone the recov-
ery and recrystallization of austenite. TiC particles with sizes
less than 10 nm are formed through interphase precipitation
and supersaturation precipitation during the final rapid cool-
ing and coiling, which can produce significant precipitation
strengthening effect [34].

Precipitation Inter-phase
‘ ij TiN and Coarsening of Strain induced precipitation | Precipitation of
| TGS, TiN and Ti,C,S, precipitation of TiC of TiC TiC in a phase

Ti,C,S,
(about 50 nm)

(about 60 nm)

~ 50nm

TiC formed by
inter-phase precipitation
(about 10 nm)

TiC precipitated in o phase
(<10 nm)

Fig. 2. Titanium-bearing precipitation in different stages during the thin slab casting and direct rolling process [35].

3.1. Titanium oxide

At high temperatures, Ti has a strong affinity with O, as
expressed in Eq. (1), and titanium oxides are easily precipit-
ated during the steelmaking process.
1g([Til,[O],) = 2.03 - 14440/T [39] )

where T is temperature; [Ti], and [O], are the corresponding
element contents in austenite. Consequently, Fe-Ti alloy is
usually added after deoxidation using Al-Si alloy or full
deoxidation using Al. Thus, effective Ti needs to be used to

generate a part of small Ti-containing oxides. However, over-
oxidation of Ti should be also avoided to achieve a high
yielding rate for Ti.

Titanium oxide has high stability at high temperatures and
can pin austenite grain boundaries during the hot rolling pro-
cess. By properly controlling the size and quantity of titani-
um oxides, the grain size of austenite can be effectively re-
fined. Meanwhile, the nucleation of intragranular ferrite
(acicular/granular ferrite) on austenite grain boundaries can
also be promoted, thereby resulting in improved weldability
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and toughness of steel [40].

According to the phenomenon of inclusions-induced in-
tragranular acicular ferrite in different compositions, steel
grades, and process conditions, four different mechanisms
have been proposed [41-44]. (i) Solute-element-poor zone
mechanism: Mn-poor regions in the matrix around Ti,0; and
C-poor regions around Fe,;(C,B)s or Fe;(C,B) increase the
driving force for the transformation of austenite to ferrite. (ii)
Cation vacancy mechanism: Titanium oxides, such as Ti,0s,
are rich in cation vacancies, which provide channels for the
diffusion of Fe and other metallic atoms, and become nucle-
ation points for MnS and TiN to form composite inclusions,
thereby promoting intragranular ferrite nucleation. (iii) Strain
induction mechanism: Because of different linear expansion
coefficients between inclusions and austenite, the interfaces
between these two phases are distorted during the cooling
process, providing activation energy for ferrite nucleation.
(iv) Low mismatch mechanism: Nonmetallic inclusions with
a structure similar to ferrite crystal structure can reduce the
interfacial energy of ferrite nucleation; thus, the low-energy
interfaces have low interface energy and stress—energy barrier.

Based on these four mechanisms, a series of Ti-related
technologies, such as Ti treatment, Ti-Mg composite deoxid-
ation, Ti—Al composite deoxidation, and Al-Ti—-Mg compos-
ite deoxidation, have been developed to control the disperse
nonmetallic inclusions and the microstructure of Ti-microal-
loyed steel. These techniques can refine the grain size of aus-
tenite, promote the formation of intragranular acicular ferrite,
and improve the strength and toughness of steel.

3.2. Titanium nitride

TiN is chemically stable. The melting point of TiN is as
high as 3203 K. Because the heat of mixing between Ti and
Nis as low as —109 kJ/mol [45], the solubility product of TiN
in liquid iron is relatively small, which ensures that TiN
particles are easily precipitated in liquid iron. The solubility
product of TiN in liquid iron can be expressed as follows:

1g([Til[N].) = 4.46 — 13500/T [46] ?)
1g([Til.[N]L) = 5.922 — 16066/ [38] 3)
1e([Til.[N].) = 5.90 — 16586/T [47] 4)

where [Ti]. and [N]; are the amounts of Ti and N dissolved in
liquid iron in wt%, respectively. Fig. 3 shows a linear rela-
tionship between the solubility products of TiN and the tem-
perature in liquid iron.

For face-centered cubic crystals, {100} and {111} planes
have the smallest surface energies. Thus, TiN usually
presents in a cubic or polygonal shape, as shown in Fig. 4.

TiN precipitates formed during the solidification process
are often small, usually in the size of ~100 nm. TiN precipit-
ates can effectively suppress the growth of austenite grains
during heating or isothermal solid solution treatment. Highly
dispersed TiN particles in submicron scale could efficiently
pin the austenite grain boundaries, and their pinning effect
can be kept up to 1573 K [48]. Meanwhile, they can also act
as heterogeneous nucleation sites for ferrite, promoting grain
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Fig. 3. Solubility products of TiN in liquid iron [35].
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Fig. 4. Cubic TiN formed in liquid iron [35].

refinement and the formation of equiaxed grains, thereby en-
hancing the mechanical properties of steel. Kuziak et al. [49]
investigated the refining effect of N and microalloying ele-
ments on the solidification structure of ferrite—pearlite steel.
They determined that TiN had an effective refining effect
even when the Ti content was less than 0.01wt%, provided
that the N content reached 150-200 ppm. Lee et al. [50] ana-
lyzed the effect of Ti addition on nonmetallic inclusions and
solidification structure in low-carbon forged steel. They de-
termined that an increase in Ti content from 48 to 120 ppm
promoted the formation of TiN particles and reduced the ori-
ginal grain size of austenite.

TiN particles formed in liquid iron are generally larger
than 0.5 um. Because of their coarse particle size and low
number density, TiN particles cannot effectively prevent
grain growth and has a small strengthening effect. Xing et al.
[51] measured the size of TiN after solidification. As shown
in Fig. 5, sharp edges and corners are observed in TiN pre-
cipitates. The maximum size even reaches 5 um, which neg-
atively affects the performance of steel.

Micron-sized TiN formed in liquid iron could weaken the
interface between TiN and matrix. These interfaces could be-
come crack sources or crack propagation channels during
plastic deformation (see Fig. 6) [52], significantly deteriorat-
ing the toughness of steel. Moreover, these micron-sized TiN
particles can neither pin the austenite grain boundaries nor
achieve strong precipitation strengthening effect. They also
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Fig. 5. (a—c) Different TiN precipitates and (d) the energy dispersive spectroscopy of precipitates. Adapted from Mater. Today Com-
mun., 25, L.D. Xing, J.L. Guo, X. Li, Z.F. Zhang, M. Wang, Y.P. Bao, F.Z. Zeng, and B.T. Chen, Control of TiN precipitation beha-
vior in titanium-containing micro-alloyed steel, 101292, Copyright 2020, with permission from Elsevier.
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Fig. 6. Microcrack initiated from TiN particles. Reprinted by permission from Springer Nature: J. Iron Steel Res. Int., Effect of
coarse TiN inclusions and microstructure on impact toughness fluctuation in Ti micro-alloyed steel, T. Liu, M.J. Long, D.F. Chen,

H.M. Duan, L.T. Gui, S. Yu, J.S. Cao, H.B. Chen, and H.L. Fan, Copyright 2018.

consume the effective Ti in steel. Fu et al. [53] reported that 3 pm in steel containing 0.025wt% to 0.045wt% Ti and
the size of TiN formed in liquid iron was in the range of 1— 0.045wt% to 0.07wt% N. Yang et al. [54] further confirmed
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that the size of TiN formed in liquid iron was related to the
contents of Ti and N and the cooling rate. They showed that
low contents of Ti and N and high cooling rate both facilitate
the formation of fine TiN particles in liquid iron. The ideal
stoichiometric ratio of Ti/N in steel is 3.42. When the stoi-
chiometric ratio is higher than 3.42, coarse TiN particles will
be formed.

3.3. Titanium sulfide

In addition to the presence of TiN precipitates at high tem-
peratures, Ti may also precipitate in the form of sulfides or
sulfur carbides in high-temperature austenite of steel. The re-
lated solid solubility product formulas are expressed as fol-
lows:

1g([Ti},[N],) = 4.22 — 14200/ T [55] (5)
1g([Ti},[S),) = 5.43 — 13975/T [56] (6)
1g([Ti],[C19°[S19°) = 6.32 - 15350/T [57] (7
1g([Til,[C],) = 3.21 —7480/T [55] ®)

where [Ti],, [N],, [S], and [C], are the amounts of Ti, N, S
and C in austenite in wt%, respectively. Fig. 7 shows the sol-
id solubility products of TiO, TiN, TiS, Ti,S,C,, and TiC in
austenite. The precipitation order is usually in the sequence
of TIN—TiS—TiS,C, from high to low temperatures. Not-
ably, at temperatures above 1523 to 1573 K, TiS will precip-
itate before Ti,S,C,. Meanwhile, below this temperature
range, T1,S,C, precipitation will dominate.

102 ¢ ‘
E lg([Til,[C],) = 3.21 — 7480/
107 3
104 E
10
s 1076
%107

Ig([Til,[S],) = 5.43 — 13975/1

Ei10vf
107
107k
10 |

-1

1000

1g([Ti],[0],) = 2.03 — 14440/T

1200 1400 1600 1800 2000

Temperature / K
Fig. 7.  Solid solubility products of Ti-bearing secondary
phases in austenite [35]. X represents the corresponding non-
metallic element C, N, or S.

The size ranges of TiS and Ti,S,C, precipitates are relat-
ively large. Small ones are only tens of nanometers, and large
ones can reach several micrometers. These two precipitates
have both spherical and hexagonal morphologies. Yu et al.
[58] investigated the precipitation behavior of TiS and
Ti,S,C, in Fe-0.002C-0.16Mn—0.0016N—0.0028S-0.07Ti
(Wt%) steel during the TSCR process. Long rod-like and ir-
regular-shaped TiS precipitates with the size of approxim-
ately hundreds of nanometers were detected. The typical
morphology of TiS precipitates is shown in Fig. 8. Jing et al.
[59] observed spherical or worm-like TiS and Ti,S,C, precip-
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itates with the size of approximately 3—6 pm in their experi-
mental steel, which was produced through hot rolling and air
cooling combined with subsequent tempering at 1023 K for 3 h.

When analyzing Fig. 7, the influence of the contents of Ti,
Mn, S, and other related elements in steel must be considered.
For example, the precipitation of TiS will be significantly in-
hibited in IF steel because C has a significantly higher con-
tent than S. Thus, the precipitation order is changed to TIN—
Ti,S,C,—TiC.

Liu et al. [60] estimated the Gibbs free energy for the
formation of TiS and Ti,S,C, in austenite and determined that
Ti,S,C, was preferentially precipitated in steel with a high Ti
content. TiS and Ti,S,C, might exist at the same time in mi-
cro-Ti treated steel with a low Ti content. Yoshinaga et al.
[61] reported that, when heated at 1373 K, the fraction of
T1,S,C, tended to decrease and the fraction of TiS tended to
increase as the S content increased with a fixed Ti content
(0.02wt%). However, the fraction of Ti,S,C, tended to in-
crease and the fraction of TiS tended to decrease as the Ti
content increased with a fixed S content (0.02wt%). Yan and
Zhang [62] observed that strip-shaped MnS formed in micro-
Ti treated steel with a high S content (0.026wt%). However,
the fraction of MnS tended to decrease and the fraction of
Ti,S,C, tended to increase with the increase in Ti content.
When the Ti content reached 0.11wt%, elongated MnS was
nearly completely replaced by dispersed spherical Ti,S,C,.

Among all sulfides, strip-shaped MnS can be easily
changed to elongated inclusions during the rolling process,
forming a band-like structure, which aggravates the differ-
ence in toughness and ductility of rolled steel between rolling
and transverse directions. The reaction of Ti and S can form
hard-to-deformed Ti,S,C, particles in steel, which prevents
the reaction of Mn and S to MnS, normally extending into
band-like inclusions along the rolling direction. Therefore,
the addition of Ti can optimize the morphology and distribu-
tion of sulfides, which can reduce the hot brittleness caused
by MnS, improve the cold forming performance, and mitig-
ate the performance anisotropy by reducing the difference
between vertical and horizontal properties of steel plates.

With the same Ti addition, the fluctuation of O, S, and N
contents directly affects the precipitation behavior of TiC,
leading to the fluctuation of the mechanical properties of the
final steel product. Therefore, the mass fractions of O, S, and
N should be reduced and stabilized during steel manufactur-
ing to increase the microstructure stability and hence the
product quality. The contents of O, S, and N should be con-
trolled in the ranges of <0.0025wt%, <0.005wt%, and
<0.007wt%, respectively. Smelting such clean molten steel is
possible with the development of modern metallurgical tech-
nologies.

3.4. Interphase precipitation

According to the different nucleation sites, precipitation
can be divided into interphase precipitation and dispersion
precipitation. When carbides, nitrides, and carbonitrides re-
peatedly nucleate at the y/a interfaces and pass through aus-
tenite grains, band precipitation occurs during the transform-
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200 nm

Fig. 8. (a, b) Transmission electron microscope morphologies and (¢, d) diffraction patterns of the TiS particles [S8].

ation from austenite to ferrite, which is called interphase pre-
cipitation. The special precipitation form in steel was detec-
ted for the first time in 1964, in which NbC, V(C,N), TiC,
and (Ti,Mo)C can all precipitate during the phase transition
[63—64]. Precipitation between phases can be divided into
discrete precipitation and fibrous precipitation based on

Fig. 9.

Interphase precipitation can be divided into planar in-
terphase precipitation with the same interplanar spacing
(PIP), curved interphase precipitation with irregular inter-
planar spacing (irregular-CIP), and curved interphase precip-
itation with the same interplanar spacing (regular-CIP) (see
Fig. 10) [66—67].

PIP is formed through a step mechanism at the partially
continuous Y/o interfaces (see Fig. 10(a)). Precipitation nuc-
leates and grows on the interfaces and moves to the next step.
When carbonitrides are formed on semi-coherent phase

particle shapes (see Fig. 9) [65]. Generally, fibrous precipit-
ates are larger and often appear in steel with high alloy con-
tents. Meanwhile, discrete precipitates are mostly observed in
Ti-microalloyed steel, mainly in the form of fine and dis-
persed TiC columns with a size between 5 nm and 15 nm,
which have strong precipitation strengthening effect.

(b)

(a) Discrete interface precipitations and (b) fibrous interface precipitations in microalloyed steel [35].

boundary planes, the phase boundaries have low energy and
are immovable. Thus, phase transformation is mainly initi-
ated by high-energy ferrite step movement. When austenite
transforms into ferrite, the Kurdjumov—Sachs (K-S) orienta-
tion relationship, i.e., {110},|{111},, would keep between
the two phases. Meanwhile, the interphase precipitation in
Ti-microalloyed steel and ferrite matrix form a Baker—Nut-
ting (B-N) orientation relationship, i.e., {100}c||{100}, and
{110}cn|I{111},. Therefore, interphase precipitation lies
along 45° or 90° to the y/o interfaces. However, Yen
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Fig. 10. Schematic diagram of the interphase precipitation formation mechanism: (a) planar interphase precipitation with the same
interplanar spacing, (b) curved interphase precipitation with irregular interplanar spacing, (c) curved interphase precipitation with
the same interplanar spacing, and (d) PIP at the incoherent y/a interfaces. OR represents orientation relationship. Reprinted from
Acta Mater., 59, HW. Yen, P.Y. Chen, C.Y. Huang, and J.R. Yang, Interphase precipitation of nanometer-sized carbides in a titani-
um-molybdenum-bearing low-carbon steel, 6264-6274, Copyright 2011, with permission from Elsevier.

et al. [67] discovered that the relationship between TiC phase
precipitation and ferrite matrix in Ti-microalloyed steel
(0.185T1i) changed from the B-N orientation relationship to
the Nishiyama—Wassermann (N-W) orientation relationship,
ie, (111D)5c[(011), [1T0}sc/I[111], and (TTT)xc/[(011),,
[1 IO]TiCH[IOO]a, during the progress of isothermal transform-
ation.

Irregular-CIP is related to the movement of incoherent y/a
phase interfaces (see Fig. 10(b)). The microalloying element
Ti can segregate at the phase interfaces and inhibit the move-
ment of interfaces so that the microalloy carbonitride has suf-
ficient time to randomly nucleate at the interfaces. The y/a
phase interfaces can easily hinder the inhibition of precipit-
ated particles through the arching mechanism, where particle
spacing is large. Interfaces move forward until they are re-
strained again and their moving rates slow down to facilitate
the nucleation of precipitates at the interfaces. This process is
repeated continuously. Thus, curved interphase precipitation
is formed.

Regular-CIP can also precipitate at incoherent y/a inter-
faces and nucleate at the hindered incoherent two-phase in-
terfaces through the quasi-step mechanism (see Fig. 10(c)).
When a moving phase boundary is dragged by alloying
solutes, the speed of the phase boundary slows down so that
interphase precipitates nucleate on it, thereby effectively pre-
venting the movement of the phase boundary. As the precip-
itated embryonic nucleus grows, the phase interface segment
collapses along the direction perpendicular to the phase inter-
face. Hence, ferrite continues to grow. Theoretically, there
are three kinds of B-N orientation relationships. In practice,
one kind of B-N orientation relationship is the result of en-
ergy minimization. The interphase precipitation along a spe-
cific direction can minimize the energy difference between
the habitual plane and the phase interface [65]. Carbonitrides
of microalloys nucleate at the high-energy y/o phase inter-

faces. Thus, the movement of the phase boundary is inhib-
ited by precipitation. Phase transformation is mainly initiated
by high-energy ferrite steps along the direction perpendicular
to the growth.

Discrete precipitation usually exhibits the same B-N ori-
entation relationship [68]. In any given ferrite grain, this pro-
cess is largely related to the mechanism of the a/y interface
propagating and translating through steps, which are difficult
to grow because the steps themselves move too fast. The oth-
er researchers also observed the same interphase precipita-
tion phenomenon in Ti-bearing and Nb-bearing [69-71] or
V-bearing [72—73] microalloyed steel. In the investigated
steels with different Ti contents, i.e., 0.55wt%, 0.25wt%, and
0.13wt%, austenite is directly transformed into ferrite
through a subcritical isothermal transformation in the tem-
perature range of 873 to 1073 K, and TiC appears in the form
of thin ribbons during the y—a transformation process. TiC
precipitation has sizes of 2—-5 nm, and their dispersion de-
pends mainly on the temperature phase transformation.

Yen et al. [74] analyzed the crystallography and morpho-
logy of TiC particles in steel containing 0.10wt% C, 0.10wt%
Si, 1.43wt% Mn, 0.185wt% Ti, and 41 ppm S. The steel was
cast and rolled into 30 mm-thick plates, followed by austenit-
ization at 1473 K, isothermal heat treatment at 1028 K for
various times, and quenching. After a short annealing time,
fine TiC flakes developed and kept a near B-N orientation re-
lationship to the ferrite matrix. However, after a long anneal-
ing time, coarse TiC flakes had a near N-W orientation rela-
tionship to the ferrite matrix.

Yen ef al. [67] and Okamoto et al. [75] analyzed the ori-
entation relationship between PIP and ferrite matrix, as
shown in Fig. 11. Honeycombe and Mehl [76] determined
that the plane-type precipitation with regular interplanar spa-
cing easily precipitated on the partially coherent
{110},)|{111}, trapezoidal platform. Okamoto et al. [75] ob-
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Fig. 11.  Orientation distribution for interphase precipitation: (a) investigation of Yen ef al; (b) investigation of Okamoto et al. (a)
Reprinted from Acta Mater., 59, H.W. Yen, P.Y. Chen, C.Y. Huang, and J.R. Yang, Interphase precipitation of nanometer-sized
carbides in a titanium-molybdenum-bearing low-carbon steel, 6264-6274, Copyright 2011, with permission from Elsevier; (b) Re-
printed from Acta Mater., 58, R. Okamoto, A. Borgenstam, and J. Agren, Interphase precipitation in niobium-microalloyed steels,

4783-4790, Copyright 2010, with permission from Elsevier.

served that not all precipitates formed along {110}, in
Fe-Ti—Nb-microalloyed steel. With the progress of ferrite
phase transformation, the formation of interphase precipita-
tion can change from curved interphase precipitation to
planar interphase precipitation, which shows that planar in-
terphase precipitation can also form on the incoherent phase
boundaries.

The morphology of interphase precipitation is mainly af-
fected by the continuous cooling rate, isothermal temperat-
ure, and chemical composition [77-79]. The distance
between the precipitation planes is closely related to the dif-
fusion of the microalloying elements constituting the precip-
itated particles and the driving force of precipitation nucle-
ation. The diffusion model of microalloying elements near
the phase interface during isothermal transformation reveals
that interplanar spacing is related to the concentration gradi-
ent of the precipitated phase elements near the interface. The
width of the interplanar spacing, the size of the precipitated
particles, and the square root of the diffusion rate of microal-
loying elements have a linear relationship [80-82]. The width
of the interphase precipitation distance and the growth rate of
the steps are related to the contents of microalloying ele-
ments in the interphase precipitated particles and the con-
tents of interstitial elements near the steps along the phase in-
terface. The interfacial distance depends on the diffusion dis-
tance of the microalloying elements in austenite. At the same
time, the migration rate of the two-phase interface plays an
important role in the generation and morphology of phase in-
terface precipitation because it is accompanied by phase
transition. The interphase precipitation surface spacing in-
creases as the phase interface migration rate decreases.

3.5. Random precipitation

At temperatures lower than the interphase precipitation
temperature, supersaturated ferrite precipitates randomly (see
Fig. 12), particularly under deformation conditions [83]. The
deformed matrix has high deformation energy, which can
promote the recrystallization of austenite. Moreover, high-
density dislocations and subgrain boundaries after deforma-
tion can provide a large number of nucleation sites for the

precipitation of carbides. When the contents of Ti and C are
relatively high, the temperature of TiC in a complete solution
is higher than the solid solution temperature. Therefore, TiC
can precipitate effectively in austenite, which can inhibit the
recrystallization of austenite, resulting in a fine microstruc-
ture through controlled rolling.

Fig. 12. Random precipitation in supersaturated ferrite [35].

In Ti-microalloyed steel, Ti usually precipitates in the
form of TiC between 923 and 1023 K and mainly along dis-
locations. In ferrite, TiC precipitates have the size of a few
nanometers and are uniformly distributed in ferrite, which
exhibits a strong precipitation strengthening effect. In addi-
tion to rolling conditions, Mn, Mo, and other alloying ele-
ments also have significant effects on the precipitation of
TiC. Notably, an increase in Mn content can significantly
hinder the precipitation of TiC, and the pinning effect gradu-
ally decreases with the decrease in aging temperature (see
Fig. 13) [84]. Thus, TiC precipitates in ferrite can be signific-
antly refined through the co-addition of Mn and optimization
of the rolling and coiling temperatures [84].

4. Recrystallization and phase transformation
of Ti-microalloyed steel

Ti-microalloyed high-strength steel is mainly precipita-
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Fig. 13. Influence of different Mn contents on the precipitates in Ti-microalloyed steel: (a) precipitation-time—temperature diagram
[35]; (b) precipitation size distribution with different Mn contents [84].

tion-strengthened ferritic steel. A good balance between fer-
rite grain refinement and TiC precipitation is important to en-
sure the high strength and toughness of steels. The refine-
ment of ferrite grains depends both on the reduction of the
grain size of austenite and on controlling the phase transition
temperature. The refinement of austenite is mainly con-
trolled by the grain growth of austenite during the austenitiz-
ation stage and the dynamic recrystallization behavior during
the hot rolling process. The actual phase transformation tem-
perature of ferrite is controlled by the cooling process and al-
loying elements to reduce the phase transformation temperat-
ure as low as possible. The performance of cold-rolled Ti-mi-
croalloyed steel is also affected by the recrystallization beha-
vior of cold-rolled ferrite.

4.1. Recrystallization behavior of austenite

One of the most significant features of microalloying ele-
ments is that they can affect the recrystallization of austenite
during the CCR process. The two main methods are (i) to ad-
opt controlled rolling to prevent the recrystallization of aus-
tenite deformed at high temperatures to achieve flat austenite
grains, such that ferrite grains can be refined during phase
transformation, and (ii) to apply controlled recrystallization
rolling to recrystallize austenite grains repeatedly, such that
austenite grains can be refined gradually. Different microal-
loying elements have different effects on the recrystallization
of austenite. The higher the initial solute element contents
are, the higher the termination temperatures of recrystalliza-
tion. With the same atomic fraction, Nb has the best effect,
followed by Ti and V. For the single Ti microalloying tech-
nique, the pinning force of TiN or Ti(C,N) is only half of the
driving force of austenite recrystallization. Thus, RCR is usu-
ally applied. Medina et al. [85] investigated the effect of Ti
content on the particle sizes of TiN and the grain sizes of aus-
tenite under different N contents and determined that micro-
Ti treatment and single high-Ti microalloying can both ef-
fectively suppress the coarsening of austenite grains during
the austenitization stage. When the mass ratio of Ti/N is 2-3,
TiN has the best effect on suppressing the coarsening of aus-
tenite grains (see Fig. 14).

The research shows that different microalloying elements

400
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Fig. 14.  Grain size of austenite against the mass ratio of Ti/N
at 1373 K for 10 min and 1573 K for 10 min [85].

have a significant effect on austenite coarsening behavior
[86]. If the temperature is higher than the temperatures for
grain coarsening (TGC), the precipitates formed by microal-
loyed elements begin to dissolve and grow, and their pinning
effect on austenite grains decreases so that austenite grains
grow extensively. Therefore, TiN, Nb(C,N), and V(C,N) can
suppress the coarsening of austenite grains at approximately
1523 K, 1423 K, and 1273 K, respectively. Notably, Ti has
the highest critical temperature that can suppress the coarsen-
ing of austenite grains. Thus, Ti is considered the best ele-
ment for microalloying. Moreover, 0.01wt% to 0.02wt% Ti
is often added to steel to obtain good welding performance of
steel so that excessive coarsening of austenite grains can be
inhibited during the high-temperature welding process.

When deformed metals or alloys are annealed, recovery
and recrystallization will occur. The driving force of recrys-
tallization (Fyex) is expressed as follows:

Frex = Gb*Ap/2 ©)
where G is the shear modulus of steel, b is the Bergs vector of

dislocation, and Ap is the difference in dislocation density of
the matrix before and after recrystallization. Notably, the typ-
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ical driving force for austenite recrystallization at low tem-
peratures after single-pass rolling is approximately 20
MN/m? [87]. Such driving force for austenite recrystalliza-
tion is approximately 200 times the driving force for austen-
ite coarsening. This is an important basis for alloying design.
If no other factors influence grain boundary migration during
recrystallization, then the grain size of austenite after recrys-
tallization is equivalent to the pre-austenite grain size. Pre-
cipitates of microalloys in steel nucleate preferentially at
preexisting grain boundaries and deformation-introduced dis-
locations. These precipitates have a pinning effect on the mi-
gration of austenite grain boundaries during recrystallization.
The pinning force (F}) is expressed as follows [59]:

Fp =60 f1/(nd”) (10)

where o is the grain boundary energy, fis precipitate volume
fraction, / is the subgrain size, and d is precipitate average
diameter. Notably, increasing the volume fraction of precip-
itates and reducing the average size of precipitates can effect-
ively improve the pinning effect and prevent the recrystalliz-
ation of the matrix. Fig. 15 shows the effect of microalloying
elements on the termination temperature of recrystallization
[88]. Nb has the best effect in preventing austenite recrystal-
lization, whereas Ti has an intermediate effect and V and Al
have the least effect. Moreover, deforming austenite at low
temperatures promotes the precipitation of nano-sized TiC
within austenite, thereby inhibiting the dynamic or static re-
crystallization of deformed austenite [34]. The addition of
0.1wt% Ti can significantly increase the static recrystalliza-
tion temperature and extend the recrystallization time of de-
formed austenite. The addition of 0.20wt% Mo can further
inhibit the recrystallization of TiC precipitation at 1198 K
and below. Medina et al. [85] compared the static recrystal-
lization and kinetics of deformation-induced precipitation of
austenite in 0.042wt% Nb-, 0.095wt% V-, and 0.075wt% Ti-
microalloyed steels. They determined that static recrystalliz-
ation is more likely to occur in Ti-microalloyed steel com-
pared with Nb- and V-microalloyed steels with similar con-
tents of other elements.
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Fig. 15. Effect of the contents of the microalloying elements
on the recrystallization of austenite during hot deformation
[88]. Copyright 2003 from Niobium in modern steels by A.J.
DeArdo. Reproduced by permission of Taylor and Francis
Group, LLC, a division of Informapic.

4.2. Austenitic ferrite transformation behavior

The addition of microalloying elements in steel normally
increases the chemical driving force of y—a transformation
and reduces the phase transformation temperature [89]. Thus,
fine ferrite grain size can be obtained in the form of acicular
ferrite or bainite. The microalloying elements also affect the
volume fraction of bainite [90]. Nb has the best effect on the
ferrite grain size and bainite volume fraction under acceler-
ated cooling, Ti has the second best effect, and V has the least
effect.

The transformation of supercooled austenite in Ti-mi-
croalloyed steel is a complicated process. The microstruc-
tures obtained after different cooling processes are quite dif-
ferent. The typical structures at room temperature are poly-
gonal ferrite, quasi-polygonal ferrite, granular bainite,
martensite, and retained austenite. These structures can be
classified into five categories according to their shapes under
the condition that undercooled austenite only undergoes fer-
rite transformation during the decomposition process, where-
as retained austenite decomposes at a lower transformation
temperature [91-93]. The main classifications are as follows:

(1) Polygonal ferrite: Polygonal ferrite mostly nucleates at
the trigeminal grain boundary of deformed austenite and
grows by diffusion [94]. Ferrite can exceed the original grain
boundary of deformed austenite during growth. Polygonal
ferrite is close to the equilibrium phase, and its chemical
composition is quite different from that of deformed austen-
ite. Therefore, the growth rate of polygonal ferrite is usually
slow and is affected by the migration of replacement atoms
and the long-range diffusion of C. The polygonal ferrite ob-
served under optical microscopes is equiaxed with smooth
grain boundaries.

(2) Widmanstatten ferrite: Widmanstatten ferrite is mostly
formed in the continuous cooling phase transformation pro-
cess, and its cooling rate and formation temperature are lower
than those of polygonal ferrite [95]. The Widmanstatten fer-
rite grains are significantly elongated and coarser as ob-
served under optical microscopes.

(3) Quasi-polygonal ferrite: Quasi-polygonal ferrite is
formed by transformation at a lower transformation temper-
ature [96], and it has the same chemical composition as de-
formed austenite. Atoms in the new phase do not need a long-
range diffusion and only need to cross the phase boundaries.
Thus, the transformation speed of quasi-polygonal ferrite is
fast. Moreover, the diffusion and migration of atoms occur on
the boundaries, leading to irregular growth and zigzag
boundaries. Because of its high dislocation density, quasi-
polygonal ferrite has high strength and good ductility.

(4) Granular ferrite: The formation temperature of granu-
lar ferrite is slightly lower than that of quasi-polygonal fer-
rite, which is a mid-temperature phase transformation
product [42]. Granular ferrite is composed of elongated fer-
rite grain bundles. The matrix is distributed with a granular or
equidistant structure. When forming at a slightly higher tem-
perature, granular ferrite develops equiaxed subgrain and is-
land-like structures with a disordered distribution in the mat-
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rix. When forming at a slightly lower temperature, lath fer-
rite is formed and the distribution of island-like structures is
more orderly. Ferrite grain bundles in granular form have a
high dislocation density with a strong dislocation strengthen-
ing effect.

(5) Bainite ferrite: Bainite ferrite is also called lath ferrite
and is composed of parallel ferrite lath bundles. The laths in
bainite ferrite are parallel to each other, and the crystal ori-
entation is nearly the same [97-98]. Therefore, lath bundles
are high-angle boundaries, and lath boundaries are small-
angle boundaries. Bainite ferrite grains have no clear charac-
teristics observed under optical microscopes because it does
not easily form erosion regions on small-angle boundaries.
When there are retained austenite or M/A islands between
ferrite grains, ferrite grains exhibit needle-like characteristics.
Because lath bundles in bainite ferrite have small sizes and
high-density dislocations, they exhibit high strength and high
toughness.

4.3. Cold-rolled ferrite recrystallization behavior

Recrystallization annealing is a process in which a cold-
deformed metal is heated to a temperature below 4, (the tem-
perature of ferrite to austenite transformation during heating)
and above the recrystallization temperature, followed by
cooling after holding for a certain period. Generally, the an-
nealing process of cold-rolled Ti-microalloyed high-strength
steel can be divided into three stages, i.e., recovery, recrystal-
lization, and grain growth, and the effect of annealing tem-
perature on complete recrystallization is more critical than
that of annealing time.

The recrystallization temperature of cold-rolled Ti-mi-
croalloyed high-strength steel is as high as 988 K, which is
significantly higher than that of ordinary cold-rolled low-car-
bon steel. Even when annealed at 903 K for a long time, no
recrystallized grains with an equiaxed shape would appear in
the microstructure.

Choi et al. [99] investigated the precipitation and recrys-
tallization processes of two ultralow-carbon steels with dis-
tinct Ti contents. They determined that increasing the Ti con-
tent significantly increased the recrystallization temperature.
Toroghinejad and Dini [100] also observed that the recrystal-
lization temperature increased with the increase in Ti content.
The deformed ferrite microstructure was insufficient for
complete recrystallization at an annealing temperature of 943
K adopted in the steel industry, and a higher recrystallization
temperature was required. Mao [35] discovered that nano-
scale TiC particles hindered the movement of dislocations
and inhibited the generation of recrystallization grains in
cold-rolled steel during annealing at temperatures lower than
913 K. Therefore, compared with low-carbon Ti-free steel,
Ti-bearing steel requires a higher recrystallization temperat-
ure for Ostwald coarsening of TiC particles, thereby promot-
ing the generation of recrystallized grains.

5. Multiple Ti microalloying technology

Precipitation strengthening is an effective and economical
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method to improve the strength of steel. Meanwhile, precipit-
ation strengthening does not significantly damage the initial
properties of steel. Therefore, increasing the amount of pre-
cipitation to maximize the strengthening effect is a practical
approach to increase the performance of steel. The reason-
able addition of various microalloying elements, i.e., mul-
tiple microalloying technology, can not only increase the
volume of the precipitated phase but also refine the size of
precipitated particles [101-104]. Thus, multiple microalloy-
ing technology is a powerful approach to enhance the precip-
itation strengthening effect. Based on Ti microalloying, mul-
tiple microalloying technology by adding Ti with Nb, V, Mo,
and other elements has been proposed. The stability of
carbides and nitrides of V, Nb, and Ti in microalloying ele-
ments increases gradually, and the solubility of nitrides and
carbides of Ti and V significantly differs. Therefore, the be-
neficial effects of carbides and nitrides of different microal-
loying elements can be fully explored by adjusting the con-
tents of microalloying elements and the manufacturing pro-
cess, which is a key point and a difficult technique in mul-
tiple microalloying.

TiC has a small density, ideal chemical ratio, and large
precipitation strengthening potential because of nanoscale
precipitates at low temperatures. The high thermal stability of
TiN, TiO, and other Ti-based precipitations ensures that the
microstructures are refined at high temperatures. Therefore,
Ti-based multiple microalloying technology has become the
most effective method to achieve precipitation strengthening.
Combined with TMCP technology, Ti-based multiple mi-
croalloying technology can not only realize strong precipita-
tion strengthening capability but also refine the grain size of
steel, thereby considerably improving the mechanical prop-
erties of steel.

Kashima et al. [105-106] analyzed the relationship
between the rolling parameters and the microstructure and
properties of Ti-microalloyed steel. They determined that re-
ducing the coiling temperature can significantly increase the
tensile strength of steel. Yield strength of approximately 700
MPa and tensile strength of approximately 790 MPa with a
good hole expansion rate can be obtained after 1173 K finish
rolling and 723 K coiling. Kamibayashi ef al. [107] reported
that the addition of 0.12wt% Ti can more effectively refine
ferrite grains than the addition of 0.22wt% Nb, which is more
conducive to improve the overall performance of the invest-
igated steel. Zhou et al. [108] developed high-strength low-
carbon weathering steel and container plate steel with Ti con-
tents less than 0.2wt%. High yield strength of 450-700 MPa
could be obtained, of which the TiC secondary phase
particles with a volume fraction of 27% (relative to the
volume of total particles) and an average size smaller than 10
nm contribute approximately 156 MPa strengthening effect.

Based on the characteristics of TSCR technology, Mao
et al. [109-110] and Gao et al. [111] developed a series of
high-strength microalloyed steel plates using single Ti mi-
croalloying technology. They showed that the addition of ap-
proximately 0.2wt% Ti can reduce the average grain size of
ferrite, resulting in a strong fine-grain strengthening effect.
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The strengthening of dispersion-distributed TiC precipita-
tions exceeded 150 MPa. Yong [112] systematically ex-
amined the precipitation sequence, morphology, and orienta-

tion relationship of carbides with the sizes of 2—10 nm in Ti-
microalloyed steel. Table 1 lists the chemical compositions of
hot-rolled Ti-microalloyed high-strength steels.

Table 1. Main chemical compositions of Ti-microalloyed high-strength steels [35] wt%
Steel type C Si Mn Nb Ti Mo \Y% Cr
S700MC <0.12 <0.60 <2.1 <0.09 <0.1 — <0.20 —
ZJ700W <0.07 <0.60 <2.0 — <0.15 — — <0.6
Kashima 0.03 1.0 1.4 — 0.13 — — —
Kestenbach 0.11 0.28 1.54 0.04 0.11 — — —
Charlleux 0.07 0.14 1.35 0.086 0.047 — — —
Ghosh 0.05 0.14 1.53 — 0.097 0.21 — —
Domex <0.12 <0.10 <2.1 <0.09 <0.15 — <0.20 —
Funakawa 0.047 0.22 1.59 — 0.082 0.20 — —

The volume fraction, size, shape, and distribution of the
secondary phase particles are closely related to the properties
of microalloyed steel. The critical issue in maximizing the
precipitation strengthening effect is to obtain nanoscale pre-
cipitates with large volume fraction, small size, and uniform
dispersion. Notably, the V-Ti—N-microalloyed steel series
exhibits high grain coarsening temperature, low grain
coarsening rate, and low recrystallization temperature. TiN
precipitates at high temperatures reduce the N content in aus-
tenite, thereby suppressing the precipitation of VN during hot
rolling. The precipitation rate of VN during ferrite transform-
ation at low temperatures can be increased; consequently, the
strength of steel can be enhanced. Nb-Ti-microalloyed steel
also employs the precipitation of TiN in liquid or austenite at
high-temperature zones. When the Ti content exceeds
0.011wt%, TiN inhibits the subsequent solidification process
and the growth of austenite grains in 6—y phase transforma-
tion.

Charleux et al. [14] applied Ti-Nb multiple microalloy-
ing and obtained a yield strength of 648 MPa and a tensile
strength of 720 MPa in low-carbon steel when coiling at 923
K, in which the precipitation strengthening was 230-239
MPa. Chun et al. [113] achieved a tensile yield strength of
990 MPa and a hole expansion rate of 65% in Nb—V-Ti mul-
tiple microalloyed steel when coiled at 923 K. Lu and Wang
[114] microalloyed a steel using Ti and Nb elements and ob-
tained a yield strength of more than 700 MPa. Carbide pre-
cipitation in the ferrite matrix contributed approximately 200
MPa to the total strength. Automobile beam steel with tensile
strengths of 700-780 MPa has been developed using Ti—Nb
multiple microalloying technology combined with optimized
controlled rolling and controlled cooling technologies
[115-118].

In Ti-Mo-microalloyed steel, the addition of Mo can in-
crease the solid solubility of Ti in austenite, significantly en-
hancing the precipitation strengthening effect of TiC and in-
creasing the utilization rate of Ti [119]. Notably, the addition
of more than 0.15wt% Mo significantly affects the phase
transformation and MC phase precipitation. Mo refines the
ferrite grains and coprecipitates with Nb, V, and Ti, increas-
ing the total amount of precipitations and refining the MC

phase particles at the same time. For example, Ti-Mo mul-
tiple microalloying technology was used to prepare 780 MPa
high-strength steel used for automobile parts [87,120].

The addition of V based on Ti-Mo multiple microalloy-
ing can further improve the precipitation strengthening effect
of steel and achieve ultrahigh strength in microalloyed steel.
By combining Ti-Mo—V multiple microalloying technology
and the appropriate TMCP, Zhang et al. [121-122] de-
veloped several ultrahigh-strength steels with yield strengths
of 900-1000 MPa. Steel with 0.16wt% C-0.2wt% Ti-
0.44wt% Mo—0.41wt% V had a yield strength of 1080 MPa
and a tensile strength of 1134 MPa. The precipitation
strengthening contribution of (Ti,V,Mo)C particles with sizes
less than 10 nm exceeded 400 MPa.

6. Conclusions and perspective

As an important microalloying element, Ti considerably
affects the microstructures and properties of microalloyed
steel, and its performance is closely related to its form of ex-
istence in steel, e.g., Ti-contained inclusions and precipitates.
By controlling the precipitation of Ti-containing secondary
phases, as well as the number, size, and distribution of these
precipitates, during different stages of steel manufacturing
processes, grains of steel can be considerably refined and
strong strengthening effects can thus be obtained, which sig-
nificantly improves the mechanical properties of microal-
loyed steel.

(1) During the smelting process, Ti and O form oxides at
high temperatures because of their high affinity and precipit-
ate in molten steel. Consequently, these Ti-containing oxide
inclusions with the appropriate size and number can hinder
the grain growth of high-temperature austenite, thereby refin-
ing the austenite grains. Moreover, these inclusions can act as
nucleation sites for the austenite to ferrite phase transforma-
tion, thereby effectively promoting the formation of acicular
ferrite and improving the strength and toughness of Ti-mi-
croalloyed steel.

(2) Coarse TiN particles form in liquid steel with a high
ratio of N to Ti, which deteriorates the properties of the final
products of microalloyed steel. However, thin slab continu-
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ous rolling technology can effectively refine the size of li-
quid TiN because of its high cooling rate during solidifica-
tion, thereby improving the properties of steel and increasing
the utilization rate of Ti.

(3) TiC precipitates form during the soaking process at
high temperatures. These particles can hinder the grain
growth of austenite more significantly than other microalloy-
ing elements contained in particles. TiN, which also precipit-
ates at high temperatures, has a low coarsening rate because
of its high thermal stability and small solid solubility product.
Thus, TiN can effectively pin the austenite grain boundaries
during the heating and isothermal processes. TiN particles
can also be used as heterogeneous nucleation sites for ferrite,
thereby promoting the formation of an equiaxed ferrite struc-
ture.

(4) Excluding the Ti-contained particles formed at high
temperatures, the remaining Ti is mainly in the form of TiC
through deformation-induced precipitation in austenite dur-
ing the hot rolling process and through precipitation in super-
saturated ferrite during the cooling and coiling processes. The
deformation-induced TiC particles have a strong pinning ef-
fect on the grain growth and can refine the grains of austenite,
resulting in a fine-grained ferrite after post-hot-rolling phase
transformation. The TiC precipitations in supersaturated fer-
rite have small sizes and contribute a strong precipitation
strengthening. The refined grain sizes and dispersed nano-
sized TiC particles are the main reasons for the excellent
mechanical properties of Ti-microalloyed steel.

(5) As a microalloying element, Ti has a low cost and sig-
nificant strengthening effect. Thus, Ti has been widely used
in the steel industry. Based on Ti microalloying, multiple mi-
croalloying technologies with additions of Ti with Nb, V,
Mo, and other elements, which can take full advantage of the
synergy of various microalloying elements and optimize their
precipitation strengthening effect, have been developed.

(6) Because of the high chemical activity of Ti, the pro-
cessing steps of Ti-microalloyed steel must be precisely con-
trolled to increase the effective Ti content in steel and max-
imize the strengthening effect of Ti. The future development
direction of Ti microalloying technology is to expand its ap-
plication in other steels by exploiting its unique features in
chemical and physical metallurgies coupled with multiple
microalloying with other elements.
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